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1–1
The New Structure of
Instructional Course Lectures and
Books of FESSH Meetings
Zsolt Szabo*

H

and surgery is a relatively new specialty in the field of medicine. Worldwide
there is an increasing interest in the diagnostic possibilities and treatment of
hand conditions. Starting with congenital conditions through different systemic
diseases and ending up with traumatic injuries offer endless solutions due to the wide
variety of technical possibilities. It is difficult for the doctor and the patient to find the
best option in order to achieve the most favorable outcome. One of the most important
duties of national and international medical organizations and societies is to promote
knowledge and information to specialists. This is why the European Federation of
Societies for Surgery of the Hand is committed for teaching and education. Congresses,
courses, workshops, and scientific meetings are organized with the well-defined goal to
find the best treatment option for the patient. The Instructional Course is a traditionally
accepted important part of each FESSH congress. World famous specialists in different
fields of hand surgery yearly contribute with their knowledge and hard work to an
outstanding teaching event. The result of this educational activity is materialized in
an Instructional Course Book, a very useful tool in the every day activity of every
hand surgeon. These books do not want to compete with worldwide-accepted famous
textbooks, but they summarize the available knowledge and information at the moment
of editing. The available evidence based data in different fields of medicine is becoming
larger and larger day by day, sometimes making it difficult, if not impossible, to
orientate in this jungle of controversial information. The Council of FESSH and the
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Scientific Committee of the present and forthcoming FESSH congresses decided to start
an educational system by planning the topics of the future instructional courses. This
includes the major chapters of hand surgery. The structure of these courses is built to
help those hand surgeons who would like to pass the European Board of Hand Surgery
Examination. This “European Diploma” has an impressive tradition and presents a
growing interest among the community of hand surgeons. The Examination Committee
of FESSH is continuously working to improve this exam. Standardized written MCQs
were the first step in this process. The next step was the selection of standardized clinical
cases for oral examination. An increasing demand of generally accepted knowledge, a
“what to learn for the examination?” seems to be the most common question raised by
the candidates. This is exactly what we are aiming with this new project. We do not
mean to judge different methods or philosophies. We do not want to teach the only
and best solution, but we would like to give a useful tool in the hand of a surgeon who
wants to have an “up to date” overview of a certain topic. We are aware that dealing
with one topic per year will be a long process to cover the whole field of hand surgery.
The enormous amount of data available and the short turnover of validity make this task
even more difficult. In spite of these obstacles we think that we should start with this
issue and life will show the value of it. This will be a hard work as every beginning. We
already have the fantastic contribution of a large number of famous hand surgeons. You
are holding this first result in your hands. You may be satisfied with it or not but the
most important is to provide feedback on it. This is the only way to improve its quality
in the future. Please be critic, but constructive too!
Remember that the whole variety of our activities, especially the educational ones
have one common goal: to improve the outcome of our patients. Please be our partner
in this!

2

1–2
European Board of Hand Surgery
Massimo Ceruso*

P

eripheral nerve injury, repair and regeneration is one of the main topics dealt by
hand surgeons since their area of competence began to be set up. As a matter of
fact, going through the list of the brilliant personalities, who will be remembered
for the permanent sign they left in the development of basic science and therapeutic
surgical strategies in nerve injuries and disorders, there is no doubt that the majority of
them rightfully belong to the Hand Surgery Community.
FESSH, the European Federation of the National European Societies of Hand Surgery, was established in 1990 to represent these communities at a supranational level.
FESSH has several tasks: a) to rationalize and unify education and training in Hand
Surgery, while promoting uniformity among the different countries of Europe, b) to set
a qualification standard for the practice of Hand Surgery within the Council of Europe,
c) to improve the indications for Hand Surgery for the benefit of the patients, d) to define the highest standards for treatment of hand pathologies, and e) to implement and
sustain studies and research projects.
An important step in promoting the harmonization of hand surgery education and
training in EU countries was the activation of the Multidisciplinary Joint Committee
(MJC) on Hand Surgery of UEMS, the European Union of Medical Specialists. UEMS
is the representative organisation of the National Associations of Medical Specialists in
the European Union and its associated countries, and is the oldest medical organisation in Europe as it celebrated its 50th anniversary in 2008. UEMS represents over 1.6
million medical specialists in all the different specialties. It also has strong links and
*
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relations with European Institutions (Commission and Parliament), other independent
European Medical Organisations and the European Medical / Scientific Societies. By
its agreed documents, UEMS sets standards for high quality healthcare practice that
are transmitted to the Authorities and Institutions of the EU and the National Medical
Associations stimulating and encouraging them to implement its recommendations.
The Multidisciplinary Joint Committee on Hand Surgery of UEMS was established
in 1999. The disciplines, which were interested in joining the Committee by their representatives and in which Hand Surgery is closely linked to, were Orthopaedic and Trauma Surgery, Plastic Surgery, General Surgery, and Paediatric Surgery. The function
of the committee was activated in 2008, when the first meeting with representatives of
UEMS and FESSH took place on January 26 in Brussels. Thereafter, regular meetings
have been organised.
At a political level European Hand Surgeons are represented through the European
Board of Hand Surgery. The EBHS, formed by the MJC on Hand Surgery and FESSH, was initiated in 2010 and endorsed by the UEMS Council in Prague, October 9,
2010. The UEMS Council also endorsed the White Book of Hand Surgery in Prague.
The White Book deals with the education and qualification in Hand Surgery in EU
countries in order to set the minimal requirements for a surgeon, who treats the complex problems of the hand. It is interesting to quote here the first paragraph of the White
Book where the areas of interest of Hand Surgery are reported and the relevance of basic
science and surgery in peripheral nerve injuries and disorders is clearly highlighted.
Hand Surgery is defined as a competence whose aim is to restore the function of
the hand, which should be regarded as the key organ of prehension and sensibility. In
this context, hand surgeons are also involved with complex problems of the whole upper extremity, including lesions of the peripheral nerves and the brachial plexus. Hand
surgeons are also involved in the restoration of prehension in cases of tetraplegia and
spasticity. Because of their special expertise, hand surgeons are also frequently involved
in the repair of lesions in nerves of the lower extremity.
The scope of Hand Surgery is broad and requires a wide range of diverse surgical
skills necessary to diagnose and treat, conservatively or surgically, injuries and disorders
of the hand and pertinent upper extremity as well as peripheral nerves. The hand surgeon must be skilled in microsurgery as well as in techniques of Orthopaedic and Plastic
Surgery as applied to the complex and delicate anatomy of the hand and upper extremity. A close cooperation with other specialists is required, including orthopaedic and
trauma surgeons, plastic surgeons, radiologists, paediatric surgeons, rheumatologists,
anaesthetists, specialized physiotherapists, occupational therapists and other paramedics
for rehabilitation, orthotics and prosthetics.
The treatment of a lesion of the hand/upper extremity in the earliest phase by a
surgeon trained in Hand Surgery offers the patient the best chances of early and best recovery, and also reduces the costs related to the disability and time-off work for society.
This is true for hand trauma in general and particularly for peripheral nerve injuries and
4

disorders, where a timely and precise treatment provides the best functional expectations.
With its clear editorial plan, and thanks to the recognized expertise of its contributors, this Instructional Course Book is certainly a most valuable tool aiming to foster
education and learning – not only for the young surgeon – in one of the fascinating
chapters concerning the hand surgeon’s professional field.
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1–3
Support for Young Surgeons
Maurizio Calcagni*

H

and Surgery in Europe is living an exciting time of changes and advancements
on the political level with its recognition in many countries, at least as additional qualification, and the creation of the European Board of Hand Surgery
(EBHS).
Following to this evolution the educational mission of FESSH is even more important than before, trying to harmonize training and standards of knowledge across
all countries. The examination of the European Board of Hand Surgery is part of this
mission. With the growing number of hand surgeons, it testifies for its wide recognition
and acceptance. The Instructional Course Book fits perfectly in this programme. It has
been edited every year since the foundation of FESSH, but until now was more a publication linked to the year congress than to FESSH activities. Starting from this year, the
book has been planned and edited as teaching book for younger surgeons (but not only!)
and to offer an additional tool for the preparation for the examination. The contributions reflect the state of the art of each field and offer an in-depth view accompanied by
a selection of multiple choice questions. These have the same structure and standard of
those used for the examination and offer not only the chance to check the quality of our
reading and knowledge, but it is also a training for younger surgeon to prepare for the
written part of the EBHS examination.
As Chairman of the Examination Committee I’m very grateful to the Editor of the
book, to the Organizers and to all who participated to the planning, writing and editing
of this book for its new features.

*
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1–4
Hand Surgery Training in Europe
David Warwick*

Provision of hand surgery in Europe

T

he different systems of providing Hand Surgery in each country of Europe reflect tradition, resources and medical politics. Although the Union Européenne
des Medecins Specialistes (UEMS) now recognises Hand Surgery as a separate
speciality, so far only a few countries recognise Hand Surgery separately (e.g. Finland,
Switzerland, Sweden, Hungary, Austria, Turkey). In most countries, Hand Surgery remains within the umbrella of orthopaedic surgery, plastic surgery or both. There is
probably overall, a trend in Europe towards Hand Surgery separating from the parent
speciality. In some countries (e.g. Britain) Hand Surgery is a separate speciality in some
centres and part of Plastic Surgery or Orthopaedic Surgery in others. In contrast to
this trend, in 2006 Hand Surgery in Sweden had to retreat from an independent basic
specialty into a branch of orthopaedics, but beginnining from 2014 Hand Surgery will
again be an independent basic speciality. However, even within Hand Surgery, there are
sub-specialities, such as brachial plexus, congenital differences, micro-vascular surgery,
tetraplegia and complex wrist reconstruction. Service provision and training for these
rare topics differ even more broadly across Europe.

Hand surgery training in Europe
Just as provision of Hand Surgery varies across Europe, so does the training of a Hand
Surgeon (Tables 1 and 2). The training programmes reflect this variety; isolated Hand
Surgery programmes without prior orthopaedic or plastic qualifications are rare (only
Finland and from 2014 again also in Sweden). Usually Hand Surgery training follows
*
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a broader training in orthopaedic, plastic or general surgery. This subspecialty training
in Hand Surgery may be formalised with a recognised programme and a formal qualification. However, in other countries an individual can profess themselves as a hand
surgeon without formal credentials. The undertaking of a specialised hand fellowship,
usually in a large centre away from the trainee’s base, remains a desirable and essential
part of training for most.
In summary, the routes into Hand Surgery across Europe are:
• An individual, who trains in a country where Hand Surgery is a speciality in its own
right (i.e. basic speciality).
• A trained and accredited Orthopaedic or Plastic Surgeon, who subsequently develops Hand Surgery with a formal programme.
• A trained and accredited Orthopaedic or Plastic Surgeon, who develops Hand Surgery as a personal interest informally.
• A trained and accredited Surgeon (not Orthopaedics or Plastic Surgeon), who subsequently develops Hand Surgery as a particular interest either formally or informally.

Hand surgery examination in Europe
Specific Hand Surgery curricula are rare, although Hand Surgery is usually covered
within the curriculum for Board Qualification in Plastic or Orthopaedic Surgery. Only
a few countries, such as Britain, have a recognised national exit examination in Hand
Surgery by which an individual can prove their credentials and training. Most recently,
Switzerland and Sweden have recommended the FESSH European Board Diploma as
their exit examination.

FESSH and hand surgery training
FESSH endeavours to support, improve and perhaps even harmonise Hand Surgery
training in a number of ways:
• a curriculum for Hand Surgery (contained within the White Book)
• a high quality comprehensive exit examination - the European Board Diploma in
Hand Surgery (www.fessh.com)
• a web-based matching programme for Training Fellowships (www.fessh.com)
• travelling awards of up to 4000 Euros (www.fessh.com)
• low cost training, for example the Eastern European Training Course
• academic and editorial support for the European Journal of Hand Surgery
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Table 1 Status of Hand Surgery Training (from the FESSH White Book, updated June 2012 Section 4.3.2)
Please can any Reader from a FESSH member national society who has information to update this table
contact training@fessh.com

Please note: this document is regularly updated. If the criteria change, please inform the FESSH
Training Committee (training@fessh.com) and FESSH Secretariat (office@fessh.com)
Austria
Update Dec 2012 Hand Surgery is an established speciality. Trauma, Orthopaedic, Plastic
& Reconstructive, General or Paediatric Surgeons who have finished their speciality training
then go through a maximum 3 year special education in hand surgery at defined centres to achieve the title of a Hand Surgeon (“Spezialisiert in Handchirurgie”). During 2011/2012 many
of the regular members of the Austrian Society for Hand Surgery achieved the title of Hand
Surgeon by interim regulation (defined by a list of surgical procedures according to the FESSH
certified log book and reviewed by a committee). Starting from 2013 we are going to approve
centres to start regular hand surgical training.
Belgium
Update Feb 2013 Hand Surgery is not a separate specialty but follows training in orthopaedic,
plastic or general surgery. There is no official examination, but 4 universities organize a course
with a dissertation and an examination (Université Libre de Bruxelles, Université Catholique
de Louvain, Université de Liege, Université de Lille II). Training occurs over a period of 2
years: 4 theoretical modules and a practical module (dissection) per year and 1 year training in
a specialized hand centre. Further details can be obtained from: olivier.barbier@uclouvain.be
Bulgaria No details
Czech Republic
Update Jan 2013 Hand surgery is not a separate specialty in Czech Republic and there is no
examination in the field. There are no set criteria by which an individual can be classified as
a Hand Surgeon. Most hand surgeons have been trained in Plastic Surgery or Orthopaedics.
Denmark
Update Feb 2013 Hand Surgery is not a separate speciality and there is no examination. Hand
Surgery is a part of Orthopaedic Surgery as a subspecialty. The Danish Society for Surgery on
the Hand, DsfH, has made recommendations for education in Hand Surgery, where the Doctor after Certification in Orthopaedic Surgery has to train for at least 2 years on a minimum of
two different specialised Hand Surgery units.
Estonia
Update Jan 2013 Hand Surgery is a subspeciality of orthopaedics. Its criteria for training and
licensing are currently under active registration process
Finland
Hand Surgery remains a separate speciality with an examination organized by the University
of Helsinki.
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France
Hand Surgery is not a separate speciality but a particular competence delivered by the “Conseil
National de l’ordre des Médecins” (French National Medical Association) following the analysis of the application form by the French Hand Surgery Society. To qualify as a hand surgeon,
the orthopaedic or plastic surgeon must spend 1 year as resident and 2 years as Fellow in Hand
Surgery training centres accredited by the “Collège de Chirurgie de la Main” (Hand Surgery
College). The trainee must pass an University Diploma of Hand Surgery (2 years) and an University Diploma of Microsurgery (1 year). There is a University Diploma in Microsurgery in
almost each university. There are 4 University Diploma of Surgery of the Hand:
DIU Chirurgie de la main Paris
DIU Chirurgie de la main région Sud (Bordeaux, Grenoble, Lyon, Marseille, Montpellier, Nice)
DIU Chirurgie de la main région Est (Strasbourg, Nancy, Besançon)
DIU Chirurgie de la main région Ouest (Brest, Anger, Caen, Nantes, Rennes, Poitiers, Rouen)
Germany
Update Dec 2012 Hand Surgery is a particular competence (zusatzbezeichnung) after 6 years
of General Surgery, Plastic Surgery or Orthopaedics. Surgeons then need a further 3 years of
Hand Surgery training, completed by an oral examination in Hand Surgery
Greece		
Hand Surgery is not a separate specialty and there is no examination.
Netherlands
Hand Surgery is not a separate speciality. The Netherlands does not offer a Hand Surgery
examination. However, the FESSH examination is recommended by the Netherlands Society
for Surgery of the Hand. There are no binding criteria to classify or define a Hand Surgeon.
There are no set criteria by which an individual can be classified as a Hand Surgeon. Most hand
surgeons have been trained in Plastic Surgery, occasionally Orthopaedics.
Hungary
Update Dec 2012 Hand Surgery has been recognized as a separate specialty since 1994. After training in Orthopaedics & Trauma (80%) or General Surgery there is a two year tailored
training programme accepted by the Hungarian Hand Surgery Board as well as a practical and
theoretical oral examination. The oral examination take 30-40 minutes with at least 2 topics in
Hand Surgery as well as radiological evaluation. The examinations are organized and held by the
four Hungarian medical universities who are also responsible for the organization and holding of
the prescribed courses, which are necessary for the examination. A small minority of Hungarian
Hand Surgeons derive from General Surgery and Trauma. The Hungarian Hand Society hopes
to achieve the recognition of the European Diploma as equivalent to a national examination.
Ireland
No details
Italy
Update Dec 2012 Hand Surgery is not a separate speciality and there is no special examination.
There are Universities’s Masters in hand surgery in which the participant must attend 1500 hours
of teaching (800 lectures and 700 clinical). Each Master gives 60 formative credits. The educational path to become a Hand surgeons passes from orthopaedics or plastic surgery specialties.
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Hand Surgery is through a further diploma of Plastic and Orthopedics Surgery schools: during
the 5 years residency program only those schools recognized as Hand Trauma Centre are allowed to certificate and form a “hand surgery profile”
Latvia
Hand Surgery in Latvia has been recognized by Latvian Medical Society as a subspecialty of
Plastic Surgery or Orthopaedic surgery since 2009. It has a separate examination (practical and
written) after compulsory training (fellowship) for one year in a certified institution at home
or abroad. Most hand surgeons in Latvia are Plastic surgeons with 6 years of postgraduate
training. There are two centres where candidates can undergo training: Centre of Plastic and
Reconstructive Microsurgery of Latvia, Dept of Hand Surgery (affiliated with Riga Stradn,š
University) and The Hospital of Traumatology and Orthopaedics.
Norway
Update Jan 2013 There remains a Diploma in Hand Surgery awarded by the Norwegian
Society for Surgery of the Hand. To obtain the Diploma the candidate has to be a specialist in
orthopaedic, plastic or general surgery and in addition has to fill certain criteria (detailed in “the
Log Book” made by the Hand Society).
Poland
Updated Jan 2013 Hand Surgery is not a separate specialty in Poland now and there is no
specialist examination. Hand Surgery, together with microsurgery is an obligatory part of training during General Surgery, Orthopaedic -Traumatology, and Plastic -Reconstructive Surgery. In the first two, there is an obligatory participation in a one week course devoted to Hand
and Microsurgery. However, since 2009 we have made efforts to establish Hand Surgery as a
separate sub-specialization or a competency. The required documents have been submitted to
the Ministry of Health, including a specialization program which was produced with the cooperation of British Society for Surgery of the Hand and is partly based on this British program.
Unfortunately, its requires approval by the Parliament to be accepted, which will be a long and
hard process.
Portugal
Updated Jan 2013 Hand Surgery is not a separate speciality and there is no examination.
There is no formal training programme or examination, so there are no set criteria by which an
individual can be classified as a Hand Surgeon.
Romania
Updated Jan 2013 There is no formal training and no examination. Hand Surgeons derive
from Plastic Surgery
Russia
Updated Jan 2013 Entry is through Orthopaedic Surgery. There are no specified criterias for
being a Hand Surgeon nor any examinations. All of the specialists working in Hand Surgery
have trained in Orthopaedics. Plastic surgery as a speciality was recognized only 2 years ago.
There is no formal training programme or examination, so there are no set criteria by which an
individual can be classified as a Hand Surgeon.
Slovenia No information
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Spain
Updated Jan 2013 There is no speciality recognition and no examination. Training is through
Orthopaedics or Plastic Surgery. The National Society (SECMA) has prepared a document
that has been submitted to the Ministry of Health for the creation of an Area of Special Qualification. Regulations for this procedure have been stated by government decree but not yet put
into practice. The procedure consists of a request for the creation of an Area of Special Qualifications in Hand Surgery, made by the National Commissions of the Specialties of Orthopaedic
Surgery &Traumatology, and Plastic, Reparative and Aesthetic Surgery, that must be presented to the Ministry. By now, we do not have information of the process from the Ministry but
we do have the support of the National Commissions of the Specialties.
Sweden
Update Jan 2013 For many years (1969-2007) Hand Surgery was a separate speciality in
Sweden. Presently, Hand Surgery is a branch speciality of Orthopaedic Surgery requiring a full
orthopaedic training and then additional two years of training in Hand Surgery with attendance of 6 courses. From Jan 1st, 2014 the National Board of Health and Welfare will decide
that Hand Surgery is again a basic speciality with its own structured training. To be a hand
specialist, a minimum of 5 years of training and attendance of several courses will probably
be required. The training has to be at least 3 years of Hand Surgery, and training in related
specialities such as Orthopedic Surgery and Plastic Surgery must be included in the 5 years
of training. The Swedish Society for Surgery of the Hand strongly recommends the residents
or fresh consultants to take the European Board of Hand Surgery Diploma Examination and
recommends the diploma to entitle to a monthly salary raise of 150-200 Euros.
Switzerland
Update Nov 2012 Hand Surgery is recognized as a separate specialty. After 2 years of general
training in Plastics, Orthopaedics, General or Paediatric Surgery, there is a 4 year training
programme in at least 2 different centres. The trainee must attend 6 national or international
conferences or courses and must be the first author of a peer-reviewed article on Hand Surgery.
The trainee must also give 2 oral presentations at a hand surgical congress and complete a log
book. As final examination the trainee has to pass the European Board of Hand Surgery Examination organized by FESSH.
Turkey
Update Nov 2012 Hand Surgery has just been accepted as a particular qualification. An examination should be developed within two years.
United Kingdom
Update Nov 2012 Hand Surgery is not a separate speciality although holding the FESSH Diploma and appropriate training has led to recognition by the licensing body (General Medical
Council). There is a national Hand Diploma run by BSSH & the University of Manchester
which is a one year programme of education in Hand Surgery culminating in an examination
leading to the Diploma in Hand Surgery. Hand Surgeons gain their board examinations in
Orthopaedic or Plastic Surgery and can then specialise in Hand Surgery. At least one year as
a Fellow in a recognized centre in the UK or abroad is expected although there are no formal
requirements for someone to promote themselves as a hand surgeon. Further details www.bssh.
ac.uk /education/diploma
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Tablo 2. Summary of hand surgery training in Europe
Key: O=orthopaedics, P=Plastics, G=General Surgery
Country

Separate Speciality

National Exam

Austria

2011

No

Belgium

No

No

Britain

No

Yes

No details

No details

Czech Republic

No

No

Denmark

No

No

Estonia

No

No

Finland

1994

Yes

France

No

Yes

Germany

Yes

Yes (oral)

Greece

No

No

1994

Yes

No details

No details

No

No. University masters
available

Bulgaria

Hungary
Ireland
Italy
Latvia

Recognises FESSH
Exam

Yes

2009

Netherlands

No

No

Norway

No

Yes

Poland

No details

No details

Portugal

No

No

Romania

No

No

Russia

No

No

No details

No details

Spain

No

No

Sweden

Yes

No

"Recommend"

Switzerland

Yes

No

Yes

Turkey

2010

soon

Turkey

2010

soon

Slovenia
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Entry

Training

P,O,G

3 years

P,O,G

2 years

P,O

None specified

No details

No details

P,O, G

None specified

O

2 years

?

None specified

Comments

Updated

4 universities offer a course, dissertation and exam
Dec-12

Direct
P,O

3 years

P,O (6 years)

3 years

No details

No details

O, G

2 years

No details

No details

O,P

None specified

P 6 years

1 year

P

None specified

University Diploma required
Dec-12

Dec-12

P,O,G
No details

No details

P,O

None specified

P

None specified

O

None specified

No details

No details

P,O

None specified

O (5-6 years)

2 Years

P,O,G, Paeds

4 years

P,O

2 years
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Training via Ortho, but then a
separate speciality. Residents
take 6 courses. In 2014 again and
independent speciality, without
relation to Ortho

Jan-13

Nov-12

1–5
Why the Peripheral Nerve?
Lars B. Dahlin*
Editor-in-chief

T

o make a correct diagnosis and to properly treat patients with various nerve injuries
and disorders are a real challenge for surgeons and physicians, since the symptoms
in the individual patient may be peculiar and hard to interpret with the risk of a
delayed diagnosis and treatment. Furthermore, we do not completely understand the
neurobiological mechanisms how the peripheral and central nervous systems behave
after injury and in disorders. A delayed and improper care of the patient does not only
induce suffer of the individual patients, but may also substantially create costs for the
society, involving costs related to the health care system and to sick leave. Therefore,
young surgeons and physicians need to have a thorough knowledge about the care of
such injuries and disorders. It is important to have a holistic view on the individual
patient when treating nerve injuries and disorders since the outcome of the care may
not only be dependent on a surgical procedure, but is also reliant on a variety of other
factors; many of which are not possible to be influenced by the surgeon. Detailed,
early and continuous information, provided to the patients and his or her relatives,
contributes to a successful outcome. Therefore, I am very pleased that it was decided
that the present Instructional Course Book should be dedicated to the mystery of the
peripheral nerve and its treatment after injury and in various disorders. I am also very
thrilled that a variety of distinguished hand surgeons and hand therapists accepted to
provide chapters to the book.
The book is divided in various sections to cover History, Basic Science, Clinical
Science (i.e. anatomy and diagnostic possibilities), Nerve Compression Syndromes and
Other Disorders (including uncommon conditions and nerve tumours), Transections
and Lacerations, Clinical Follow Up and Outcome, Residual Problems, Rehabilitation
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and, finally, the specific problems related to the Brachial Plexus. Thereby, a variety of
aspects related to the peripheral nerves are covered. Each chapter should give an overview of the problem and provide solutions on how nerve injuries and disorders should
be handled correctly and in a timely manner. The book focuses only on the direct nerve
related procedures, excluding secondary reconstructions, such as tendon transfers and
other related procedures. I hope that particularly young surgeons have benefit from the
information in this book, in which only key references are included. Due to the rapid
development in some areas the reader is referred to web-based search systems for further
readings. I thank all the authors for their excellent contributions – without you this
project could not have been finished!
Finally, all my work and efforts into the present project – the Instructional Course
Book entitled “Current Treatment of Nerve Injuries and Disorders” - is dedicated to
my close friend and mentor in experimental research on nerve regeneration, Professor
Martin Kanje, Department of Biology, Lund University, Sweden. Martin passed away
in March 2013 far too early. I have worked with Martin for 25 years. He has been a
great inspiration and an unfailing source of knowledge about cellular mechanisms in
cell- and neurobiology in general and nerve regeneration in particular. Martin was a very
social person with an ability to create meetings with and between people; most often
at the annual Neuroscience meetings. The results were a number of initiated research
projects and a number of PhD theses. We, present colleagues and former students, miss
him very much.
							To Martin

Martin Kanje 1950 – 2013
My close friend and mentor
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2–1
Preface
Göran Lundborg*

P

osttraumatic repair and reconstruction of peripheral nerves still constitutes a very
substantial biological and clinical problem. The consequences of nerve injuries
can often be dramatic with loss of sensory and motor functions in combination
with discomfort, such as pain and cold intolerance.
The outcome from treatment of nerve injuries in the upper extremity - from the finger level up to the brachial plexus level - is to a great extent dependant on various factors,
such as the surgeon’s competence and experience as well the quality of the postsurgical
rehabilitation process – a teamwork. In this volume, the aim is to present current and
evolving concepts regarding the optimal treatment of nerve injuries and disorders, based
on understanding of the biological mechanisms and the appropriate knowledge about
well established repair and reconstruction techniques as well as recent clinical advances.
The ambition is to stimulate and inspire European surgeons in their efforts to achieve
the best possible outcome from their surgical efforts.
Injuries to nerves are in many aspects unique as compared to injuries induced to
other tissues. Fracture of a bone or transection of a tendon affect the damaged tissue at
the level of the injury with no or limited consequences for more distal or proximal levels
of the injured tissue. In contrast, a peripheral nerve injury induces a cascade of structural
and functional changes not only at the site of injury, but also at very distant levels distally and proximally – from the target organs up to the cortex of the brain.
The explanation is the nature of each axon, being a very extended part of a single nerve
cell, where proximal and distal parts of the cell are normally interacting with each other
by complex intracellular signaling mechanisms. As a result, proximal injuries have consequences also for all distal parts, and in accordance, distal injuries have consequences also
for the most proximal part of the structure – the nerve cell body. The principle is valid for
nerve injuries and disorders of various severities – from acute or chronic nerve compression lesions up to complete transections and/or lacerations of the peripheral nerve.
*

Professor and Senior Consultant in Hand Surgery, Department of Clinical Sciences - Hand Surgery Lund University, Skåne
University Hospital, Jan Waldenströms gata 5 SE-205 02, Malmö, Sweden.
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Posttraumatic nerve regeneration requires a shift in the metabolic machinery of the
nerve cell body from a resting state to a regenerative state. This dramatic change in cell
function is induced by intracellular signaling systems, which are activated as a result
of injury. The result is a nerve cell body reaction; a process necessary to initiate and
maintain the regenerative process. The cell body reaction may unfortunately result in
varying extent of death of nerve cells, something that again illustrates the level of difficulties, which the surgeon has to deal with – without a living nerve cell body there can
be no regeneration. In an experimental environment it has proved possible to reduce the
amount of cellular death by pharmacological intervention – a phenomenon that hopefully will have a clinical application in the future.
The complex nature of these biochemical processes is not easy to understand for
clinically oriented surgeons. It is obvious that the complexity of these processes are far
beyond what can be influenced by the knife of the surgeon. However, a surgeon, with
insight in biological mechanisms, can still influence such negative cell reactions in a
positive direction by paying special attention to the timing of repair, since a very early
repair will reduce many of the negative cellular events that may occur after nerve injury
and repair, including cell death.
Degeneration of the distal parts of the axons is a key problem, which so far cannot
be influenced by pharmacological intervention or any other strategy. Attempts to fuse
proximal and distal parts of the axons by specific biochemical treatment in an experimental set-up have not been successful. We still have to face the fact that severed axons
have to regenerate all the way to the peripheral targets; a complicated process which
requires interactions with several activated cellular elements in the distal nerve segment,
like Schwann cells, inflammatory cells and endothelial cells.
The regenerative process may take a long time and target organs may have undergone severe changes as a result of denervation. A major problem is the long distances
which regenerating axons sometimes have to overcome, especially in brachial plexus injuries. For the future one would like to utilize techniques to speed up the axonal growth,
but unfortunately no strategies have so far been successful to make neurons maintain
an increased regeneration capacity over an extended time period. This problem can
sometimes be overcome by the nerve transfer techniques, where a proximal lesion can
be transformed to a more distal lesion, and when a solution can be found even when
a proximal nerve segment is lacking. End-to-side adaptation offers another strategy to
deal with such “impossible” injuries, making them suitable for treatment. However,
these techniques put special requirements on the central nervous system, since populations of nerve cells have to go into new functions, a process which however may be possible thanks to brain plasticity mechanisms.
When it comes to late repair or older injuries, a direct adaptation of the both ends
of the nerve may not be possible. Thus, we may have to bridge a gap in continuity of
the nerve. This is a challenging issue where interposition of autologous nerve grafts, as
proposed by Hanno Millesi, still is the gold standard, and where no types of tissue engineered artificial nerve guides so far have proved superior the autologous nerve grafting.
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However, there are good reasons to develop alternatives to autologous nerve grafts
in order to avoid the sacrifice of normal nerves and perhaps to further improve the
regenerative capacity of long distances. For the future, the field is open for many types
of tissue engineering strategies, and the possibilities are unlimited. Guiding structures
may be achieved from the use of various synthetic materials or preserved and modified
biological structures, such as acellular autografts, heterografts or even xenografts, and
evolving new knowledge might make it possible to improve the regeneration capacity by
utilizing pharmacological intervention, cultured cells or even stem cells. A new generation of tissue compatible matrices are evolving based on nanotechnology. Biologically
compatible scaffolds made of nanomaterial may prove highly interesting for bridging
gaps in nerve continuity, especially since nanomaterials can easily be modified with
respect to microgeometry, chemical composition and physical properties to make them
attractive for growing axons.
Even under the best possible conditions, one major problem remains: the misdirection of regenerating axons. Microsurgical repair of nerves means approximation of the
epineurial or perineurial sheaths with best possible accuracy, but we have no possibility
to work on the level of the axons. The orientation of regenerating sprouts is dependent
on biochemical factors in the local microenvironment influencing the growth direction
of the advancing growth cones. Although the growth direction as well as the specificity
of nerve fibers can be influenced in specific experimental laboratory set-ups, this is at
present still not possible in clinical praxis. As a consequence there is a cortical remapping
of the corresponding peripheral re-innervated territories in sensory as well as motor cortex. Here is a major problem, which requires re-educational training programs especially
to restore sensory functions in the hand. However, these programs have not changed
much over the last decades, but new strategies, where the hand representational area in
sensory cortex is increased by cutaneous anesthesia of the forearm, have proved useful
to enhance the effects.
Although classical re-educational programs have been around for a long time, these
programs are usually initiated at first when the first axons reach the hand, At that time,
however, the brain has already undergone major reorganizational changes including
down-regulation of the normal hand representational area since no sensory impulses
are arriving. As pointed out in this volume there are reasons to believe that sensory
re-educational programs should start already on day one after repair with the aim to
maintain the hand cortical hand representation by using a “sensory-motor preparation “
program, where the cortical hand representation is kept activated by the help of special
programs, including for instance motor and sensory imagery sessions as well as visuotactile sessions including the use of mirrors.
In summary, in this very useful volume fundamental old strategies are presented
together with evolving concepts regarding treatment of nerve injuries and disorders at
several levels – from the brachial plexus to the digital nerves and from severe lacerations
of the peripheral nerve trunk to nerve compression lesions. The authors are to be congratulated for their efforts to present the state of the art - today and tomorrow.
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3-1
History of Peripheral Nerve Surgery
Andreas Gohritz*

A. Lee Dellon**

Key points
• The study of nerve injury and repair dates back to ancient times, yet success was
rare due to misleading perceptions of nerve anatomy and regeneration, lack of
anaesthesia, antisepsis and instruments.
• A break-through became possible between about 1850 and the first decades of
the 20th century, when the fathers of nerve anatomy and physiology, e.g. Waller,
established the basis for modern concepts of nerve repair and regeneration.
• The treatment of thousands of gunshot injuries to peripheral nerves in WW1,
performed by pioneers as Foerster, established modern methods, such as nerve
suture, grafting and transfers.
• The advent of microsurgery since the 1960s enabled further refinement, e.g. tensionfree fascicular nerve grafting, which further improved the results, especially regarding
devastating injuries to the brachial plexus.
• Today, peripheral nerve surgery techniques based on sophisticated knowledge of
nerve anatomy and pathophysiology can help many patients, with nerve injuries,
compression, neuroma or joint pain to reduce pain and functional impairment and
increase quality of life.

Only the man who knows exactly the art and science of the past and present is
competent to aid in its progress in the future.
Theodor Billroth (1829-1894)
* University Hospital, Basel and Swiss Paraplegia Center, Nottwil, Switzerland.
** Johns Hopkins University, Baltimore, USA.
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T

he purpose of this chapter is to provide a short overview on the history of peripheral
nerve surgery spanning from its pre-historical fundaments through the stages of
evolution of various techniques until today, including nerve suture, grafting,
tubulisation, transfers, denervations and decompression, which we owe to the scientific
studies and clinical work of important protagonists of the field, both anatomists and
surgeons (Table 1).
Table 1. Important Events in the History of Peripheral Nerve Suture and Repair
Year

Protagonists (Country),

Event / Description

3500 B.C.

Jacob

Sciatic nerve injury during battle with angel

200 A.D.

Galen (Greece)

Differentiates nerves from tendons

1608

Ferrara (Italy)

Detailed description of divided nerve repair

1834

Weber (Germany)

2-point-discrimination

1851

Waller (UK)

Degeneration of nerve distal to transection

1864

Nélaton (France)

Secondary nerve suture

1863/1870

Phillipeaux / Vulpian (France)

Nerve grafting

1871

Hueter (Germany)

Primary epineurial suture

1873

Erb (Germany)

Upper brachial plexus lesion (Erb `s) palsy

1876

Albert (Austria)

Clinical nerve (allo)graft

1885

Augusta Klumpke (France)

Lower brachial plexus (Klumpke`s) palsy

Since 1890

Ramon y Cajal (Spain)

Modern neuro-histology, e. g. demonstrating
axons sprouting from neurons

1915

Tinel (France),
Hofmann (Germany)

Tingling sign of nerve regeneration

1914-20, 1929

Foerster (Germany)

Special symptomatology and therapy
of more than 4000 gun-shot injuries to
peripheral nerves of WW I as basis for
modern nerve suture / grafting / transfer

Since 1968

Millesi (Austria)

Tension-free fascicular nerve grafting
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Evolution of nerve suture and grafting
Biblical Times
The first report of acute nerve injury can probably be traced to 3,500 years ago, when
Jacob experienced a sciatic nerve injury due to a traumatic hip dislocation during his
fight with the angel in the well-known biblical story (“his hip was wrenched” …and he
was limping because of his hip”, Genesis 32:25–33); yet nothing is known about the
further course of this injury.

Greco-Roman Period
In ancient Greece, as dissections on dead bodies were forbidden, understanding of
anatomy was poor and comments on nerve injuries remain dubious. For example, in
Homer’s Iliad, the terms for tendon or nerve in the original text are used interchangeably
and have been translated accordingly based on the context. Hippocrates feared that
manipulation of a severed nerve may lead to spasms and cruel death and advised that
“cold is bad for the nerves, heat is good.” Interestingly, a recent analysis of an 16th
century Ottoman document yet attributes a very early nerve suture to Hippocrates (460377 BC), who during a travel in a caravan along the Tigris river repaired the severed
nerve of a thief at the ankle level using the hair of a woman for the sutures.1 Herophilus
of Alexandria (325-255 B.C.) made phenomenal anatomic and physiologic discoveries
based on (secret) human cadaver dissections, which made him the greatest anatomist of
antiquity. He first distinguished nerves from tendons, traced their way to the spinal cord
and differentiated motor and sensory components. Despite this, traditional teaching at
that time doubted that nerve reunion and healing was possible.2,3
History remained silent regarding repair of severed nerves until Galen of Pergamon
(131-201 A.D.) first studied the effects of transecting peripheral nerves. He reported
results after nerve suturing which seem incredible to us today; yet nothing in his
writings suggests that he ever performed this procedure himself. Galen’s teaching was
still dominant in the Middle Ages. Ambroise Pare published a detailed description of
a nerve injury inflicted on Charles IX by the incautious use of a lancet. He gives us an
excellent description of what we now call causalgia. He took this severe pain as a further
proof of Galen’s teaching that the manipulation of nerves was harmful.
Paul of Aegina (625-690) recommended approximation of the nerve ends during
wound closure; yet the first clear reference to the suture repair of a severed nerve is
attributed to the Persians physicians, Rhazes (850-932) and Avicenna (980-1037).
Rhazes sagaciously recognized that if a nerve was just compressed, it could be treated
and function would return, whilst if it was sectioned, function was entirely lost.2,4

Middle Ages
During Medieval times, suture of severed nerves was only briefly mentioned by
Guglielmo di Saliceto (1210-1277) at Bologna, his student Guido Lanfranchi (125022

1306), the founder of French surgery, and his distinguished pupil, Guy de Chauliac
(1300-1368), a celebrated surgical authority during the 14th century. The actual practice
of such a procedure was, however, rarely undertaken. About 1296, Lanfranchi, in his
textbooks Chirurgia Parva and Chirurgia Magna, advocated suture of divided peripheral
nerves and most authorities agree that he really meant nerves and not tendons, as he was
concerned with both loss of feeling and loss of movement.
Interestingly, the Latin word nervus and the English word sinew (tendon) were
used in and after Lanfranc’s time interchangeably. This terminological confusion was
common in Latin and in early English until the 17th century and makes it difficult to
distinguish which anatomical structures are discussed. Regrettably, Lanfranc provided
only few details of his methods and no illustrative cases, although he recommended
boiled earthworms as aid to enhance nerve healing. In contrast, Leonard of Bertapaglia
(1380-1463) devoted an entire chapter in his Chirurgica to this subject, but nowhere
gives operative details of his surgical technique, probably due to his belief that these
techniques could only be learned during an apprentice-ship under an experienced
master surgeon (master art) - not just by reading a book.5,6
In retrospect, one can easily imagine the frustration of surgeons at that time when
dealing with the repair of severed nerves without sufficient understanding of anatomy,
physiology, and the regenerative capacity of the peripheral nervous system. This may
explain why repair of nerves was rarely undertaken in Medieval times and why the
general consensus was against such practices. Furthermore, standard procedures for
peripheral nerve repair were hardly imaginable without anaesthesia and antisepsis due
to pain and high risk of subsequent infection.

Renaissance to 18th Century
Only few authors advocated nerve repair during the next three centuries until the
Renaissance surgeon Gabriele Ferrara (1543–1627) in 1596 published a clear and lucid
account of how the cut ends of a nerve should reunited. He succinctly described how
to free the retracted ends from other tissues and apply gentle traction in order to suture
them together. He used a special needle with an eye and immersed the nerves in a
decoction of red wine, rosemary, and roses (possibly for alcoholic disinfection), and
finally insulated the sutured segment with a mixture of oils. Regrettably, his ideas do not
seem to have convinced many contemporary surgeons.
Late in the eighteenth century, John Hunter (1728–1793) and his student William
Cruikshank (1745–1800) carried out experimental studies on spontaneous nerve
regeneration. In 1776, Cruikshank unilaterally severed the vagus nerve of a dog, and the
dog did well. Two weeks later, he severed the vagal nerve on the opposite side and the
dog died. When he examined the site of the original neurotomy, he saw a white substance
bridging the nerve gap. He thought this was not scar, so he redid the experiment and
concluded that there was apparently spontaneous regrowth across the nerve gap of about
an inch during only 15 days. Modern knowledge of course suggests that this period was too
short for regrowth to have occurred, and Cruikshank’s report may have encouraged undue
confidence in non-operative management of nerve injuries. However, his observation
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was such a shocking departure from the theory of the day that he was not able to get it
published, despite this data could have refuted 2000 years of dogma.2
Although traditional scepticism against nerve suture persisted into the 19th century,
understanding of nerve anatomy and function was increased by studies on their excitable
nature by Frances Glisson (1597-1677), the microscopic structure by Antonj van
Leewenhoek (1632-1723) and the descriptions of the axon and myelin sheath by Felice
Fontana (1730- 1805). The functional aspect of nerve fibers was elucidated by Galvani
(1737-1798), who showed their responses to electrical stimulation during experiments
on frogs. Anatomic organization of motor nerve associated with the ventral roots was
first determined by Sir Charles Bell (1774-1842), while Frangois Magendie (17831855) localized sensory function in the dorsal roots.4
Ernst Heinrich Weber (1795-1878) discovered that the intensity of a sensation
depends on the mode of application of the stimulus (Weber’s law) and described twopoint discrimination (Weber’s test) in 1834. More than a century later, this observation
was popularized by the Swedish hand surgeon Erik Moberg (1904-1992), who used a
paperclip to provide a tactile experience with two pressure points applied to the skin and
kept equidistant.7,19

19th Century
Noteworthy is the work of Paget who, in 1847, stated that if a nerve trunk was cut,
immediate union of the fibres would take place if their ends were put in contact. As
proof, he reported a patient aged 11 years with a completely severed median nerve who
regained complete nerve function within 1 month (!). We know today that his theory
was wrong; yet the idea of important contact made immediate suture of the divided
ends advisable.
Theodor Schwann (1810-1882), an excellent young scientist, co-authored cell
theory and in 1838 described the cell today bearing his name with its unique structure,
relation to myelin and response to nerve injury. Notably, he made important discoveries
before the description of that cell. In 1836, he discovered pepsin in the stomach and in
1837 he first described the striped muscle in the upper oesophagus. He antedated Louis
Pasteur when he showed that living cells caused putrefaction, that heat destroyed them
and that fermentation caused by yeast could be prevented by heating the culture.7
In the second half of 19th century, the British physiologist Augustus Waller (18161870) (Figure 1) made milestone observations despite the very primitive equipment
in his home laboratory (Table 2). By sectioning the glossopharyngeal and hypoglossal
nerves of frogs, he demonstrated that the nerve fibres distal to the injury degenerate
in their whole length and the myelin sheaths change into fatty droplets, which are
absorbed, leaving only empty tubular sheaths formed by the Schwann cells. He also
showed that in this process, today called “Wallerian degeneration”, the nerve fibres
proximal to the injury survive and he argued that these fibres might regenerate by
growing into the distal nerve segment. By severing the anterior spinal nerve root and the
subsequent degeneration, he proved that the main part of the cell was in the spinal cord,
whereas when the posterior root was sectioned they were localized in the posterior root
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ganglia.8 Waller died in 1870 from cardiac arrest, possibly due to excessive experimental
compressions of his own vagus nerve.9
His theory was challenged by other neuroscientists, who believed that regeneration
took place by simultaneous regrowth. Although his concept proved correct, the medical
community did not embrace it. Not until about the early 20th century, Waller’s original
view was generally accepted and acknowledged that if cut nerve ends were in apposition,
sprouting axons from the proximal stump would enter the empty nerve sheaths and
grow to the ends of the nerves to re-establish muscular action and sensation.
Table 2. Augustus V. Waller`s Contributions to Wound and Peripheral Nerve Research (from Mühlberger
et al. 2001)
Wound Healing

•
•

Identified process of diapedesis
Identified inflammation in healing

Neurophysiology

•
•
•
•
•
•
•

Described distal degeneration in transected peripheral nerve
Proved the dorsal root ganglia to be bipolar
Described neurotropism
Identified sympathetic component and its function
Described distal effect of dividing optic nerve
Described effect of vagus compression on heart
Investigated taste buds

Technical Innovations

•

Intravital / preputial microscopy

Figure 1. Augustus Waller (1816-1870), ground-breaking British neurophysiologist who was the first to
describe the degeneration of severed nerve fibres, today known as “Wallerian degeneration”.
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The controversy should have actually been put to rest a lot earlier by the work of the
outstanding Spanish neuro-histologist Santiago Ramon y Cajal (1853–1934) (Figure
2). Using Camillo Golgi`s (1844-1926) stains to demonstrate the neurons themselves,
he made it visible that axons sprouted from neurons in a series of papers beginning in
1890. He also showed that if not prevented by a wide gap, the regenerating axons would
grow at a predictable rate, usually about 2–3 mm per day. However, as he was a Spanish
scientist outside the medical mainstream, his work remained largely unknown to the
international community until translation into English in 1928.10

Figure 2. Santiago Ramon y Cajal (1852-1934), Spanish pathologist, histologist, neuroscientist and Nobel
laureate (1906) due to his pioneering investigations of the microscopic structure of the nervous system
which make him the father of modern neuroscience: “Everything discovered in a given domain is almost
nothing in comparison with what is left to be discovered.”

Carl Hueter (1838-1882) in 1873 introduced the primary epineurial nerve suture,
while Auguste Nélaton (1807-1873) described a successful secondary nerve repair in
1864. The idea of decreasing tension on the nerve suture was early acknowledged, e.g.
by Mikulicz who used special sutures in 1882 or Loebke who advocated bone shortening
to decrease nerve tension in 1884. In 1893, Howell and Huber published the first
controlled study of an experimental nerve injury with a subsequent repair.4
In cases, where direct end-to-end repair was not possible, nerve grafting was explored
and first reported by Philipeaux and Vulpian in 1870.11 Eduard Albert (1841-1900)
from Austria described allografting nerve gaps in 1876 in a patient suffering from
a recurrent sarcoma of the median nerve in which he bridged the substance loss by
transplanting a tibial nerve from a freshly amputated lower leg of another patient.
Besides, he also carried out the first successful autograft by using the sciatic nerve of
dogs in 1877 during a cross-transplantation of parts of this nerve in the same animal.
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20th Century
The surgical revolution at the end of the 19th century brought anaesthesia, asepsis and
improved instruments, which changed the indications for nerve repair. In 1889, a
young London surgeon, Anthony Bowlby (1855–1929), published a remarkable book
on repairing nerve injuries by suture. He distinguished between primary nerve suture,
carried out soon after the injury, and secondary nerve suture, carried out at a later date,
when there was need for wide dissection and resection of the nerve ends. He reported
on 27 cases, where a primary nerve suture was done and claimed successful outcome
in 15 cases, and partial success in 8 cases. The review of his cases with a delayed nerve
suture achieved a similar success rate. He emphasized that functional recovery may take
a long time or may never occur, not only due to suppuration, but also to failure to splint
the suture line or to a wide gap between the ends of the divided nerve (i.e. the idea of
nerve grafting was already in the air). During the long-term follow-up of his patients,
he monitored recovery by clinical tests and electrical stimulation, confirmed Waller’s
theory of nerve degeneration by microscopic studies and tried to understand the process
of nerve regeneration.6
Such experimental and clinical series increased the understanding of the peripheral
nerve injury. Regrettably, these findings were not widely acceptable known and several
implausible nerve repair procedures survived into the first decades of the twentieth
century, such as cutting nerve ends tangentially before suture, nerve stretching devices,
various nerve flaps, suture of nerves to skin or “à distance”.12,13 Many diagnostic
tools and treatments of peripheral nerve injuries were known prior to 1914, but the
experience was sparse and incomplete. Peripheral nerve injuries remained a subject of
medical curiosity, not a focus of comprehensive care.

World War I
The treatment of nerve injuries changed dramatically with the masses of soldiers with
shotgun injuries who swamped the military hospitals in 1914 and 1915. It has been
estimated that about 30 000 peripheral nerve injuries were treated by the French Service
de Santé alone and at least similar numbers affected British soldiers until 1918. Other
authors even reported that 20% of “severe” casualties sustained these injuries. As a result,
specialized wards were created for neurological injuries, e.g. in Britain by Sir Robert
Jones and in the U. S. by Gorgas and Frazier, who also organized a research laboratory
and a Peripheral Nerve Commission and Registry. By 1918, military surgeons had
published series of more than 100 cases and a few with even more than 500 patients.13
Confronted by thousands of nerve injuries, as well as the poor results and disinterest
from his surgical colleagues, the German neurologist Otfrid Foerster (1873-1941)
(Figure 3) became a self-taught neurosurgeon during and after World War I (WWI).
Foerster stated, “I had to make the diagnosis. I had to get the patient to the operation
theatre; I had to tell the surgeon where to operate, to tell him what to do when he gets
inside. And then the patients all died – I decided I could do no worse“. During the period
1914-1918, overall 4748 patients with peripheral nerve gunshot injuries were treated
under his guidance. He personally performed 775 operations by himself, pioneering
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innovative techniques and playing a critical role in the development of peripheral
nerve reconstruction. Foerster performed neurolysis and tension-free nerve repairs,
pioneered grafting motor nerve defects by expendable cutaneous nerves (e.g. sural) and
performed intraplexal neurotizations and multiple nerve transfers in the upper and lower
extremity. In addition, Foerster championed rehabilitation, recognizing the potential
of electrostimulation and physiotherapy to influence the cortical reorganization (brain
plasticity) to improve recovery after nerve injury.14

Figure 3. Otfrid Foerster (1867-1942), self-taught neurosurgeon and innovator of peripheral nerve
reconstruction treating overall 4786 peripheral nerve injuries during WW 1 between 1914 and 1918 during
and inaugurator of sensory nerve grafting for motor defects - testing the sensory loss after sural nerve grafting.

After the war, a sufficient follow-up was problematic in many centres, because the
records were lost, the personnel were transferred and the patients were discharged from
observation. The lack of a standardized grading system seriously impaired the ability to
record clinical changes and compare results.13 In contrast, Foerster was able to personally
follow-up most of his patients and document their postoperative recovery until years
after his operations using muscle and sensory testing, photography and filming and
chemical sudomotor staining to prove nerve recovery. As the personal physician of
Lenin after his stroke, Foerster spent almost two years in Russia and condensed his
experiences and documents into two volumes published in 1929. Unfortunately, those
have never been translated from German and thus have not become widely known.14
The German neurologist Paul Hoffmann (1880–1962), serving at several field
hospitals in France and a military hospital in Würzberg, in 1915 described radiating
tingling sensations in anaesthetic skin areas induced by percussion of injured nerves,
which he interpreted as evidence of newly formed, extremely sensitive, regenerating nerve
fibres. On the opposite side of front, the French neurologist Jules Tinel (1879–1952)
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devoted himself to the study of peripheral nerve injuries and also in 1915 described
paraesthesia by pressure applied to an injured nerve. In 1917, he recognized that either
sudden pressure or percussion could elicit those sensations. Although Hoffman’s report
in 1915 antedated his French contemporary`s report in 1917, the clinical sign is mostly
named after Tinel.15

1920s and 1930s
Grafting gained popularity with the work of Balance and Duel, Bunnell and Boyes using
digital nerve autografts, yet no uniform success was reported by these authors. Alternate
experimental methods for lengthening nerve ends centred around mobilization and
transposition of existing nerve tissue. It was recognized that regardless of the technique
used, excessive tension at the suture line would increase clinical failure. Greater
understanding in basic biology of peripheral nerves was seen as a prerequisite for further
advancement in the management of peripheral nerve injuries. Research in this area
intensified during the 1930s and was stimulated by the anticipation of an upcoming
global conflict. Much research performed during this time provided a basis for our
current understanding of nerve degeneration, regeneration, and healing of surgical
repair. Bunnell and Boyes published the concept of “cable grafting” in 1939 to bridge
a nerve defect with multiple strands of a sensory nerve graft fashioned to form a cable
rather than a trunk graft with its associated central necrosis.

World War II
During the Second World War (WW II), neurosurgeons dominated the field of
peripheral nerve surgery in the US Army, whilst in the UK; orthopaedic surgeons were
the leaders in this field. Neurologists were invaluable in diagnosis and in assessment
after repair. In WW II, the British Medical Research Council formed a Nerve Injuries
Committee including four distinguished neurologists who published a very important
brochure describing a quantitative grading of muscle power and an atlas showing how
to test key muscles innervated by the key nerves with diagrams showing their motor and
sensory distributions.
The surgical experience of World War II led to a rational classification of nerve
injuries and refined the timing for surgical intervention. Many research publications
came from Oxford, where Herbert Seddon (1903–1977), Professor of Orthopaedic
Surgery, was supported by a team of outstanding young surgeons and neuroscientists.
At the beginning of the war, Seddon clarified the pathology of nerve injuries and defined
injury in three grades and providing a rationale for management in each category.16
Since 1941, the Australian Army transferred all peripheral nerve injuries to General
Hospital in Heidelberg near Melbourne, where Sidney Sunderland (1910-1993)
became a consultant. Until 1945, he frequently assisted in operations and studied the
management and results in more than 300 cases of peripheral nerve injury. He first
directed his attention to clinical examination, and then to laboratory studies when the
problem remained unclear. However, even after WW II, when long-term follow-up
data were available from more than 7000 treatments from centres in Britain and the US,
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the outcome of peripheral nerve sutures and grafting were graded as poor. Interestingly,
treatment of brachial plexus injuries was mostly discouraged.
The major post-war developments that led to the modern era include improved
nerve grafting techniques, intraoperative nerve action potential recording, and strategies
for the repair of brachial plexus lesions.

After the World War II
After 1945, Sunderland’s capacity to bring together clinical, anatomical and pathological
findings gave him great authority over a long period. In 1968, he published a monumental
book, Nerves and Nerve Injuries, with a second edition appearing 10 years later. His bestknown contributions are his descriptions of the internal topography of the peripheral
nerves and his recognition that bundles (funiculi) of nerve fibres innervating specific
muscles or sensory areas vary in their relations to each other at different levels in a nerve.
Sunderland’s meticulous observations were very relevant in the 1960s, when the advent
of microsurgical nerve repair made funicular suture an enticing possibility to improve
nerve repair outcomes.17

1960s and 1970s
Anticoagulation and the microscope were technological prerequisites of the breakthrough of microsurgery of vessels <1 mm in diameter. With the advent of microsurgical
techniques, transfer of a nerve graft regardless of its diameter and proceeding with
immediate revascularization became realities. The blood supply at the site of the nerve
injury could be improved, which enhanced revascularization of interposition nerve
grafts and greatly advanced peripheral nerve surgery by positively altering the prognosis
of devastating nerve lesions.
Microsurgical premières, such as replantation (e.g. of a completely amputated
thumb in 1965 by Komatsu and Tamai) and later tissue transplantation, gave new
credibility to microsurgery of peripheral nerves. Microsurgical pioneers established
refined techniques, using “tension-free” fascicular repair and grafting. Above all, Hanno
Millesi with his co-workers Günther Meissl and Alfred Berger from Vienna, Austria,
brought new credibility to this concept.4,5 From their classical series of 33 median and
32 ulnar nerve operations, they concluded, “complete absence of tension at the suture
site is regarded as the most important factor for a successful nerve repair”.18 By using a
microscope, they performed “intraneural dissection” of both nerve ends, “resected the
scarred ends” of the “mobilized fasciculi” in each ends and used “very fine suture” to
achieve coaptation between the ends of the graft and the corresponding fascicule.5 It
is, however, astonishing to observe the similarity of Foerster’s approach more than half
a century before (Table 3). Millesi`s results were so superior to former experience that
many initially doubted their accuracy. Erik Moberg, for example, telephoned Millesi
from Göteborg and then travelled to Vienna in order to personally re-examine the
patients and confirm their results.
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Table 3. Otfrid Foerster‘s Principles of Peripheral Nerve Repair (1929)
1

Complete removal of primary scar tissue to make new nerve union possible

2

Superfine suture material (thinnest silk or women ‘s hair)

3

Suture of only the perineurium

4

Painstaking haemostasis

5

Strict antisepsis

6

Mobilisation of nerve stumps and adapted joint position to relax the nerve ends

7

Bridging of nerve defects using autologous sensory nerve cable grafts

8

Direct implantation of nerve into muscle if nerve suture impossible

th

st

End of 20 and 21 Century
The last decades have provided evidence of refinement in basic principles of nerve injury
and increased clinical success of repair based on an improved understanding of basic nerve
biology and continuous research in the area of suture material and biologic implants.
Research in auto-grafting, allo-grafting, and hetero-grafting techniques has helped to
provide answers that add to our knowledge of the factors that contribute to the success
or failure of grafting techniques. Ongoing research will provide answers to questions
concerning the relationship of immunologic response to allografting techniques.
However, during the last decades, new insights into cognitive science indicate
that central reorganization or “brain plasticity” after a peripheral nerve injury may
constitute the key problem and explain the unsatisfactory outcome after nerve injury
and repair. These results have been acknowledged as equally important as the events
in the peripheral nerve system.19,20 Interestingly, our surgical ancestors were already
aware of this phenomenon. Foerster was far ahead of his time and even used the same
term “plasticity” for the potential influence of targeted after-treatment using muscle
stimulation and exercise to improve the overall result after peripheral nerve injury.
He always underlined that comprehensive after-treatment was a key factor for success:
“Without this after-treatment, I am certain, that these results would not have been
so favourable. The necessity of this after-treatment cannot be underlined insistently
enough”. His pupil and a true rehabilitation champion and father of modern spinal cord
injury therapy, Sir Ludwig Guttmann (1899-1980), emphasized that the main reason
for “Foerster ‘s success was a better and systematic after-treatment and after-care, in
other words a good understanding of rehabilitation”.14

Nerve tubulization
The first experiments for bridging peripheral nerve gaps using nerve tubulization
emerged in the 19th century. Gluck (1853-1942) is said to have performed the first
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b

c

Figure 4. Adolf Stoffel (1880-1937), pioneer of nerve fascicular anatomy, selective neurotomy and
nerve transfer (a). Stoffel using intraoperative electrical nerve stimulation during a nerve operation in the
popliteal fossa (b). Transfer of radial nerve fascicles to the long or medial triceps head to reanimate the
paralyzed axillary nerve, as described by Stoffel (c) (Vulpius and Stoffel 1913).
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animal experiment of nerve tubulization in 1880. The first conduits used for nerve
tubulation was derived from a resorbable decalcified bone tube developed for wound
drainage by Neuber (1850-1932) in 1879. Gluck proposed the use of the bone tube as
a guided conduit for regenerating nerves in 1881, but stated briefly that his experiments
failed because of scar formation. Vanlair (1839-1914) documented the first successful
application of nerve tubulization using a bone tube to bridge a three cm sciatic nerve
defect in a dog in 1882.5
Biological tubulization has received much attention over the last century and the
best results have been obtained using veins and skeletal muscle tissue. Also, the use
of a non-biological conduit for nerve repair (synthetic tubulization), a strategy that
was first attempted by the Austrian surgeon Payr already in 1900, has recently seen a
tremendous development due to the potential commercial spin-off of biomaterials for
clinical applications.

Management of neuroma
Painful neuroma is sometimes more disabling than loss of sensation or motor function
after peripheral nerve surgery. Ambroise Paré described neuroma as early as 1634, but
recommended massage and oil treatment instead of surgery. In 1811, Ollier confirmed
that the bulbous stump of a severed nerve was especially sensitive and painful. The
first histological investigations were conducted by Wood in 1828, who introduced the
term “neuroma”. Improved understanding of the peripheral nerve anatomy, pathology
and surgery during the 19th and 20th century led to a large number of methods to
prevent and treat neuroma, ranging from transposition into an unscarred non-contact
area, such as muscle or bone, to sealing the nerve end with various materials, chemical
or cryosurgical ablation, electrical cautery or ligation. This great variety of methods,
sometimes with contradictory results, suggests that no single one technique may be
completely effective. Neuroma resection and transposition of the nerve end into a vein
or muscle to change the microenvironment of the nerve and to minimize traction or
mechanical irritation holds a pre-eminent role in modern neuroma management. This
approach using transfer into adjacent muscle was described by Moszkowicz in 1918 and
popularized by Mackinnon and Dellon in 1985, while Wrede recommended using a
vein as early as in 1909.5,19

Surgical joint denervation
Denervation of painful joints is surgical transection of afferent, joint pain fibres to
preserve or to improve joint function in painful osteoarthritis, as an alternative to more
destructive surgical procedures, e.g. fusion or resection arthroplasty. This approach is
based on the demonstration that afferent nerves from the joints exist, as these nerves
essentially are absent from all standard anatomy texts. Nikolaus Rüdinger (1832-1896)
(Figure 5), anatomist in Munich, in 1857 meticulously described in his doctoral thesis
“The articular nerves of the human body.” Following Rüdinger ‘s discovery, Camitz
in 1933 developed the idea to treat joint pain by neurotomy and recommended to
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cut the obturator nerve for hip osteoarthritis. This approach was improved in 1942 by
Tavernier due to new anatomical studies of the hip joint innervation and the principle
was transferred to other joints with varying success, including the knee, shoulder and
ankle joints. Albrecht Wilhelm (1929) worked as a mostly unpaid anatomy assistant
under the direction of Professor Ritter Titus Lanz (1897-1967) in Munich and found
Rüdinger’s book in the institute’s library with handwritten commentaries and drawings.
He complemented Rüdinger’s studies significantly and introduced in 1963 and 1966
methods of denervation for the wrist, the finger joints, the shoulder joint and later the
lateral epicondyle with initial pain relief in up to 80% of the cases. Independantly, Cozzi
from Argentina dissected more than 500 hands between 1961 and 1980 to study the
innervation of the principal joints, above all the metacarpophalangeal joint of the thumb.
Surgeons in France, led by Guy Foucher, enthusiastically followed their approach and
denervated carpal, metacarpal, and proximal interphalangeal joints. Dellon and coworkers described the exact anatomic location of the posterior interosseous nerve in
the 4th extensor compartment that permitted a partial dorsal wrist denervation in 1985.
This was one year after identifying the anatomic location of the anterior interosseous
nerve that permitted a partial volar wrist denervation approach. The concept of partial
joint denervation was further extended by Dellon and co-workers to the knee, shoulder,
ankle, temporomandibular joint and most recently to the medial and lateral humeral
epicondyle using cadaver dissections and clinical series (Table 4).

a

b

Figure 5. Nikolaus Rüdinger (1832-1896) made unique career from apprentice barber to war surgeon and
internationally renown anatomy professor in Munich. He first meticulously described “The Joint Nerves of
the Human Body” in his thesis dated 1857, which became a basis for modern surgical joint denervation
techniques (a). Joint nerves of the wrist and finger and thumb nerves according to Rüdinger (1857) (b).

History of nerve transfer
In 1828, Flourens experimentally crossed the 2 main nerves to the chicken wing and
eventually reported return of normal function. During the last decades, whole nerve
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or fascicle transfers have revolutionized the functional reconstruction after peripheral
nerve injuries , yet this clinical concept dates back to the early part of the 20th century.
The earliest application of nerve transfer in cases with paralysis of the brachial plexus is
often attributed to Tuttle in 1913, who used anterior branches of the cervical plexus and
also suggested the use of the spinal accessory nerve. However, the German orthopaedic
surgeon, Oscar Vulpius (1867-1936), wrote prophetically as early as 1910: “If we
compare today the status and safety of the successes of tendon transfers versus nerve
plasty, the first appears as Goliath. But it can be guessed that in nerve transfer a victorious
David is rising.“ His pupil Adolf Stoffel (1880-1937) (Figure 4) appears as eminent
protagonist of peripheral nerve anatomy, selective neurotomy and nerve transfers as
he had then already recognized that nerves are not “cordlike structures as tendons”,
but consist of functionally diverse motor and sensory fascicles. Based on cross-sectional
nerve studies, he inaugurated selective neurotomy and innovative nerve transfers in the
upper and lower extremity. In 1911, he devised a selective neurotomy operation used in
spastic extremities, which until today bears his name (Stoffel operation). He described
multiple selective nerve transfer operations before 1910, such as transfer of radial nerve
fascicles to the long or medial triceps head to reanimate the paralyzed axillary nerve. In
the monograph “Orthopaedic Operations”, co-authored with Vulpius (three editions:
1913, 1920 and 1924), he presented selective transfers of redundant radial nerve
fascicles to the paralyzed musculocutaneous nerve or the median nerve, transfer of the
subscapularis nerve (branch to teres major muscle) to the axillary nerve and transfer
of median nerve fascicles to restore intrinsic ulnar nerve function. In addition, he also
described various neurotisation techniques also in the lower extremity. Notably, Stoffel
utilized intraoperative electrical nerve stimulation to identify dispensable donor fascicles
at the level of the recipient nerve damage or below.21
Table 4. History of surgical joint denervation
Year

Author

Contribution

1857

Rüdinger (Germany)

1st description of “The Joint Innervation of the
Human Body”

1933

Camitz (Sweden)

Idea of cutting the obturator nerve in hip
osteoarthritis (only modest success)

1942

Tavernier (France)

Improved pain reduction after hip denervation
following specific anatomical studies

1954/58

Nyakas (Hungary)

Publication on ankle denervation (after test nerve
block)

1955/56

Wilhelm (Germany)

Rediscovery of upper extremity joint innervation as
the basis of surgical joint denervation,
1st wrist denervation (radiocarpal arthritis) in
Würzburg

1962/66

Wilhelm (Germany)

Joint denervation as “A New Concept in Hand
Surgery“

Since 1984

Dellon (USA)

Anatomical and clinical studies on new denervation
techniques in wrist, shoulder, elbow, knee, ankle,
temporo-mandibular joint

1959
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Otfrid Foerster also used the technique of nerve transfer to repair brachial plexus
injuries during and after the World War I. He described a number of strategies,
including the use of the subscapular, medial pectoral, thoracodorsal, and long thoracic
nerves to reinnervate the musculocutaneous nerve.
During and after the World War II, Yeoman and Seddon popularized the use of
intercostal nerves, extended by free nerve grafts to the musculocutaneous nerve, with
modest success. Tsuyama and other Japanese surgeons improved the results of this
technique by isolating the intercostal motor branch and providing a direct coaptation
to the biceps motor branch. The Russian surgeon Lurje in 1948 advocated the use of
the thoracodorsal, long thoracic and part of the radial nerve for re-innervation of the
axillary, suprascapular and musculocutaneous nerves.
Since the late 1970s and early 1980s and again since the mid 1990s, heterotopic nerve
transfer, especially for brachial plexus reconstruction, gained increasing acceptance.22
Important input came from all parts of the world, by Allieu, Gilbert, Oberlin from
France, Millesi from Austria, Samii and Bahm from Germany, Narakas and Bonnard
from Switzerland, Brunelli and Battiston from Italy, Nagano and Doi from Japan, Gu
and Chuang from China and Taiwan, Hentz and Susan Mackinnon from the USA,
Bertelli and Bijos from Brazil, (Somsak) Leechavengvongs from Thailand, Lundborg
and Dahlin from Sweden and many more.

Peripheral nerve decompression
In 1853, Paget described the specimen of two patients with pain and impaired touch
caused by median nerve compression: “The median nerve, where it passes under the
annular ligament, is enlarged, with adhesion to all the adjacent tissues, and induration
of both it and them.“ Relaxing the wrist to remove the pressure from the nerve by
special bindings had relieved the symptoms. The two French neurologists, Foix and
Marie, after an autopsy finding first suggested in 1913 to transect the transverse flexor
carpal ligament to prevent median nerve damage, but it was Learmonth (Figure 6) from
Scotland in 1933 who actually performed the first carpal tunnel release and introduced
the concept of peripheral nerve decompression.19
However, many nerve compression syndromes were initially classified as inflammatory
“neuritis” and only later recognized as compression syndromes, e.g. of the superficial
radial nerve in the forearm.23 In 1960, Phalen and other authors slowly popularized
the surgical release as therapy for compressed peripheral nerves in the upper and lower
extremity (Table 5).
Panas described ulnar neuropathy after an elbow injury in 1878 and later the term
“tardy ulnar palsy” was applied following remote elbow trauma, e.g. old fracture or
dislocation. This degenerated into a nonspecific, generic term for any ulnar neuropathy
at the elbow, based on the presumption that trauma must have occurred, but had been
forgotten. The humero-ulnar aponeurotic arcade, a dense fibrous aponeurosis joining the
humeral and ulnar heads of origin of the flexor carpi ulnaris muscle and its surgical release,
was first described by Buzzard and Sargent in 1922. This structure was rediscovered as
a compression site nearly 40 years later and the term “cubital tunnel syndrome” was
introduced.5 Dellon and coworkers recognized the homology between upper and lower
extremity nerve entrapments and emphasized the value of decompression, especially in
neuropathy patients to prevent pain, ulceration and amputation.24-26
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Table 5. History of peripheral nerve decompression
Year

Author, Country

Important Contribution / Decription

1853

Paget (UK)

Median nerve compression after wrist trauma and exostosis

1861

Guyon (France)

Loge de Guyon

1878

Panas (France)

Post-traumatic ulnar nerve entrapment at elbow

1913

Foix and Marie (France)

Autopsy finding – suggestion to transect transverse flexor
ligament to prevent median nerve damage

1932

Wartenberg (Germany)

Cheiralgia paraesthetica, presumed “inflammation” of
superficial radial nerve entrapment in forearm, (Wartenberg
syndrome)

1933,
1940

Learmonth (Scotland)

Carpal tunnel release, “Concept of peripheral nerve
decompression for treatment of peripheral nerves”; e.g.
cervical rib, meralgia paraesthetica, carpal and cubital
tunnel and posterior interosseous nerve

1952

Kiloh and Nevin (UK)

Anterior interosseus “neuritis”

1957

Osborne (USA)

”Tardy ulnar neuritis”, Osborne’s ligament

1958

Feindel and Stratford (UK)

“Cubital tunnel syndrome”

1960

Phalen (USA)

Carpal tunnel revisited, wrist flexion (Phalen) test

1986

Dellon and Mackinnon (USA)

Radial sensory nerve entrapment in the forearm

1987

Mackinnon and Dellon (USA)

Homologies between the lower and upper extremity
entrapment syndromes (tarsal and carpal tunnels)

Since
1988

Dellon (USA)

Upper and lower extremity nerve decompression in diabetic
and other neuropathies to prevent pain, ulceration and
amputation

1992

Dellon (USA)

Interdigital nerve decompression in the foot, instead of
resection of “neuroma” (described by Morton in 1876)

Conclusions
Recounting the history of peripheral nerve anatomy and surgery gives us a fascinating
insight into the evolution of our speciality and the pioneering work of our ancestors
who established these principles. The lessons we can learn from this historical review
may be applicable to all surgical disciplines:
• Research by anatomists has repeatedly advanced knowledge and improved practice;
structure and function can never be separated, and surgical physiology can never be
understood unless surgical anatomy has been studied.
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• Development was frequently made possible only by persistent and untiring work
against the mainstream thinking of the time and orientation was often difficult due
to a road filled with erroneous dogma, bad advice, and misleading information based
on the prevailing fashion rather than solid data.
• Many ideas, although innovative, have not been expanded adequately because of
the technical limitations at the time when they were developed, but were eventually
rediscovered concurrently with the advances in the scientific technology and
knowledge.
• A careful revisiting of the long history of nerve repair and regeneration research may
reveal other old ideas that were never disproved, but only forgotten and may be
worthy of being “re-thought” in a new context and audience today.
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3-2
Peripheral Nerve Surgery
Past, Present, and Future
Hanno Millesi*
Key points
• Nerves are living tissue and react to any irritation.
• Nerve trunks are constantly exposed to passive motion to adapt to the movements
of the extremities. They need longitudinal movement (gliding tissue) and volume
changes (expendable epineurium). Epineuriotomy or epineuriectomy ore often necessary and useful procedures.
• Free nerve grafting provides optimal results if tension at the sites of coaptation is permanently avoided by selecting the length of the graft in an extended position of the
extremity and that the cutaneous nerve grafts are placed individually (i.e. no cable
graft).
• Nerves are constantly exposed to passive motion in longitudinal direction to adapt
to the movements of the extremities. They need gliding tissue and an expendable
epineurium for necessary volume changes.
• End to side coaptation provides predictable results if performed with small nerves
with one dominant function.

The scientific basis
Cruikshank,1 the preparator of Hunter, established the scientific basis for peripheral
nerve surgery in London in 1776. Cruikshank performed experiments with dogs,
where the vagus nerve was transected. If bilateral transections were performed the dog
died. After an unilateral transection, with some return of continuity, the dog survived
a contralateral secondary transection longer than expected. The thesis was that the
prolonged survival is due to regeneration of conducting nerve fibres. An important
scientist – Fontana – studied the specimens. The results of his studies were inconclusive.
*
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This retarded the publication until 1795 proving finally the conductivity of peripheral
nerves.
Müller2 in Berlin did experiments with the sciatic nerve. His assistant - Schwann
- described the Schwann cells as the counter part of the ganglion cells. This was the
basis of the Dualistic Theory. Waller in 1852 described the degeneration of the myelin
sheath, but he believed that the axons survived. This assumption provided the basis for
the theory of reunion of proximal and surviving distal axon segments.6 An immediate
restoration of continuity of a transected nerve could achieve a primary nerve healing7
without Waller`s degeneration. This concept was still held in 1960.8
The Monistic Theory, based on the ganglion cells (neurons) alone, was held by Remak and Ochs.9 It could be confirmed finally after 90 years by Ramon y Cajal10 and it
is now generally accepted.
The rational surgery of peripheral nerves started after the surgeons had learned to
anchor the stitches in the non-fascicular tissue, i.e. the epineurium, and not in the nerve
as such . The merit goes to Hueter, professor in Greifswald10,11 who used what he called
“paraneurotic” tissue to anchor the stitches.

Late 19th Century
Without doubt successes were achieved in peripheral nerve surgery in a certain percentage of cases, especially after clean transections. The knowledge about variations of
innervation was not widespread. Cases with innervation of the thenar muscles by the
ulnar nerve via an anastomosis of Riche-Cannieu with immediate or quick return of
function after a median nerve repair were credited as successes of primary nerve healing
after Schiff. However, there must have been a high percentage of failures. Otherwise, we
cannot explain the widespread search for new techniques. The majority of ideas of the
late 20th century have been discussed and tried already in 19th century:
•
•
•
•
•
•
•
•

Techniques of tension relieving stitches
Bone shortening
Enveloping in different materials
Nerve flaps
Nerve grafting (autogenic and allogenic)13
Transposition into a shorter bed
Nerve fibre transfer
End-to-side coaptation

The end to side coaptation is not in the modern sense, but rather to provide a simple
possibility to bridge a nerve defect by coapting the proximal nerve end of the defect
nerve into a parallel running intact nerve hoping that the fibres will proceed along this
nerve and leave the intact nerve at a distal level, where the distal nerve end of the defect
nerve had been coapted end-to-side.
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The period of mechanical approach to peripheral
nerve surgery
The decades between 1900 and the nineteen sixties of the 20th century are dominated
by mechanical thinking. The standard technique is the epineurial nerve suture being
performed as a coaptation as exact as possible with the corresponding points of the epineurium oriented according to the course of vessels on the surface of the nerve trunk.
The fascicles within the nerve trunk were regarded as an unorganized collection filling
the complete cross section. Edshage14 recommended to do something to achieve a flat
cross-sectional area and constructed a guillotine-like apparatus. In spite of early considerations of a guiding mechanism15 or chemotaxis10 the experiments of Weiss and
Taylor16,17 provided “experimental evidence against “neurotrophism “ in nerve regeneration”, which was blindly believed by the majority of surgeons. This is an example
how careful one should be to believe in experimental evidence. The rejection of any
chemotaxis for axonal sprouts made it necessary to perform tight sutures to prevent the
“escape” of axonal sprouts. Many stitches were also regarded necessary to avoid rupture
of the coaptation; a chronic fear of surgeons of this period. For the same reason a long
period of postoperative immobilization was necessary with slow gradual mobilization.
In this period, the classification of nerve injuries was developed. Seddon18 used a
classification in three degrees (Neurapraxia, Axonotmesis, and Neurotmesis). This system is still in use in many publications. Sunderland (1951) classified nerve lesions in
five degrees. It is characteristic for the mechanistic thinking that the classifications are
based on the continuity of certain tissues at the moment of the accident and they do not
consider the fact that nerves are living tissue, which will react to the trauma, e.g. with
fibrosis, and may also change their physical properties after trauma.
No thoughts were invested on how nerves may adapt normally to the different positions of the extremities because nerves are an elastic rope or cable and can adapt easily.
The main person representing the mechanical thinking is Babcock.19 He rejected all
ideas of 19th century to deal with defects, e.g. by nerve grafts etc. By mobilization of the
nerve ends and bringing the adjacent joints in maximal flexion, any defect can be dealt
with by end-to-end repair. Restoration of the normal range of motion depends on the
elasticity of nerve tissue, which can elongate without any harm to the nerve tissue in general and the nerve fibres especially. In spite of the condemnation of nerve grafting by
Babcock, clinical application of grafting procedures continued at a low scale as salvage
procedures (see below).
Mechanical considerations motivated Sunderland and Bradley20 to define the elastic
limit of nerves. They studied cadaver nerves outside the body by stress-strain tests to
define the elongation at which level mechanical failure occurs. For the median nerve this
elongation was 6 - 15%. The experimental design is the result of typical mechanistic
thinking. If the same experiment is performed in situ21 the result is completely different.
Local friction and branches leaving the nerve trunk prevent an even distribution of stress
on the whole length of the nerve. Segments to the next branch have to be elongated
more than the nerve in toto to achieve the same lengthening. The reaction of the living
nerve tissue to constant strain is ignored, if only the elastic limit is considered.
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In 1917, Langley and Hashimoto suggested that a fascicular repair should be performed at the distal level of the common peroneal nerve using perineurial stitches.22 At
this level, the nerve fibres for certain functions are arranged according to the pending
division. Since then the question epineurial versus fascicular nerve repair is discussed in
the literature, as if these two techniques were in competition and not dependant on the
actual fascicular pattern. The idea was born that something like an intraneural topography exists. Tables were designed as a guide for surgeons.23 The problem was studied
thoroughly by Sunderland and others.24,25,26 A topographic arrangement of the fascicular
pattern exists only at very peripheral levels. Due to the changes in the fascicular pattern
along the course of a nerve, many fascicles contain a mixed population of nerve fibres.
However, nerve fibres of a certain function accumulate in certain sectors of the nerve. In
their studies, Sunderland and his team described the fact that the fascicles are not tightly
packed in the nerve trunk. There is a percentage of 20 - 40% of non-fascicular tissue
present. The mechanical thinking of peripheral nerve surgeons lasted to the early seventies of last century. However, in the mind of many surgeons, it is still present today.

Microsurgery
In 1964 the first publications appeared describing peripheral nerve repair under optical
magnification.27,28,29 Significant improvement by such procedures was claimed. However,
Braun30 and Ellis31 could not confirm the significant improvement by experiments. In
1963, I had the opportunity to visit James Smith in New York. After my return to
Vienna, I started to do experiments. I was impressed how beautiful the view through
the microscope was, how easy the different tissue layers could be differentiated and how
“exact” a nerve repair could be performed, if:
• There was a clean transection without damage to the two nerve ends.
• There was no defect.
I started my experiments to provide “ideal” conditions for a nerve repair and it
turned out that, in cases of a defect, “ideal” conditions could be established only by
application of nerve grafts.32,33 It is obvious that microsurgery helped a lot to develop
the new approach, but I am convinced that the best microsurgical equipment does not
help if the surgeon mentally still lives in the mechanistic world.

The biological approach
The biological approach refer to the concept that the nerve is a living structure and
not just as an elastic rope which can be elongated to a certain degree until mechanical
failure occurs without any reaction. The nerve tissue reacts to any disturbance. Surgical
manipulation should be kept to a minimum as well as burying of foreign material. The
individual fascicular pattern is of great importance for the selection of the technique
of repair. The nerve needs space and gliding tissue. According to the fact that nerves
are living tissue and react to trauma and irritation, the classification schemes have to
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be adapted to such reactions. The reaction is fibrosis, which may involve the different
layers of nerves in different ways. A classification was developed34 based on:
Degree and localization of fibrosis:
• Epifascicular epineurium = Fibrosis of type A
• Interfascicular epineurium = Fibrosis of type B
• Endoneurium= Fibrosis of type C
After isolated fibrosis of the paraneurium was observed we had a fourth localization:
• Paraneurium= Fibrosis of type A*
If the fascicular pattern was lost we have to distinguish the presence of:
• Neuroma = N
• Scar tissue = S
This classification fits to Sunderland`s scheme.

Neurotropism and neurotrophism
It was Lundborg and Hansson35 who could prove by experiments with the silicone
chamber that Weiss`s experiments were not valid. This opened the thesis to forget about
intraneural topography because the axonal sprouts would find their way by themselves.
To allow the axonal sprouts to accommodate according to neurotropic factors a space
had to be provided between the two ends (gap repair). Now, twenty years after these
discussions we have good reasons to believe that a neurotropism really exists, however,
its range is restricted. It helps axonal sprouts to find the correct way within a large fascicle or a fascicle group, but certainly not over the cross section of a nerve trunk. The
short-range neurotropism is extremely important. We have to accept the fact that an
exact coaptation cannot always be achieved. Fascicle groups and cutaneous nerve grafts
have usually a different fascicular pattern. After loose coaptation axonal sprouts are still
able to find the correct distal pathway. Intraneural topography has recovered certain
significance.
Neurotrophism was also discussed in the late seventies and eighties of the last century. Important experiments have been done by Thomas Brushart.36 He showed that after outgrowth at random, several axons - motor and sensory once - might enter the same
peripheral pathway. Due to trophic factors motor fibres survive in a motor pathway and
sensory vice versa. This increases the chance of correct neurotisation.

Nerve grafting
Since the studies of Bielschowsky and Unger37 we know that nerve trunks do not survive
free grafting well and become fibrotic. Foerster38 demonstrated the survival of cutaneous
nerves after free grafting due to their better relation between surface and diameter. To
bridge defects of nerve trunks, several cutaneous nerve segments were assembled to form
a cable of the size of the nerve to be repaired. The cable graft is interposed between
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the two nerve ends like a trunk graft. Bunnell and Boyes in 1939 and Seddon in 1947
published such nerve grafts.39,40 No special attention was paid to coapt the fascicular
tissue of the graft with fascicular tissue of the nerve ends or to connect elected areas of
the cross sections according to topographic considerations. The two ends were approximated as close as possible to be able to bridge the defect with a short graft. Length of
the grafts was considered as a negative factor. Since the nerve is “elastic” a defect of at
least 6% could be compensated by elongation41 and grafts were used to bridge defects
beyond such distances. It is obvious that such a procedure combines the disadvantages
of grafting (two sites of coaptation) and the suture under tension.
Histologic studies by Hudson, Hunter, Kline42 showed that cable grafts did not
maintain their fascicular pattern in the middle segment due to retarded revascularization. We have to remember that each segment in a cable graft is in contact with another
free graft. This reduces the available area for spontaneous revascularization from the
recipient bed. Revascularization from the cross section of the coaptation sites for the rat
is apparently not sufficient. The results of these types of nerve grafts were rather poor.
Grafting did not become popular and was regarded as a salvage procedure.
Our experiments between 1963 and 1965 resulted in the interfascicular grafting
technique, which differs from the older techniques by the following factors:33
• Since the two sites of coaptation are a disadvantage of nerve grafting, each of them
has to be performed under optimal conditions. Two optimal sites of coaptation are
better than a poor one.
• To achieve an optimal coaptation the site must be completely tension free. This
is not only during the surgery, but also in the postoperative phase. Therefore, the
length of the graft has to be elected in extended position of the limb to cover the
maximal gap. Immobilization in an extended position is required for five days to
allow the grafts to develop the necessary adhesions for optimal survival.
• Longer immobilization is not necessary.
• The two ends are prepared according to the fascicular pattern by interfascicular dissection.
• According to the general knowledge about intraneural topography the corresponding areas of the two cross sections are defined. Aimed connections by single grafts
are achieved.
• Whenever possible, the intraneural topography at the distal segment is determined
by retrograde tracing from the next branching back to the end of the distal segment.
• The grafts are located isolated and not as a cable.
• Within certain limits the length of the graft is unimportant.
Knowledge of these details is necessary because something as a “conventional” graft
does not exist.
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End-to-side coaptation
Viterbo et al.43 drew attention again to the fact that a denervated nerve end coapted endto-side to an innervated one will be neurotizised. Preparations proving this fact can be
seen in the work of Ramon y Cajal.10 There is a great discussion about this technique.
Does it exist at all or is it really a partial end-to-end coaption? Does it provide predictable results in the clinical cases? From our experiments44 baboons and from clinical cases
we know the following:
•
•
•
•

End-to-side coaptation does exist.
It is less effective as end-to-end coaption by about 30%.
It is indicated only if end-to-end coaptation is not possible.
By using small nerves with a single function it provides satisfactory predictable results, such as:
.
Phrenic nerve to musculocutaneous with preservation of pulmonary function.
.
Ulnar nerve to motor thenar branch with preservation of ulnar nerve innervated
muscles in the hand.
.
Long thoracic nerve function with preservation of the function of the dorsalis scapulae.

Neurolysis
In the new concept of dynamic anatomy of the peripheral nerves, the extendable epineurium plays a decisive role. If the epineurium is fibrotic and cannot adapt to functional requirement an epineuriotomy or an epineuriectmy has to be performed. Only
then the status of the fascicular pattern can be evaluated further decisions are made. The
argument that internal neurolysis causes fibrosis45 is not valid because nobody would do
an internal neurolysis in a normal nerve, but only in nerves having already undergone a
fibrosis. It is interesting to note that Babcock already in 1927 recommended an epineuriotomy to be able to evaluate the fascicle at the end of an external neurolysis.19 In cases
of fibrosis of the epineurium the paraneurium is usually fused with the epineurium.
Sometimes isolated fibrosis of the paraneurium occurs.

My wish for the immediate future
An enormous amount of effort is being invested in the development of alternatives to
autologous nerve grafts. At the moment approximately four cm can be bridged with
some success by neuromatous neurotisation. However, we will need artificial nerve
grafts, which can successfully bridge defects of 15 cm or more, and not to replace autologous nerve grafts, but also to have more grafting material available.

Repair of nerves versus restoration of function
In a simple peripheral nerve lesion, we may concentrate on technical aspects of the nerve
repair. In more complex lesions, we have to remember that we have to treat patients
and not just injured nerves. We have to restore functions. I mean not only to restore
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Figure 1. (a) A 22 years old patient suffered a severe injury in consequence of a labour accident. There was an extensive loss
of soft tissue of the right fore arm, including the median nerve, the radial artery and the flexor tendons. Index and middle
finger had to be amputated. There was no sensibility in the thumb and in the radial half of the ring finger. The thenar muscles
were paralyzed and atrophic. Active flexion of thumb, ring- and little fingers were impossible. The ulnar nerve was intact,
including the adductor pollicis muscle. There was a double fracture of the radius. A severe infection with anaerobic germs
developed, which was treated by extensive debridement and hyperbaric oxygen. The flexor tendons became necrotic as well
as a segment of 10 cm of the median nerve. After the infection was controlled, a skin flap was used to cover the defect.
The photo shows the arm after healing of the skin, when the patient was referred for functional reconstruction. A strong
Tinel-Hoffmann sign was positive at the site of the proximal stump of the median nerve. (b) Functional reconstruction was
performed in one stage 11 months after the injury. It consisted of restoration of the continuity of the median nerve. After
resection of damaged parts at the two nerve ends, the result was a 20 cm long defect. Both sural nerves were harvested
and four 29 cm long grafts were implanted to restore continuity. Note that no cable graft was formed. The four grafts were
connected directly with four fascicle groups at the two ends and located independently from each other to secure survival.
We expected return of sensibility and proprioceptive feedback, but no return of thenar muscle function. The motor fibres for
the motor thenar branch are diffusely distributed in the median nerve at the proximal forearm and the chance that a sufficient
number reaches the motor thenar branch is minimal. The motor thenar branch was neurotised by end-to-side coaptation (see
Figure 1c). At the same time the distal ends of the flexor digitorum superficialis tendons of ring- and little fingers and of the
flexor pollicis longus tendon were united to the common flexor muscle at the proximal forearm by fascia lata segments. The
fascia lata segments were implanted in a separate canal in the subcutaneous tissue of the flap to prevent adherences to the
nerve grafts. (c) Opening of the palm by a curved incision from the radial end of the distal palmar flexion crease to the fold
between thenar and hypothenar. The median nerve and its branches are isolated. One sees the branches to the thumb and
the radial side of the index finger ends and the common digital nerve II. The common digital nerves III and IV are moved to
the left. In the depth beneath the deep fascia, the deep branch of the ulnar nerve is identified carrying nerve fibres to the
adductor pollicis and the deep head of the flexor pollicis brevis. The motor thenar branch of the median nerve was dissected as
much proximal as possible to get a sufficient length. After transection, it was transposed beneath the branches of the median
nerve to the deep branch of the ulnar nerve. After incising the epineurium of this nerve its cross section is coapted end-to-side
to this nerve by two 10-0 stitches. The result showed that the motor thenar function returned very well. Full opposition was
possible after 5 months. Sensibility, especially proprioceptive feedback, returned well. The patient is able to grasp objects and
even to catch flying objects (d – g).
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a

b
Figure 2. (a) A 36 years old patient suffered, without
a clear cause, from a severe pain syndrome of the left
suprascapular nerve. In contrast to other suprascapularis syndromes, the severe pain was the main symptom and not a loss of function. The suprscapularis
nerve was explored and liberated from some constriction in the scapular notch. The epineurium of the nerve was fibrotic. (b) A short epineuriotomy revealed
the thickening of the epineurium. The fascicular tissue
had been under severe compression and protruded
out of the epineurial tube. (c) An epineuriectomy was
performed. The patient was immediately free of pain
and the remained pain free at the last follow up 26

c

functions of individual muscles, like the biceps brachii muscle (M0 to M5). We want
to restore functional movement chains with perfect cooperation of all involved muscles
and with a corresponding feed back.
The brain, the conductive system, efferent and afferent (extero- and proprioceptive), the muscles and the sensible end organs form a unit, which has to be treated in all
aspects. One important factor is the muscle balance within the injured limb, which has to
be influenced favourably by nerve and muscle transfers; not in the sense of palliative, but as
supportive surgery to support regeneration of paralysed muscles. The future should bring us
an approach, which concentrates all available means to achieve real functional results.
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4-1
The Nerve Trunk in Injury and
During Regeneration
Stefano Geuna*
Kirsten Haastert-Talini**
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Key points
• Peripheral nerves have a complex anatomical organization in which the parenchyma
is represented by the nerve fibres, while the stroma is represented by the connective
tissue scaffold with a rich vasculature arborisation.
• Trauma to the peripheral nerve may lead to different types of lesions, from simple
neuropraxia to severe neurotmesis.
• After a lesion to the axons, neurons are able to switch from a transmission state to a
regenerative state.
• Schwann cells play a key role in the regeneration process of peripheral nerves.
• Repair of peripheral nerves occurs in two consecutive phases: first, re-growth of nerve fibres to reach the peripheral targets; second, maturation of nerve fibres (especially
in myelinated axons) that is mainly represented by an increase in axonal diameter
and myelin thickness.

THE PERIPHERAL NERVE
Peripheral nerves represent the main component of the peripheral nervous system
and form a rich web that is distributed throughout the whole body, making them
particularly vulnerable to traumatic damage. The peripheral nerve web originates from
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the central nervous system with the cranial and the spinal nerves, which then divide and
anastomose into multiple trunks that reach almost all tissues and organs in the body.
Peripheral nerves can be classified based on the function of the nerve fibers into
three categories: (i) motor, (ii) sensory, and (iii) mixed (including both motor and
sensory fibers). Sensory nerve fibers (both somatic and autonomic) usually originate
from pseudounipolar neurons located in the sensory ganglia (dorsal root ganglia and
sensory ganglia of the cranial nerves). Somatic motor nerve fibers originate from
motoneurons located in the central nervous system (spinal cord and brainstem), while
autonomic motor nerve fibers originate either from efferent neurons in the spinal cord
and brainstem (pre-ganglionic nerve fibers) or from autonomic ganglia neurons (postganglionic nerve fibers).
As mentioned by Geuna,7 in the peripheral nerves, we can recognize a parenchyma,
the active component of the organ, and a stroma, the scaffold component of the organ.
The parenchyma is represented by the nerve fibers, while the stroma is represented by a
complex connective tissue scaffold with a rich vasculature arborization.

The nerve fibers
Nerve fibers are the functional unit of the peripheral nerve and consist of an axon and
the Schwann cells that surround it all along its length. They can be classified according
to various criteria (morphological, electrophysiological, functional). Based on the type
of enwrapping by Schwann cells we can recognize two types of nerve fibers: myelinated
and unmyelinated axons (Figure 1).
In the peripheral nerve, myelinated nerve fibers consist of a single axon enwrapped
by a chain of Schwann cells dedicated to that axon (unlike the central nervous system,
where one oligodendrocyte can enwrap several axons). The myelin sheath is created by
a flat process of the Schwann cell cytoplasm that spirally wraps around the axon. The
inner and outer zones of occlusion of the spiral process are called mesaxons. The interval
between two consecutive myelin sheaths from two adjacent Schwann cells is called the
node of Ranvier. The sheaths of myelin on both sides of a node of Ranvier terminate
in paranodal bulbs, where oblique interruptions of the membrane compaction can be
observed.
Myelination occurs only in axons larger than 1.5 µm in diameter. The thickness of
the myelin sheath and the internodal length are directly proportional to the size of the
axon and to the conduction velocity of the nerve fiber. Myelinated nerve fibers in mammals are represented by all somatic motor axons and pre-ganglionic autonomic axons as
well as large sensory axons.
Unlike myelinated axons, several unmyelinated axons are enwrapped by a single
Schwann cell. They are smaller than 1.5-2.0 µm in diameter and represent the majority of mammalian axons. Axons are separated from each other by flaps of Schwann cell
cytoplasm, and the line of the invaginating mesaxon. The transfer from a Schwann cell
territory to another one occurs at the extremities of adjacent cells, where their cytoplasmic processes are interdigitated.
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Figure 1. Histological appearance of degeneration and regeneration after peripheral nerve injury. a.
Transverse section of an intact nerve, showing normal myelinated fibers densely packed. b. Wallerian
degeneration. Axotomy results in fragmentation of the distal axon and myelin sheaths. Schwann cells proliferate and macrophages invade the distal nerve segment and phagocytose degrading materials. c. Early
phase of nerve regeneration. Numerous axons grow in association with proliferated Schwann cells in the
distal segment, constituting new mini-fascicles. d. Late phase of nerve regeneration. Most regenerated axons are of small caliber and have thin myelin sheaths. There is an increased volume of extracellular matrix.
e. Electron micrograph of a myelinated nerve fiber. f. Electron micrograph of a cluster of unmyelinated
nerve fibers. g. High-resolution electron micrograph of myelin lamellae.
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The connective scaffold of the peripheral nerve
The organization of the connective tissue is quite different between the central and the
peripheral nervous system. While in the central nervous system the connective scaffold
is mostly localized at the outer layers, being represented by the meninges, in the peripheral nervous system neurons (in the sensory and autonomic ganglia) and nerve fibers are
supported by a complex stromal scaffold, which provides them with adequate resistance
to stretch and compression forces that may originate during body movements. Connective tissue in the peripheral nerve is organized at three levels: (i) the epineurium that
represents the most external barrier; (ii) the perineurium, which creates compartments
inside the nerve (nerve fascicles); (iii) the endoneurium or intrafascicular connective tissue that surrounds the single nerve fibers.
The epineurium represents the supporting and protective scaffold of the nerve, which
also carries the main supply channels of the nerve vascular system that are called vasa nervorum. The epineurium is rich in collagen fibrils (especially type I and II) and it is usually
thick, representing 30-70% of the total cross-sectional area of the nerve trunk depending
on the amount of stretch and compression forces (e.g. at the level of the joints, where
forces applied to the nerve are higher, the epineurium is thicker).
The perineurium is a dense and strong connective sheath that surrounds each nerve
fascicle. It is made by various layers of flattened polygonal cells called perineurial cells. The
space between the cell layers is occupied by collagen and elastic fibrils and by longitudinally oriented blood vessels. Sunderland14 claimed that the outer layers of the perineurium
are richer in collagen fibrils than the inner ones and merge onto the connective tissue of
the epineurium; this allows the placement of suture stitches in order to reconnect single
nerve fascicles . The perineurial cells function as a metabolically active diffusion barrier
contributing to maintenance of the osmotic milieu and the fluid pressure within the intrafascicular environment. The mechanical strength of the perineurium is important, since
intrafascicular pressure can be more than doubled before coming to rupture.
Lundborg9 claimed that the endoneurium is made by a loose connective tissue embedding and protecting the nerve fibers . Besides the Schwann cells that surround the axons,
the endoneurium contains various cell types, including fibroblasts, macrophages and mast
cells, and a rich capillary network. The fibrous and cellular components of the endoneurium are bathed in the endoneurial fluid. The endoneurial fluid pressure is higher than
the surrounding pressure, thus protecting the intrafascicular space from contamination by
external toxic substances. Collagen fibrils are grouped to form endoneurial tubes around
each nerve fiber along its course in the nerve. Within the endoneurial tubes, the basal
lamina produced by Schwann cells is arranged in a continuous tube around the axonSchwann cell units.
The vascular organization of the nerve is based on longitudinally oriented vessels that
communicate with each other through a rich anastomotic web. An intrinsic and an extrinsic vascular system can be described. The vessels of the intrinsic system run along the
nerve main axis occupying the three stromal layers of the nerve, where they give rise to an
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epineurial, a perineurial and an endoneurial vascular plexus. The vessels of the extrinsic
system originate from regional vessels close to the nerve trunk and run along the main
nerve axis occupying the smooth connective tissue that surrounds the epineurium. The
two vascular systems communicate with each other and are in equilibrium between them
allowing to compensate for blood flow disturbances within the other.

Figure 2. Classification of nerve injuries according to Seddon and Sunderland. For explanations see the
text.
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CLASSIFICATION OF NERVE INJURIES
As mentioned by Dornseifer4 and Deumens3, peripheral nerve injuries are classified using
the schemes of H.J. Seddon and S. Sunderland. Seddon divided the damage into three grades
(neurapraxia, axonotmesis, and neurotmesis) and Sunderland further subdivided them according to the discontinuity of the different layers of the nerve connective tissue (Figure 2).
In neurapraxia (Sunderland grade 1), a compression or mild crush of the nerve damages the Schwann cell sheaths, but axons and connective tissue are still kept in continuity. Clinically, it produces a transient (hours up to few weeks) nerve conduction block
with disturbed motor control and/or sensation.
In axonotmesis, the axon and its sheaths are disconnected, as are the different layers of
the nerves connective tissue with varying severity. In a Sunderland grade 2 injury, a contusion or severe crush disconnects only the axon and its Schwann cell sheaths, but the
continuity of all layers of the connective tissue is preserved. This grade of lesion results
in denervation with disturbed motor control and/or sensation. Under optimal conditions functional regeneration takes place over a period of several weeks up to months.
In a Sunderland grade 3 injury, the axon and its sheaths as well as the endoneurial layer
are disconnected due to e.g. incision, fracture or laceration injuries. Functional regeneration is more difficult to achieve from this grade of peripheral nerve lesion onward.
A Sunderland grade 4 classification is reached when only the epineurium continuity is
preserved, while the axon, its sheaths, the endoneurium and the perineurium are disconnected.
In neurotmesis (Sunderland grade 5), the epineurium is also disconnected. This grade
of injury results from complete nerve transection injuries. Here, surgical intervention is
obligatory to allow for potential axonal regeneration. Complete nerve transection can
also be accompanied by substance loss; a type of lesion that may be referred to as grade 6.

INJURY SIGNALS
As stated by Navarro11, Raivich and Makwana12, after axotomy, neurons are able to
switch from a transmission state to a regenerative state, with changes in the expression
of many genes involved in cell survival and axonal outgrowth. Signals responsible for
the initiation and maintenance of the regenerative neuronal response include several
mechanisms acting at sequential phases. The first signal to reach the neuronal body after
axonal injury is a burst of action potentials generated at the lesion site; this discharge
starts the chromatolytic changes mediated by a rapid increase of intracellular calcium
and cAMP.
Secondly, the injury also disrupts the retrograde transport of molecules, including
target-derived growth factors, from normal innervated targets, providing a negative signal that informs the neuron that its axon has been disconnected from the target. Thus,
exogenous application of growth factors to axotomized neurons may interfere with the
changes observed in the cell body and delay axonal regrowth.
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Finally, as mentioned by Rishal and Fainzilber13, there are also positive signals arriving to the soma from the injured axon, where a series of activated proteins are synthesized and incorporated to the retrograde transport system for trafficking to the neuron
body . During the following days, infiltrating macrophages and reactive Schwann cells
in the degenerating nerve release cytokines and neurotrophic factors that reach the injured neuronal body by retrograde transport and contribute to sustain the regenerative
program of the neuron.

CHANGES OCCURRING PROXIMALLY TO THE INJURY SITE
Changes in the soma of sensory and motor neurons
As stated by Navarro11, after axonal injury, amputation of a relevant part of the axoplasmic volume leads to profound changes in the neuron body structure and, sometimes,
also to cell death. In fact, not all neurons survive to axonal injury. The amount of cell
death varies depending on several factors (such as the level of the lesion site, and the
age); it has been estimated that more than half of neurons die in cases of severe and
proximally located nerve injuries, whereas most neurons survive after distal lesions in
the adult.
If neurons survive the axotomy, changes can be observed in the soma of both motor
and sensory neurons already a few hours after injury. From a histological point of view,
hallmarks consist in cell body and nucleolar swelling, nuclear eccentricity, together with
disaggregation of the Nissl bodies (chromatolysis).
As stated by Fu and Gordon6, from a metabolic point of view, the neurons shift
from a metabolic machinery, primarily focused on action potential conduction and synaptic transmission (the “transmitter mode”), to a metabolic machinery focused on the
fabrication of structural cell components for regenerating the injured axon (the “growing mode”). Yet, as stated by Raivich and Makwana12, protein synthesis switches from
neurotransmitter-related molecules to axonal regrowth molecules.
Changes in the proximal nerve trunk
The proximal axon segment degenerates for some distance back from the site of injury.
The length of retrograde axonal degeneration may extend over several internodal segments, depending on the severity of the injury. Then, the distal end of the proximal
axon segment emits multiple sprouts that can eventually give rise to regenerating axons
along the distal nerve stump if continuity is preserved. Besides these changes occurring
in the very distal part of the proximal stump, no major morphological changes are usually observed in the nerve proximally to the lesion, unless severe traction has occurred.
The proximal axon stumps follow the changes that occur in their neuronal soma with
the shift between the transmitter mode to the growing mode producing changes in the
cytoskeleton and an increased expression of growth associated proteins.
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CHANGES IN THE NERVE TRUNK DISTAL TO THE LESION
Axonal degeneration
Short-term degeneration (Wallerian degeneration)
The nerve segment located distal to the axonal injury site undergoes a process of degeneration known as Wallerian degeneration that starts immediately after injury. Besides
truly degenerative phenomena (axonal degeneration and myelin breakdown), other tissue changes (such as Schwann cell proliferation and immune cell recruitment) occur
leading to the transformation (tissue remodeling) of the distal nerve stump in the optimal milieu for allowing axonal regeneration.
Disruption of the axons and myelin sheath starts within hours after injury and is
completed over a period of 3 to 6 weeks when all myelin and cellular debris are phagocytized. Denervated Schwann cells are able to phagocytize myelin debris to some extent.
However, recruitment of hematogenous macrophages is the main pathway for eliminating the myelin and axonal debris. From 2-3 days after injury there is an important
infiltration of macrophages into the degenerating nerve, attracted by chemotactic and
inflammatory cytokines secreted by the reactive Schwann cells.
On the other hand, as mentioned by Allodi1, Raivich and Makwana12, the loss of
axonal contact induces Schwann cell proliferation that is accompanied by up-regulation
of several types of neurotrophic and gliotrophic factors. The highest rate of Schwann
cell multiplication is reached by 3 days after lesion, and then decreases along 2-3 weeks.
Schwann cell proliferation leads to a more than three-fold increase in their number.
Eventually, the proliferated Schwann cells organize themselves into columns (named
bands of Büngner) within the endoneurial tubes, which represent the optimal pathway
for the regenerating axons.

Long-term degeneration (nerve atrophy)
Whereas Wallerian degeneration (tissue remodeling) changes, occurring over the first
posttraumatic weeks, are events that facilitate nerve fiber regeneration, the distal nerve
segment undergoes, over a longer lapse of time, further, and true, degenerative changes
in case that no axonal regeneration takes place. As stated by Gordon8, these delayed degenerative changes would eventually hinder successful axonal regrowth. They represent
a progressive loss of vital Schwann cells, an increase in collagen content (with changes in
the distribution of collagen types in the endoneurium and perineurium), and atrophy
of the endoneurial tubes.

Axonal regeneration (axonal re-growth phase)
As mentioned by Fawcett and Keynes5, a few hours after injury, the distal tip of the
proximal axon segment emits numerous collateral and terminal sprouts. Two waves of
axoplasmic sprouts have been described: the first occurs already a few hours after injury,
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followed by a second wave that starts after several days. Sunderland14 claimed that the
lapse of time before definitive axonal sprouts appear is named “initial delay”. Sprouting
is closely related to axon regeneration since regenerating axons along the distal stump
continue to emit sprouts until the distal target is reached.
For reaching the distal nerve stump segment, axon sprouts have to get across a critical area between the proximal and distal stumps of the cut nerve: the so-called “interstump zone”. The local chemical and cellular reactions occurring at this level strongly
influence the final outcome of the nerve regeneration. In the absence of an adequate
guiding structure, such as the distal nerve stump, regenerating axons make a tortuous
course within the proximal stump forming a neuroma that is an enlargement composed
of immature nerve fibers and connective tissue.
Although “naked” regenerating axons (i.e. without contact with a Schwann cell)
can grow for a short distance along the connective tissue of the nerve, the success of the
regeneration process strongly depends on their close interaction with the Schwann cell
columns. This interaction is not only necessary for axonal growth, but it also provides
the basis for the correct formation of a new nerve fiber.
As mentioned by Allodi1, the progress of regenerating nerve fibers in the distal segment is promoted by a number of tropic (e.g. neurite outgrowth-promoting factors,
such as laminin and fibronectin) and trophic (e.g. neurotrophins and glial growth factors) stimuli. The main source for such required factors are reactive Schwann cells that
become undifferentiated and proliferative, and the extracellular matrix within the degenerated nerve.
Lundborg9 claimed that the speed of nerve fiber growth is still a debated issue. Based
on experimental studies, it is usually reported that in laboratory animals (mouse, rat and
rabbit) axons can grow up at a rate of 2 to 3.5 mm/day. In humans, it is estimated that
the axon growth rate is lower (about 1-2 mm/day). However, several intrinsic (e.g. the
severity of the lesion, age of the subject, concomitant diseases) and extrinsic (e.g. the
quality of surgical repair, the compliance of the patient to the post operational rehabilitation plans) factors can strongly affect the axon regrowth speed.
Nerve fiber maturation and myelination phase
In case of myelinated nerve fibers (the most important from a functional and clinical
perspective), the regeneration process does not end up by reaching the distal innervation
target, but it continues with a maturation phase. The main features of the maturation
phase are: the increase in axon size and the increase in myelin thickness. This process
goes on also when axonal function has already restarted (i.e. the neurons have shifted
back to the “transmitter mode”). Data about when the nerve fiber maturation phase is
completed are lacking, although there is some experimental evidence that this process
might be long-lasting. In fact, the diameter of regenerated axons, their conduction velocity and excitability remain below normal levels for long time, representing therefore
one of the possible reasons why recovery of reinnervated organs remains incomplete.
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A further important process that occurs in the distal nerve stump after regeneration
and target reinnervation is represented by “pruning”. In fact, since an excess number
of sprouts invade the distal Schwann cell columns, the initial number of nerve fibers
detectable along the distal nerve segment exceeds the number in the proximal nerve
stump. Later on, only the axonal branches that have reached an appropriate distal target
survive and go on to the maturation phase, while the other branches that did not reach
the target are pruned away.
Selectivity of axonal regeneration
After axonotmesis, where the connective sheaths of the nerve are preserved and only
the axons are injured, functional recovery is usually good because axons regrow within
the proper endoneurial tube to reach the original target. In contrast, as mentioned by
Allodi1, after nerve transection, the endoneurial tubes are ruptured, and axons are often
misdirected and reinnervate incorrect target organs even if refined repair is applied.
Thus, although the amount of regenerated axons can be high, the lack of selectivity of
axon-target reconnection leads to poor functional recovery. Appropriate and inappropriate targets can be reinnervated by axotomized neurons. For example, efferent motor
axons may be misdirected to sensory end organs, and cutaneous afferents to motor endplates or sensory end organs of a wrong modality or location.
Regenerating axons have tissue specificity, so they preferentially grow towards a distal nerve stump rather than to other tissues. However, fascicular specificity, i.e. preferential regeneration through the original nerve fascicle, does not occur consistently,
being the larger fascicles the ones that seem to attract the higher number of axons. As
mentioned by Brushart2, target specificity, or adequate reinnervation of each type of end
organ (e.g. muscle or sensory receptor), is limited, although preferential reinnervation
of motor pathways to muscle by regenerating motor axons has been reported. As mentioned by Madison10, the expression of some membrane-bound peptides and cell adhesion molecules differentially in motor or sensory Schwann cells has been proposed to
mediate the preferential motor reinnervation, although other authors argue that the key
point for preferential attraction of axons is the amount of trophic factors secreted by the
own target organ and the distal nerve stump. Pruning of the axons that reinnervated an
erroneous target may contribute to improve the specificity of regeneration at late stages.

Conclusions
The long-term functional recovery achieved after a nerve injury may be limited due to:
1) damage to the neuronal cell body due to axotomy and retrograde degeneration, that
excludes the possibility of regeneration; 2) inability for the growth of axons due to the
severity of the nerve lesion itself, delayed nerve reconstruction or to underlying diseases.
Laceration of the nerve with an associated tissue gap or distal degeneration due to generalized neuropathy may both impede regeneration. Absent regeneration and reinnerva60

tion precludes functional recovery, and is associated with atrophy of denervated target
organs; 3) poor specificity of reinnervation by regenerating axons, when target organs
become reinnervated by nerve fibers with different function. Aberrant reinnervation is
particularly important when axonal regeneration has to overcome long distances.
The detailed knowledge of the molecular, cellular and functional responses of the
neurons and the nerve trunk after injury and during regeneration is of importance when
attempting to improve the available strategies for nerve repair.
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4-2
Changes at the Target Level after
Nerve Injury
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Key points
• After a nerve injury, atrophy of muscle fibers, proliferation of connective tissue and
conversion of fiber type are the main changes in the denervated muscle.
• The denervated muscle in infants shows a more severe hypertrophy of connective
tissue and impaired longitudinal growth.
• Antagonist, i.e. normally innervated, muscles also show structural alterations in infants after a nerve injury.
• Magnetic resonance imaging and imaging with ultrasonography may indicate the
properties of denervated muscles to the degree of injury and the duration of denervation after nerve injury.
• After a nerve injury, skin loses its water content and elasticity.
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peripheral nerve injury leads to problems in multiple tissues together with a
deteriorated function of the extremity. The denervation after injury causes a
variety of pathophysiological alterations in the muscle tissue, including fiber
atrophy, decreased capacity of generation of muscle force and a conversion from slow
to fast fiber type.1 In addition to the changes in the muscle tissue, denervated skin also
shows pathological alterations, including trophic changes and loss of the water content
as related to the extent of peripheral nerve injury.2,3 Understanding of the pathophysiological changes in denervated muscle and skin may provide us with information, which
can be utilized to create better strategies to preserve the denervated muscle and skin after
the nerved injury.

Changes in the adult muscle tissue
a denervated muscle is different since the communication of the muscle with the external environment is ceased due to the injury. Consequently, loss of tension and atrophy,
which are the most obvious changes after denervation, are seen. Both fast and slow fibers
are affected and decreased diameter of muscle fibers with atrophy and a reduced muscle
power are observed together with changes in connective tissue.4 However, these observations are mainly seen in the adult denervation models and the denervation features of
infants are different from adults.5
Histological changes
The most characteristic early changes in muscle fiber are disruption of sarcolemmal
nuclei, which become round and hyperchromatic and a gradual reduction in fiber diameter. No fiber degeneration is noted within the first three months after denervation.
The sarcomere integrity is preserved until signs of fiber degeneration occur. Loss of
myofilaments is the main cause of the decreased fiber diameter. At the beginning, the
disappearance of filaments is irregular and is seen only at the ends of the myofibers. Loss
of the myosin heavy chains takes place before the loss of actin light filaments is observed.
At four to six months after denervation, some disorganization of the hexagonal filament
arrangement occurs. At this point, the changes are readily reversible with reinnervation.
Fast fibers maintain the myosin integrity for four to five times longer than the slow
fibers. Following the loss of myofibrils, the size and the number of the mitochondria
decreases, while an increase in lysosomes and a reduction of oxidative and glycolytic
enzymes are seen.4,6 Such changes can only be seen several months after denervation.
Extrafusal fiber necrosis and deterioration of the muscle spindles are also seen in chronic
denervation, which lead to poor reinnervation and functional recovery. Denervation
of the mature muscle spindle results in shrinkage of intrafusal fibers and disappearance
of intracapsular space in the equatorial region of the spindle. In long term denervated
muscle, most of the muscle spindles atrophy and eventually disappear.7
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Atrophy of muscle fiber
Atrophy of muscle following denervation is caused by several factors. The cross-sectional area of the fibers decreases quickly within first 60-90 days and is then stable. A decrement in diameter of 5% per day can be seen. At the end of the first week, a decrement
in fiber diameter up to 25% is observed, while the corresponding percent at the third
month is 70-90%. Generally, death of muscle fibers does not occur, but when is does
the dropout occurs between 6 and 12 months after denervation. A concomitant infiltration of fat also occurs during this phase (Figure 1).6
Changes in connective tissue
The synthesis of collagen cannot be controlled in the absence of a neural control. Myogenic contractures in denervated muscles develop within 4-6 weeks following denervation. Proliferation of connective tissue takes place first in the perimysium, and later the
endomysium (Figure 1). New collagen is deposited in all connective tissue layers of the
muscle with a marked increase in the number of fibroblasts.4 Synthesis of type 1 and 3
collagen increases markedly following denervation. The collagen fibers become coarse,
thickened and enmeshed by the interweaving of cross-linking proteins. The findings
suggest that the normal collagen synthesis adapts to the level of muscular activity and is
under neural regulation.6 The space between the atrophied fibers is filled by thickened
connective tissue, but the overall internal muscle structure is retained. Further cellular proliferation in the endomysium compresses the muscle fibers and does not allow
muscle hypertrophy after reinnervation. An early reinnervation may turn the synthesis
of collagen back to normal levels.8

Figure 1. In an 11-month old child with obstetrical brachial plexus injury, fat accumulation, thickening of
the endomysium and fibrosis of muscle are seen in the denervated supinator muscle.
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Changes in the infantile (neonatal) muscle tissue
Changes in the denervated agonist muscle
Innervation is essential to ensure both maturation and growth of the muscle fibers.
Therefore, the histological changes in denervated muscles in newborns are different
from adults. Furthermore, such muscles show different mechanical loading characteristics than the denervated muscles in adults.5 Cease of neurotrophic factors is mainly
responsible for the pathophysiological changes in infants. At birth, each neuromuscular
junction is co-innervated by approximately ten highly intermingled axons. Extensive
dying of terminal branches occurs during the first several postnatal days. Therefore,
motor axons initially establish weak connections with nearly all available postsynaptic
targets, but a massive redistribution of synaptic resources, and concentration of more
synaptic sites on fewer muscle fibers begins at birth. Motor axons roughly innervate
more target cells, and each target cell receives input from more axons at birth than two
weeks later. The loss occurs precipitously because even at postnatal day 6, many of the
muscle fibers are innervated by single axons, meaning that the postsynaptic cells must
loose innervation from more than one axon per day during the first postnatal week.
Also, the diameters of the synaptic axons during birth are smaller than at postnatal 2
weeks. These data suggest that the postnatal life may be critical for the synapse elimination and a complete muscle development.9
The muscles show dense fibrosis and collagen deposition with fat accumulation in a
short time. Additionally, atrophied muscle fibers, increased sarcomere lengths are seen
in the shortened muscles. These changes are also directly proportional to type of surgery
and the duration of denervation.10 However, the most important finding is impairment
in the longitudinal growth of the muscle due to uncompleted development.5 The cause
of the early formation of contracture in infantile denervation can be explained by such
data. Contracture of flexor muscles of the elbow and fibrosis in the supinator muscle in
children with a brachial plexus birth injury are good examples in a clinical perspective.
Changes in the innervated antagonist muscle
Some structural changes also take place even in the antagonists of the denervated muscles. The subscapularis muscle display a shorter sarcomere length and increase in stiffness in addition to the compensatory changes in the extracellular matrix in the brachial
plexus birth injury. Insufficient active stretching of the subscapularis muscle, due to
lack of active external rotation, leads to mechanical changes in the antagonist muscle.11
Imaging findings of the denervated muscle
After a motor nerve lesion, various histochemical changes occur in denervated muscle,
such as an increase in extracellular fluid and an increase in the capillary bed. Magnetic
Resonance Imaging (MRI) can provide the clinician with a noninvasive and objective
tool to evaluate motor nerve regeneration by comparing the muscle signal intensity over
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time and provide information on the extent of the primary nerve injury. The characteristic pattern of signal intensity of acute and subacute muscle denervation at MR imaging
includes a high signal intensity for denervated muscle that is obtained with the fluid sensitive sequences, such as T2-weighted or STIR images, and a normal signal intensity on
T1-weighted images.12 Atrophy and fatty replacement occur in chronically denervated
muscles and T1-weighted images depict a decreased muscle volume and a higher signal
intensity for the denervated muscle compared with normal muscle tissue.13 (Figure 2).
Ultrasonography can also be used to noninvasively evaluate denervated muscle. Recordings are normal during the first few days after acute denervation. The earliest pathological findings in children with an upper trunk brachial plexus injury are seen ten days
after denervation. In acute denervation, echoes from muscle parenchyma are clearly enhanced, rendering the paralyzed muscle more homogenous. Differences in echogenicity
of denervated muscle can be seen clearly one month after denervation. These findings
appear more intense in cases of subacute and chronic denervation. In severe cases, a
longstanding paresis leads to an advanced opacity in muscle parenchyma.14

Figure 2. Magnetic resonance imaging of a child with a brachial plexus birth injury on the left side in a
13-year-old child. Atrophy of the deltoid, the subscapular and infraspinatus muscles can be seen with T2
weighted images.

Changes in denervated skin
A variety of cutaneous changes occur after a peripheral nerve injury. Denervation of the
skin has a profound influence on epidermis, where epidermal thinning is a consistent
finding. Fingerprints and skin wrinkles disappear due to the thinning of epidermis.3,15
Disappearance of epidermal nerves and thinning of epidermis are consistent findings
after denervation15 (Figure 3). Reddish discoloration of the denervated area is also seen
in long term denervation (Figure 4).3
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Figure 3. Disappearance of skin wrinkles in the hypothenar region due to a complete ulnar nerve injury
in an 8-year-old child.

The water content of the skin is also altered after a peripheral nerve injury. Skin
moisture, transepidermal water loss and skin elasticity values deteriorate after such lesion. The skin becomes stiff and dry. Thus, it can be vulnerable to laceration and injury.
Moreover, the skin shows the characteristics of the aging skin. Preserving its elasticity by
using moisturizers can be useful.2
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Figure 4. Skin discoloration and stiffness due to a complete brachial plexus birth injury on the left side in
a 2-year-old child.

In conclusion, knowledge of the changes in the muscle tissue should guide the surgeons and therapists to a proper intervention with respect to time. Atrophy of muscle
fibers, proliferation of connective tissue and preservation of the fast twitch fibers in relation to slow twitch fibers are main changes that occur in the muscle. However, neonatal
denervated muscles show more aggressive and rapidly developing changes, including an
excessive connective tissue increment and a decreased longitudinal muscle growth. Such
changes make the muscle more prone to development of contracture than in adults.
Furthermore, innervated antagonist muscles develop contracture as a result of the extracellular matrix deposition due to the lack of active stretching.
In addition to the described alterations in the muscles, structural and functional
changes take place in the denervated skin, including epidermal thinning and discoloration. Furthermore, skin moisture, transepidermal water loss and elasticity of the skin
deteriorate after denervation. Skin loses its elasticity and gets vulnerable to damage.
Preserving its elasticity by the use of moisturizers can be useful.
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Key points
• Distal nerve transection induces the death of ~1/3 of all sensory neurons projecting
axons to the level of the injury, but motoneurons are spared.
• Proximal nerve injury (including traction rupture, and root avulsion injury) results
in the death of 50-75% of sensory neurons within the relevant dorsal root ganglia,
and the death of ~30% (spinal nerve injury) / >50% (spinal root transection/avulsion) of motoneurons projecting axons to the site of injury.
• Neonates demonstrate more rapid, more extensive neuronal death after peripheral
nerve injury.
• Very early nerve repair (<24 hours) provides a degree of neuroprotection, as may
culture differentiated stem cells applied within the same timeframe.
• Almost complete neuroprotection can be afforded by systemic treatment with Nacetyl-cysteine, and almost complete sensory neuroprotection afforded by systemic
acetyl-L-carnitine treatment, when given within a clinically pragmatic timeframe.
*
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eripheral nerve injury initiates a number of cellular and molecular events that
prevent the full restoration of sensory and motor function of the patient despite
best clinical practice. This reflects the inability of a purely microsurgical approach
to adequately address the complex neurobiology of peripheral nerve regeneration.1,2
Perhaps the single most important factor is the extensive cell death in the innervating
neuronal pool,3,4 since the most fundamental neurobiological prerequisite to regeneration
is that neurons are maintained in a viable form. Although the expansion of motor units
by a reduced pool of motoneurons can to a large extent compensate for motoneuron loss
when initiating coarse motor functions, that may not be the case for fine functions, and is
not the case in the sensory system where innervation density is critical to discriminatory
function. Loss of sensory neurons will reduce the proprioceptive control necessary for
fine sensorimotor integrative function, and determine the capacity for nerve regeneration
and central plasticity to restore cutaneous sensation. For this reason, work over the
last ten years by our group has focussed on the novel paradigm of pharmacological
neuroprotection following a peripheral nerve injury.

Neuronal cell death after peripheral nerve injury
Typical morphological changes within the perikaryon triggered by peripheral axotomy
are termed “chromatolysis”. The cell body swells, the nucleus is displaced to the periphery, and Nissl bodies (clumps of rough endoplasmic reticulum) disappear from the cytoplasm. It is thought that these changes result from loss of target-derived neurotrophic
support subsequent to loss of axonal continuity, and the resulting failure of retrograde
transport from the target organ. After injury there is activation of both regenerative and
cell death signaling in the neuron, and it is the balance between the two that determines
whether the neuron will survive and regenerate, or die. Whilst some of these cells may
die by passive necrosis, demonstration of positive in-situ end labeling (ISEL), TdTuptake nick-end labeling (TUNEL), and compatible light and electron microscopic
morphological findings show that axotomised sensory neurons die predominantly by a
process akin to apoptosis.4
Neuronal death as a consequence of peripheral nerve injury was first recognised in
the early 1900s, yet only recently has there been consensus emerging on the significance
of neuronal loss and its impact on regeneration.3,5 Significant neuronal loss is only seen
after a neurotmetic injury (a nerve injury where the nerve trunk loses its continuity);
primary sensory neurons are more vulnerable than spinal motoneurons; and age is a significant factor, with adult neurons being more resistant than neonatal ones in keeping
with their reduced neurotrophic dependency.
The time course and quantity of sensory neuronal cell death in dorsal root ganglion
(DRG) following peripheral axotomy has been characterised in adult rat sciatic nerve
models (Figure 1). Death was demonstrated to start within 24 hours of distal nerve
transection, became statistically significant after 1 week (15% loss), the rate of neuronal
death peaked at two weeks (21% loss), and cumulative neuronal loss reached a plateau
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Figure 1. Time course of cell death after injury. Total cell loss as percentage of control L4 + 5 DRG neuron
counts. Sensory neuronal loss following sciatic nerve axotomy. Motoneuron loss following C7 axotomy.
Data further elucidated in: McKay Hart A et al. Exp Brain Res 2002;142(3):308-18. Ma J et al. Exp Brain
Res 2001;139(2):216-23.

at two months (35% loss) after injury.4 This total loss is in keeping with findings of previous studies including those involving higher mammals.6 Recent, more detailed studies
of neuronal cell death in the DRG (based on more selective, distal-axotomy models)
have identified differences in sub-population tolerance to axotomy. Small diameter neurons are more susceptible to degeneration than larger neurons with myelinated axons7,
and there is a functional preference since 30-45% of cutaneous sensory neurons die
although muscle afferent neurons residing in the same ganglia survive axotomy.8 This
difference is most likely to be due to the dependence of the small sensory neurons on
the target-derived neurotrophins that are lost after axotomy, (including NGF, GDNF,
NT-3 and NT-4).
Interestingly, motor neuronal loss happens only after proximal injuries, and exhibits
a slower time course – loss does not become apparent for >1 month, reaches significance
after eight weeks (21% loss) and plateaus 16 weeks post-injury (31% loss).9 Spinal nerve
injury and ventral rhizotomy resulted in approximately one-third of the neuronal pool
dying, whilst ventral root avulsion induces over half the motor neuronal pool to die
within four weeks (in part by necrosis). Neuronal death is more profound in neonates,
for example motoneuron death plateaus within 10 days of brachial plexus trunk division, and 80% of cells die.
Similar neuronal losses for DRG sensory and spinal motor neurons were observed in
a human post-mortem study on a long-term amputee and the magnitude of neuronal
cell loss appears to correspond to the loss of sensory function after nerve repair. Clinically, that magnitude of neuronal death would result in the loss of over 200,000 sensory
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neurons after an adult pan-brachial plexus injury (10), and ≥30,000 neurons after median nerve transection.
These studies confirm that significant neuronal death occurs after common patterns
of peripheral nerve injury, but that a clinically relevant window of neuroprotective opportunity exists. Equally, the fact that neuronal loss reaches a plateau value suggests that
interventions may not need to be applied indefinitely.

Mechanism of neuronal death
Perhaps the first signal received by the neuronal cell body following axonal injury is
antidromic electrical activity in the form of a high frequency burst of action potentials, which can open calcium channels and initiate Jun-kinase cascades that influence
transcription; however, the biggest determinant of neuronal survival is likely to be the
withdrawal of target-derived neurotrophic support.5
The neuron responds to neurotrophin withdrawal through intrinsic and extrinsic
signaling pathways that initiate profound changes in transcription, translation and
post-translational events. Pathways for active cell death and for regeneration are initially triggered, and converge within the mitochondria. Of particular interest are the
pro-survival mediator Bcl-2 and the pro-apoptotic Bax. Following a trigger, such as
neurotrophin withdrawal, the balance between these families of proteins alters. In neurons that subsequently die, Bax predomination causes mitochondrial membrane permeability transition (pore formation within the mitochondrial membrane) enabling
cytochrome C and apoptosis inducing factors (AIFs) to egress. Each triggers discrete
death-effector pathways, but the main contributor is cytochrome C activation of the
executing caspase-cascade. In particular, activated caspase-3 is known to exert a deathinducing action on cells, and immunoreactivity for it has been identified in morphologically apoptotic DRG neurons following sciatic axotomy in the adult rat. Ultrastructural
changes compatible with this mechanism have been demonstrated in the mitochondria
of axotomised DRG neurons (Figure 2).11
Yet not all neurons are equally susceptible to peripheral axotomy. It is known that
few of the sensory neurons projecting to the medial gastrocnemius muscle die after
transection of that motor nerve, whereas a third or more of sural nerve afferents will die
after its transection. Gene analysis of those two populations of sensory neurons (which
reside in the same DRG), shows significant upregulation of the pro-survival Bcl-2 gene
and downregulation of Bax and caspase-3 in the muscle afferents, while in the cutaneous
sensory neurons there is an upregulation of the pro-apoptotic Bax and caspase-3 gene
expression, which is the likely mechanism of their death.12
Therefore, peripheral nerve injury induced neuronal cell death occurs by an active,
programmed process (unlike necrosis), involving cellular apparatus of the cell death
pathway within which sites of potential therapeutic intervention exist.
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Figure 2. Effect of NAC upon mitochondrial morphology. Representative electron micrographs of mitochondria within primary sensory neurons of the L5 DRG. Two weeks after unilateral sciatic nerve division
many neurons within the axotomised ganglia of untreated controls exhibit morphological features of cell
death. These neurons contain abnormal mitochondria (A) that are pathologically dilated or vacuolated,
and that exhibit loss of cristal architecture, or have ruptured. In contrast, comparable ganglia in animals
treated with 150 mg/kg/day NAC contain neurons whose mitochondrial structure is predominantly intact
(B), although some swelling, and occasional cristal disruption is still evident. This morphology compares favourably with that of mitochondria in the contralateral ganglia, whose neurons have not been axotomised
(C). Scale bar = 500 nm. Source: Hart AM et al. Neuroscience 2004;125(1):91-101.
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Neuroprotective strategies
1) Surgical intervention: Immediate epineurial primary or autograft nerve repair techniques remain the gold standard in clinical practice with delayed repair significantly
detrimental to satisfactory sensory and motor recovery. In experimental studies, nerve
repair has been shown to reduce, but not prevent, neuronal death and as expected early
timing is important. DRG neuronal loss at two weeks post-axotomy was reduced from
21% to 5% by immediate primary repair of the rat sciatic nerve, and to 12% when repair was delayed by one week.4 Primary repair, vascularised or non-vascularised nerve
graft repair of the transected C7 spinal nerve had comparable effects to greatly reduce
sensory and motor neuronal death found at 18 weeks, suggesting that the repair method
was unimportant. The mechanism by which surgical repair confers neuroprotection
is unknown; although there is evidence that a cocktail of neurotrophic factors are exuded by regenerative Schwann cells in the distal stump which then act locally alongside extracellular matrix molecules to guide growth cones, but may also be retrogradely
transported to the neuronal cell body and aid in survival signalling.1 Surgical repair of
the peripheral nerve is at best only partially neuroprotective and dependent upon very
early repair. However, this is not always clinically feasible, and in those nerve injuries
with the worst outcome, such as closed brachial plexus injuries, there may be a place for
diagnostic delay (in obstetric injuries for example).5 Therefore, an alternative approach
to neuroprotection is needed.
2) Adjuvant Pharmacotherapy: Neuroprotective intervention has been widely
studied for the central nervous system, but very little has been reported for the peripheral nervous system, and generally only in relation to the administration of neurotrophic
factors which have limited clinical relevance.2 Exogenous replacement of growth factors
can reduce neuronal loss experimentally; however, these are clinically problematic given
the side-effect profile and unpredictable interactions between the various growth factors
necessary for action on a heterogenous neuronal population. More recently, two pharmacological agents, N-acetyl-cysteine (NAC) and acetyl-L-carnitine (ALCAR), have
been shown to have neuroprotective potential, and both are established as safe clinical
pharmaceutical agents.11;13
NAC has been used in clinical practice for almost 50 years as a mucolytic in respiratory diseases, and for almost 30 years in paracetamol (acetaminophen) poisoning, where
it helps preserve hepatocytes by maintaining glutathione levels. This clinical experience
has proven NAC to be safe and easily administered systemically; whilst a dose-response
study has established 150 mg/kg/day commenced immediately after nerve injury as the
optimal dose for neuroprotective effect. NAC has been shown to be neuroprotective
against a variety of stimuli in vitro, and to virtually eliminate axotomy-induced neuronal
death in vivo.11 Daily systemic administration of NAC, commenced immediately after
rat sciatic nerve transection injury, reduced sensory neuronal loss from 21% to 3% at
two weeks; importantly, this neuroprotective effect persisted two months after injury,
reducing neuronal loss from 35% to 3% and confirming permanency of effect (Table 1)
(11). Neuroprotective effects of NAC have also been demonstrated in motor neurons,
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with enhanced survival shown after both ventral rhizotomy and ventral root avulsion.
Significantly, when initiation of NAC treatment is delayed by one week after root avulsion, there is no loss of neuroprotective effect.

Table 1. Effect of NAC and ALCAR treatment upon neuron death 2 months after axotomy
Treatment
Group

Control Ganglia
(L4+5)

Axotomised
Ganglia (L4+5)

% Neuron
Loss

Mean Neuron
Count (SD)

Mean Neuron
Count (SD)

Per L4+5
ganglion pair

No Treatment

31,545 (2446)

20,460 (2138)

35

High dose NAC
150mg/kg/day

30,034 (4539)

29,243* (4100)

3*

High dose ALCAR
50mg/kg/day

30,560 (4294)

31,642* (3775)

-4**

Axotomised and contralateral control L4 + 5DRG neuron counts are stated as the mean (SD) count per experimental group (n=6 per experimental group). Neuron loss is calculated as the mean neuron count in the axotomised
ganglia subtracted from that in the control ganglia, expressed as a percentage of the control value. *P value
<0.05, **P value <0.001 (compared to no treatment). Sources: Hart AM et al. Neuroscience 2004;125(1):91-101.
Hart AM et al. Exp Brain Res 2002; 145(2):182-9.

The neuroprotective effects of NAC have been attributed to antioxidant and reductant properties, as a glutathione substrate, and to an effect to limit abortive entry into
the cell-cycle.5 It is likely that these properties work in synergy towards mitochondrial
stabilisation and blockade of the events that lead to activation of the caspase cascade.
As a product of the respiratory cycle, mitochondria are the major intracellular source of
reactive oxygen species (ROS), and depend on glutathione and superoxide dismutase
to decompose them. Glutathione deficiency is connected with several diseases characterised by neuronal loss; and its presence improves neuronal survival in response to a
range of insults in vitro. Although NAC has well recognised antioxidant activity in its
own right, intracellular distribution favours its role as a rate-limiting substrate boosting
glutathione synthesis as the main mechanism for mitochondrial protection from ROS,
and so for neuroprotection. Glutathione is synthesised solely in the cytoplasm, and is
then transported into the mitochondria where it acts as a free radical scavenger, and
production is supported by neurotrophins (therefore reduced after axotomy). As part
of its neuroprotective benefit, NAC administration has been shown by our group to
preserve mitochondrial ultrastructure in sensory neurons following nerve injury,11 and
accordingly has been found to downregulate Bax and caspase-3 activation in axotomised
cutaneous sensory afferent neurons in vivo.12
Acetyl-L-carnitine (ALCAR) has been shown to have similar magnitude and duration of neuroprotective effect after experimental sciatic nerve injury,13 and 50 mg/kg/
day established as the optimal dose (Table 1). Of great clinical significance, it was
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shown that when ALCAR treatment was delayed 24 hours after injury, there was no
reduction in efficacy, making it a practical approach for the majority of nerve trauma
patients. Interestingly, ALCAR administration promotes nerve regeneration separately
from its neuroprotective effect with increased target organ reinnervation. Unfortunately, ALCAR has not been found to have the same neuroprotective effect on motoneurons, which would limit its applicability against very proximal nerve injury. The precise
mechanisms of ALCAR are yet to be fully determined - it has an antioxidant role; has
been shown to enhance neurotrophin responsiveness; and is an acetyl group donor in
oxidative glycolysis thereby maintaining high-energy substrate aerobic glycolysis at a
time of increased energy requirements during regeneration.
3) Tissue engineering intervention: Insufficient, slow, and misdirected axonal outgrowth at the site of injury with or without the presence of a nerve gap has stimulated
considerable investigation into tissue engineered nerve conduits. Recent incorporation
of cultured cells into nerve conduits may offer a novel approach in which to combine
nerve repair and enhanced axonal regeneration with neuroprotective therapies. Empty
bioengineered conduits lack many of the beneficial microenvironment qualities of autologous nerve graft, most crucially lacking Schwann cells. Denervated Schwann cells
are a source of neurotrophins, and axonal guidance,1 the very neurotrophic factors that
may be responsible for the neuroprotective action of primary repair.1,5 Transplanted
autologous Schwann cells do reduce neuronal death,5 but have limited clinical application due to the need for nerve biopsy and prolonged wait for culture and expansion. As
a clinically viable alternative, attention has shifted towards exploiting stem cells, which
proliferate rapidly and can integrate into the host with immunological tolerance. Stem
cells from bone marrow (BMSC) and adipose tissue (ASC) are best characterized. Undifferentiated BMSCs used in a small nerve conduit repair resulted in the loss of fewer
DRG neurons at 14 days than nerve conduit alone, but these stem cells did not differentiate to a Schwann cell phenotype in vivo. Both BMSC & ASC can be differentiated
in vitro to exhibit Schwann cells characteristics (Figure 3). Although the neuroprotective

Figure 3. Differentiation of human adult stem cells to Schwann cell-like cells. Schwann cells (A) stained
with p75 (green) and DAPI (blue). Human adipose-derived stem cells (B) and differentiated to Schwann
cell-like cells (C). The treated cells bear a similar morphology to Schwann cells and express BDNF, NGF
and GDNF.
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potential is not fully characterized, it is known that differentiated ASC incorporated
into a bioengineered nerve conduit elongate axonal regeneration, and significantly decrease Bax and Caspase-3 expression (pro-apoptotic) whilst increasing sensory neuronal
expression of protective Bcl-2.14 These results demonstrate the potential of combining
nerve repair and neuroprotective therapies and further benefit may arise from genetic
manipulation of stem cells to refine neurotrophin secretion.

Evaluating success of pharmacotherapeutic intervention
The problem faced by the clinician in applying these neuroprotective strategies is how to
define the success of intervention. In the experimental studies described, the dorsal root
ganglia and spinal cord were harvested from the animal at the end of the experiments,
and neuronal counts carried out using stereological techniques. These techniques can
also be used to demonstrate that neuronal loss correlates with ganglion volume reduction within axotomised DRG.4 This finding led to the experimental demonstration that
magnetic resonance imaging (MRI) volumetric assessment of DRG correlates strongly
with neuron counts, and with neuron loss after distal injury.15 A human cadaveric study
then confirmed that in intact C5-T1 DRG the neuron count within each spinal level
correlates closely with DRG volume, confirming volumetric analysis as a legitimate
proxy measurement of sensory neuron counts study in humans (Figure 4). Furthermore,
MRI scanning of uninjured volunteers demonstrated human C7, C8, and T1 DRG
with sufficient resolution to permit unbiased volume measurement of those ganglia in
vivo. DRG volumes were in accord with the segmental distribution of sensory neuron
counts and with histological ganglion volumes found in the cadaveric study.10 Clearly
further clinical studies are necessary to determine the sensitivity for MRI assessment
following different nerve injuries at different times, however, it appears that MRI volumetric quantification of DRG could be developed clinically as a non-invasive measure
of sensory neuronal survival after ALCAR or NAC treatment.
In conclusion, the functional outcome of peripheral nerve injury remains inadequate
despite the technical advances of microsurgical nerve repair. Understanding of the cellular and molecular mechanisms underlying the neuronal response to nerve injury has
highlighted the potential importance of neuronal death in limiting outcomes, and has
defined a therapeutic window, a target, and a clinically safe drug treatment. Just as the
wound infections that once hampered reconstructive outcomes have been addressed by
adjuvant pharmacotherapy with antibiotics, it seems likely that neuronal death could be
managed with adjuvant pharmacotherapy using neuroprotective drugs, particularly if
one can be identified that also enhances regeneration. These drugs should not be given
outside the framework of an appropriate clinical trial, which is now being implemented
with the validation of volumetric MRI as a test, but there is little doubt that in future
such therapies will result in an improved functional outcome for nerve injury patients,
allowing them to return to a better work and social lives.
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Figure 4. MRI of DRG as a non-invasive measure of sensory neuronal survival. MR data acquisition permits
image reconstruction in multiple orientations. Several views of the same dataset can be generated to permit creation of a series of >10 truly cross-sectional images through each DRG. MR scanning demonstrates
human C7, C8, and T1 DRG with sufficient resolution to permit unbiased volume measurement of those
ganglia in vivo. Further work: West CA et al. Neurosurgery 2012;70(5):1183-94.
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4–4
Cerebral Reorganization
after Nerve Injury
Anders Björkman*
Key points
• The central nervous system has a tremendous capacity to change and adopt, i.e.
plasticity.
• A peripheral nerve injury results in profound changes in the central nervous system.
• The cerebral changes are likely one of the most important factors determining the
clinical outcome following peripheral nerve injury.
• Plasticity mechanisms can be used therapeutically to improve outcome following
peripheral nerve injury.

T

he human hand possesses unique features; it is a sense organ transmitting information from the surrounding world to the brain. It is also the most important tool for the brains ability to execute different tasks. Much of this is due to
the well-developed sensory and motor functions in the hand that make possible strong
power grips as well as delicate fine motor functions.
A peripheral nerve injury, in the form of a transection or a neuropathy, affecting
a major nerve trunk has profound effects on the individuals’ ability to experience and
interact with the surrounding world. Today, there is no repair technique ensuring the
recovery of normal function in the hand of an adult patient after repair of a larger nerve
*

Senior Consultant Department of Hand Surgery, Skåne University Hospital Malmö, Lund University, S-205 02 Malmö,
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in the hand. The outcome is a permanently impaired hand function with decreased
quality of life, pain problems and also large costs for the individual and society.
The human nervous system is divided into the central nervous system (CNS) comprising the brain and spinal cord and the peripheral nervous system (PNS) comprising
all neural tissue outside the CNS.1 The skin can detect a wide range of stimuli through
different receptors distributed throughout the body. Somatic sensibility has four major
modalities: pure and discriminative touch, proprioception, nociception and temperature sense. All of these modalities are being mediated by a distinct system of receptors
and pathways to the brain.1
All somatosensory information from the hand is conveyed by dorsal root ganglion
neurons located adjacent to the spinal cord. The larger fibres, mediating touch and
proprioception from the hand, ascend in ipsilateral dorsal columns and terminate in
the nucleus cuneatus. Here, the axons cross to the contralateral side terminating in the
ventral posterior lateral nucleus of the thalamus. The smaller afferent fibres mediating nociception and temperature ascend contralaterally in the anterolateral system to
the thalamus. The thalamus is a complex relay station receiving and processing large
amounts of information before sending it on to the cortex. The neurons in the thalamus
mediating touch and proprioception project their axons to the primary somatosensory
cortex (SI) in the postcentral gyrus, the dorsal anterior insular cortex and the anterior
cingulated gyrus. The SI contains four cytoarchitecturally different areas: area 3a, 3b, 1
and 2.1 Area 3b and 1 receive most of their information from receptors in the skin; area
3a and 2 receive most of their information from the muscles and joint. Furthermore,
different forms of stimuli activate the different areas, i.e. area 3b and 1 are activated by
discrimination of all types of stimuli, whereas area 3a is activated only when also motor
activity occurs. Area 2 is activated by all mechanical stimuli, but has a preference for
surface curvature differences and shape stimuli.
Axons, mediating proprioception and touch as well as those mediating nociception
and temperature, terminate in the SI in an orderly fashion forming a map of the body;
this is called somatotopy. The body surface is not equally represented in the SI; instead
the size of the cortical area, i.e. the number of neurons, processing information from
a specific body part is proportional to the degree of innervation of that body part. A
separate somatotopical map, a so-called homunculus (Figure 1) is seen in every one of
the four areas in SI. However, all four areas in the SI are extensively interconnected.
The hand is very densely innervated with peripheral receptors and several muscles act
on the hand and thus the hand has, compared to its size, a very large cortical area in the
S1 and M1.
The processing of sensory information begins in SI and from there information is
sent to the secondary somatosensory area (SII) located on the superior bank of the lateral
fissure. This so-called unimodal association area projects the information to multimodal
association areas where an integration of the information from several sensory modalities takes place and plans for action are made. The two hemispheres are also linked to82

Figure 1. Motor and sensory homunculus illustrating the amount of neurons in the primary somatosensory and motor cortex dedicated to different body parts.

gether so that a cortical functional change, due to a changed afferent nerve signal in one
hemisphere, is immediately mirrored in the opposite hemisphere. Both SI and SII, as
well as the multimodal association area, send information to both premotor and primary motorcortex providing information necessary for motor action.1 It is well known that
sensory afferent information is needed in order to execute well-coordinated movements.
The primary motorcortex (M1), located in the precentral gyrus (Figure 1), contains
a systematic motor map of the contralateral body part. However, compared to the detailed representation of the contralateral body seen in the S1, the somatotopy of the
primary motorcortex is coarser. The map of the body seen in M1 is not a map for the
control of individual muscles. It is far more complex, although the described somatotopical maps in the primary motorcortex are correct in overall topography. It is now
accepted that the map in primary motorcortex represents maps of different patterns
of movement, where multiple muscles are activated generating particular actions. The
axons of the upper motor neurons in M1 descend in the corticospinal tracts. They terminate in the lower motor neurons, located in the ventral horn of the spinal cord, which
govern the muscles in the distal extremities.

Peripheral nerve injury and regeneration
Following a peripheral nerve transection and repair a series of events occurs in both
the proximal and distal nerve segment. After a delay period the surviving neurons start
to grow distally to re-innervate peripheral target organs. This is a biologically complex
process depending on multiple environmental factors, such as occurrence and influence
of several types of neurotrophic factors. Regardless of type of nerve repair a substantial
axonal misdirection at the site of repair occurs when the new nerve fibres grow out
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resulting in new and changed innervations of the target organ, both the muscles and
the skin. This changed innervation pattern is likely one of the most important factors
determining the clinical outcome following nerve injury.
The outcome of peripheral nerve repair has shown to be dependent on several other
factors. Age is one such factor. The functional outcome of nerve repair in adults is mostly disappointing, whereas the outcome in children is much better. A better adaptability
of the young brain to interpret the new afferent nerve impulses sent by the misdirected
axons is thought to be a reason for the superior results in children compared to adults.
Cognitive capacity, such as verbal learning capacity and visiospatial logic capacity, has
been shown to explain differences in sensibility in adults after nerve repair. Furthermore, factors, such as timing of repair, type of nerve (pure sensory/motor or combined),
type of injury (transection, crush, vibration) and technique of repair, are all important.

Introduction to brain plasticity
The brain has been seen as a rather static organ. Until half a century ago, it was widely
believed by neuroscientists that no new neural connections could be formed in the adult
brain.1 It was assumed that once connections had been established in foetal life, or in
early infancy, they hardly changed later in life. This stability of connections in the adult
brain has often been used to explain why there is usually very little functional recovery
after damage to the nervous system. On the other hand, memory and learning require
that some changes are possible also in the adult brain. It has often been assumed that
these phenomena are based on small changes at the synaptic level and do not necessarily
involve alterations in the basic circuit of the brain. The picture has changed radically
in the last decades. One of the most interesting questions in neuroscience concerns the
manner in which the nervous system can modify its organisation and ultimately its
function throughout an individuals lifetime based on sensory input, experience, learning and injury; a phenomenon that is often referred to as brain plasticity.1

Plasticity in the adult somatosensory and motor pathways
There is a complete somatotopic map of the entire body surface in the somatosensory
cortex of primates. Merzenich et al2 showed that after amputation of the middle finger
of adult primates the area in the cortex corresponding to the amputated digit began,
within two months, to respond to touch stimuli presented to the adjacent digits; i.e. the
neurons in the S1 responsible for the middle finger were “taken over” by sensory input
from adjacent digits. Merzenich et al2 also showed that if a monkey “used” one finger
excessively, for an hour and a half a day, then after 3 months the area of cortex corresponding to that finger “expanded” at the expense of adjacent fingers. Furthermore,
if a monkey was forced to always use two fingers jointly by suturing two of its fingers
together, then after seven weeks it was found that single neurons in area 3b had receptive fields that spanned the border separating the two digits. Long-term (i.e. 12 years)
complete deafferentation of an upper extremity resulted in a cerebral shift. The cortical
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area originally corresponding to the hand was taken over by sensory input from the
face. The cells in “the cortical hand area” now started to respond to stimuli applied to
the lower face region. Since this patch of cortex is more than one cm wide, it has been
concluded that sensory reorganisation could occur over at least this distance.
In addition to these long-term changes that are typically seen weeks or months after
deprivation or stimulation, rapid, short-term changes have also been described. They
are based, presumably, on the unmasking of pre-existing connections rather than on
anatomical “sprouting”. One example, is when the middle finger of flying foxes is anaesthetized, which results, within 20 minutes, in that cortical neurons in SI, originally
responding to the middle finger, could be activated by touching the adjacent digits,
indicating that the receptive fields expand to include adjacent digits. Surprisingly, the
receptive fields of the homotopic region in the other hemisphere mirror the change. In
other words, the second hemisphere learns what the first had done; it copies the revised
sensory map. Maintaining symmetric sensory representation of the two sides in the
cerebral cortex may be important for the control of symmetric bilateral motor activity.
The described plasticity occurs mainly automatically. However, training and attention
to a task can further potentiate plasticity.
Experience dependent plasticity refers to the learning of special skills that requires special training and it often requires motivation and concentration on the task. Training of a
specific motor task involving the hand results in a gradually improved task performance,
parallel with an increased number of neurons in the hand area of the M1 devoted to the
specific task. This phenomenon has been extensively studied in musicians, where the hand
area in M1 is substantially increased, i.e. more neurons are activated in string players.
Another example of brain plasticity is the so-called cross-modal plasticity. The phenomenon implies that one sensory modality can substitute for another. The most well
known example is in blind persons where an improved sensory function is noticed.
Furthermore, when a blind person reads Braille, activation occurs in the occipital lobe,
implying that the somatosensory stimuli from reading activate the cortical area responsible for vision. A crucial element in such cross-modal plasticity seems to be training in
order for a sensory modality to “take over” another sensory modality.

Mechanisms of plasticity
Several cellular mechanisms by which the adult brain can adjust to changes in the environment or in sensory input have been defined and is here described:
Decreased inhibition
Many connections between the periphery and the cortex as well as intra-cortical connections are physiologically “silent” because of inhibitory influences. Sensory stimulation
of an area on the skin activates neurons in the somatosensory system near the centre
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of the area of cortical representation and inhibits activity in neurons near the edges. In
this way, the receptive field appears smaller than its actual size. The inhibition is due
to activation of inhibitory interneurons near the edges of the receptive field. Decreased
inhibition would theoretically increase the receptive field size and enable more neurons
to be activated by the stimulus; this is sometimes referred to as unmasking of synapses
or neural structures. Gamma-aminobutyric acid (GABA) is the most important inhibitory neurotransmittor in the brain and evidence is strong that reduction of GABAergic
inhibition is crucial in mediating short term plasticity changes.1
Increase in synaptic strength
The effectiveness of synaptic connections is continuously adopted in response to functional demands. Synaptic transmission becomes facilitated in a pathway that is frequently used, while those that lay dormant atrophy. In this way, repeated practice of a task
leads to increased speed and accuracy of performance. Increased synaptic strength may
be a mechanism for learning and also for recovery from brain injury. Repetitive stimulation results in increased excitability and facilitation of transmission in the synapses (i.e.
long term potentiation, LTP). These effects persist for some time after the initial stimulus and subsequently show gradual declines. LTP is probably one of the more important
mechanisms by which learning and memory consolidation takes place in the brain.
Axonal and dendritic sprouting
The sprouting and elongation of new dendrites and axons is a common response to
injury and cell loss at all levels in the nervous system. Sprouting can also be seen in response to increased functional demand, such as exposure to conditions requiring more
complex motor activity. Axons at the edges of a lesion send new axonal branches into
the damaged area and re-innervate dendrites that have lost their synaptic input. This
leads to new synaptic formation at the point of contact of axonal sprouts with these dendritic trees. This mechanism for recovery has been suggested in for example the reaction
of the somatosensory cortex to loss of its input from the skin.
Formation of new synapses
New synapses are formed and disappear throughout lifetime. Likely, there is equilibrium between the formation and the destruction of synapses. The formation of new synapses has been demonstrated to occur in animals in response to enriched environment
input. Synaptic plasticity and number and turnover of synapses have been postulated as
important mechanisms underlying cortical map reorganisation.
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Formation of new neurons
Neural stem cells, which can self-renew and also differentiate to produce progeny cells
and neurons, have been shown in the sub-ventricular zone and in the hippocampus in
the adult human brain. The role of these stem cells in humans is not clear. However,
in animal studies neurogenesis has been shown in response to enriched environment.

Neuroimaging
Tremendous technical advances in neuroimaging have been made during the last decades. Magnetic resonance imaging (MRI) has evolved as the primary method for imaging both anatomy and function in the CNS. Several different MRI techniques are used
for imaging the CNS. However, functional MRI (fMRI) is the most commonly used
technique to investigate sensory, motor and cognitive brain functions in both humans
and animals. fMRI allows assessment of regional brain activity in humans during the
performance of specified tasks. fMRI includes many different methods, but the most
commonly used is the blood oxygen level dependent imaging (BOLD) technique3 (Figure 2). During an increase in neuronal activation, there is an increase in local cerebral

Figure 2. Finger somatotopy. fMRI picture showing activation in the S1 following sensory stimulation of
the thumb (bottom), long (middle) and little finger (top).
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blood flow, but only a small proportion of the oxygen is used. Therefore, there is a net
increase in the tissue concentration of oxyhaemoglobin and a net reduction in the tissue
concentration of paramagnetic deoxyhaemoglobin in the local capillary bed and draining venules. The magnetic property of haemoglobin depends on its level of oxygenation. This change results in an increase in signal intensity on T2*-weighted magnetic
resonance images. The important question to ask when dealing with fMRI is not only
where activity occurs in the brain, but also what the activity reflects and why the activity
occurs.
Several other MRI techniques exist, such as diffusion tensor imaging (DTI) (Figure
3) and MR spectroscopy (MRS) assessing different aspects, such as the nerve tracts (by
DTI) and configuration of different chemical compounds (by MRS) of the CNS.

Figure 3. DTI picture showing the nerve tracts in the brain. The colour coding indicates the direction of
the nerve impulses. Green: impulses in antero-posterior direction, Blue: impulses in cranial-caudal direction
and Red: impulses in left-right direction.

Cerebral remodelling following nerve injury
The cortical representation of body parts is constantly changed based on the pattern
of afferent nerve input.4,5 Developing, and to some extent the adult, cerebral cortex,
deprived of its normal inputs, does not become inactive, but instead seek input from
other cortical areas and systems. A nerve transection results in a complete deafferentation and deefferentation of innervated skin areas and muscles as well as in a cerebral
reorganisation both in thalamus and in cortex. Immediately following the transection,
adjacent and contralateral cortical areas take over the cortical area corresponding to the
transected nerve. Following nerve regeneration the injured nerve tries to recapture its
original cortical area. Due to the misdirection of the outgrowing nerve fibres and the
changed afferent and efferent signal pattern, this usually results in a new and changed
cortical hand map.
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Several studies have described that the motor outcome can become rather good following repair of a nerve transection. This is likely based on sprouting of the outgrowing
motor nerve fibres, where a single nerve fibre innervates more muscle fibres after the
injury. Even if the clinical motor outcome becomes rather good, these patients often
display changes in the activation of the primary motor cortex and also in the different
motor networks in the brain.
Sensory function is often poor following a nerve transection. Several studies have
shown a profound cortical reorganization with a larger activated area, indicating a disorganized hand map in the S1 following both nerve transection injuries and in neuropathy
(Figure 4).6,7 Studies in patients, operated on for nerve transections of the median or
ulnar nerve, have shown profound pathology in the repaired nerve. Electroneurography

Figure 4. Activation within the somatosensory cortices during tactile stimulation of the thumb, index and
long finger. Upper row presents activation pattern in healthy controls. The bottom rows show an altered
activation pattern with a larger activated area indicating a changed somatotopy in subjects operated on
for a median nerve injury.
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demonstrated similar pathology in children as in adults although the clinical outcome
in children was significantly better. Thus, there are strong evidence that this changed
cerebral activation pattern seen following nerve injury could explain the differences in
outcome following peripheral nerve injury. Patients with neuropathy in their hands, for
example due to long term exposure to hand held vibrating tools, also express profound
cerebral changes. For humans, the normal stimulation on several fingers generated by
every day use of hands is substantially and consistently non-simultaneous. Synchronous
stimulation of multiple digits results in a breakdown of the normally sharply segregated
representations of adjacent digits in the primary somatosensory cortex to multiple-digit
receptive fields covering two or three adjacent digits. The clinical implication of receptive fields overlapping several fingers is that the patients cannot identify stimulation to
an individual finger. Instead, they perceive stimulation on one finger as coming from
several fingers. Furthermore, these patients often show a condition involving decreased
motor control of individual finger movements with a changed and scattered activation
pattern in the primary motorcortex.

Possibilities to manipulate the central nervous system by using
its capacity for plasticity to improve hand function after
peripheral nerve injuries.
Utilization of the central nervous systems’ (CNS) ability to change for therapeutic purposes, i.e. guided plasticity, is an attractive concept with promising results.8 The potential for cerebral plasticity is, for example, used in treatment of patients to strengthen or
promote CNS functions that are lost or weakened. The plastic potential of the brain
might be guided using neurosurgical methods; rehabilitation and different pharmacological drugs in order to improve lost or damaged functions. The use of neurosurgical
methods is very complicated, since it sometimes includes complex surgical interventions, which limit their usefulness. The use of potent drugs affecting the central nervous system, such as amphetamine and norepinephrine, in order to improve recovery
of damaged function, has been described. However, few patients currently benefit from
such treatments due to incomplete knowledge of optimal treatment regimes and side
effects from the drugs. Sensory re-education programs are used following nerve repair.
In these programs the brain has to learn to interpret the new signal pattern from the
injured nerve. The cerebral effects of sensory re-education are unknown. It is not known
whether the functional improvement seen after such training is based on a normalization of the distorted hand map created by the initial cortical reorganization after nerve
injury or is caused by adaptations within the brain enabling it to better decipher the
distorted hand map.
Muellbacher and colleagues9 selectively blocked, using injections of anaesthetic
agents, the upper brachial plexus roots, innervating muscles of the shoulder and elbow,
in stroke patients. The anaesthetic block resulted in improved function and grip strength
in the hand receiving its motor innervation from the lower brachial plexus roots.
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It is also well known from animal and human experiments that temporary cutaneous
anaesthesia of one body part leads to cortical reorganization resulting in a corresponding silent area in the sensory cortex. This allows adjacent nearby body parts to rapidly
expand at the expense of the silent cortical area, this is likely mediated by unmasking of
existing synapses. The forearm is located next to the hand in the somatotopic map and
by anaesthetizing the forearm skin using an anaesthetic cream; the cortical hand area
can rapidly expand over the forearm area (Figure 5).10 This results in more nerve cells
being available for the hand and improved sensory function of the hand. This method
improves sensory function in healthy hands as well as sensory function in patients following median nerve repair and in patients with sensory impairment following longterm exposure to handheld vibrating tools. The improvement in hand function is apparent as soon as the forearm is anaesthetised implicating that existing neural substrates
are involved. The method is safe with no side effects, pain free, and easy to us for the
patient Furthermore, it does not affect the motor function, which is important as this
would affect the person’s ability to perform motor tasks. Future studies are needed to
work out the optimal treatment regime for a long lasting or permanent improvement
in sensibility.

Figure 5. fMRI picture showing cortical activation following sensory stimulation of median innervated fingers in a healthy person before (a) and after (b) application of an anaesthetic cream. Following application
of an anaesthetic cream sensory stimulation result in activation of more nerve cells (b) and a significantly
improved sensory function in the fingers. From Björkman et al, European Journal of Neuroscience, vol 29,
p 837-844, 2009, reproduced with permission from Blackwell Publishing Limited.
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Conclusion
Treatment of nerve injuries in the upper extremity is complicated. A nerve injury in the
upper extremity results in profound changes at multiple sites in the CNS. Many clinical
symptoms seen following these injuries can be attributed to changes in the CNS. New
knowledge on the effect of a peripheral nerve injury and neuropathy on the CNS opens
new perspectives to treat these conditions by targeted plasticity where plasticity mechanisms are used therapeutically to support and improve injured functions.
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5-1
Elements of the Peripheral Nerves in
the Upper Extremity
Erik Walbeehm*
Key points
• Think of the peripheral nerve as two tissues: neural tissue and connective tissue.
• The function of the neural tissue in the peripheral nervous system is to conduct action potentials towards and from the central nervous system (CNS) and to and from
effector organs.
• The connective tissue provides structural stability and guidance.

The neural elements
The neural elements of peripheral nerves consist of cell bodies or neurons, efferent and
afferent nerve fibres, and effector organs. In literature, the terms axons and fibres are
sometimes used simultaneously. However, the difference is that the axon is the actual
cellular extension, and a fibre is an axon including its myelin sheath. In this system, the
main function of the nerve fibres, containing the axons, is to carry information between
the effector organs and the cell bodies, through electrical currents called action potentials.

The neuron
All cell bodies are located in or close to the spinal cord. These cell bodies vary in size
between 0.2 and 20 µm. For the peripheral nervous system (PNS) in the upper extremity, two main neuronal cell types are important: the motor neurons and the sensory
*
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neurons. The motor neurons lie in the anterior horn of the spinal cord. The sensory
neurons are located in the dorsal root ganglion, just adjacent to the spinal cord. These
neurons are different from motor neurons because they have two axons. One axon is
the connection between the periphery of the body and the neuron, and the other one
is located in the dorsal root and connects the neuron to the spinal cord. This axon then
relays to cells in the spinal cord. Depending on what kind of information is carried it can
be connected to a number of spinal tracts. Both types of neurons are also able to relay
the incoming information to other cells through dendrites. These are shorter cellular
extensions, compared to the axon, and connected to other neurons instead of effector
organs. These dendrites can be excitatory or inhibitory, and are therefore amplifying or
dampening signals.
The nerve fibres
Nerve fibres can be divided according to several systems. Efferent and afferent fibres are
the first important subdivision. Efferent fibres carry their signals away from the spinal
cord and afferent fibres towards the spinal cord. Efferent nerve fibres are also known as
motor fibres. In the upper extremity these fibres are mostly motor fibres of axial skeletal
muscle. The efferent axons exit the spinal cord via the ventral roots. The afferent nerves
carry their signals back to the spinal cord. The neurons of the afferent or sensory fibres
lie in the dorsal root ganglion. This ganglion is located outside the spinal cord. The
dorsal root neurons are special, because they have two axons; the incoming axon from
the periphery, and the axon connecting the neuron to the spinal cord.
Fibres can also be divided in myelinated and unmyelinated. An axon is always in
contact with a Schwann cell, since the Schwann cell is paramount for axonal function
and survival. In myelinated fibres the Schwann cells have provided an insulator sheath,
which is wrapped tightly around the axon. Myelinated fibres conduct at higher velocities due to the so-called saltatory conduction, which will be explained further in this
chapter. The myelin sheath has distinct features and qualities. The most important are
the nodes of Ranvier, the internode (the distance between two nodes) and the thickness
of the myelin (g-ratio is the thickness of the myelin, divided by the fibre diameter). All
these influence conduction velocities and action potentials.25
Fibres can also be divided on the basis of conduction velocity, which is also convenient because conduction velocity is approximately directly proportional to diameter.
The fibres are classified in A, B and C fibres. The A fibres are subdivided in Aα, Aβ, Aδ.
Aα reach velocities of 120 m/sec and are usually efferent and afferent motor fibres, Aβ
fibres register touch, Aδ fibres register temperature and sharp pain, whereas the C fibres
register burning pain. B fibres are small diameter, pre-ganglionic autonomic nervous
system, myelinated fibres, and are not found in the upper limb.24,25
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Action potentials
The way the nerve transmits information in either way is by mean of electrical currents, called the action potentials. Action potentials were first discovered by Hodgkin
and Huxley in 1939, and are the consequence of a cycle of depolarisation of the axon
membrane. The depolarisation is possible by exchange of positive ions through ion
channels. Sodium and potassium ions are exchanged and through their difference in
ionisation (K+ and Na2+) a potential arises. These ion channels are energy driven and
ATP dependent.
The parameters of an action potential of value are the conduction velocity, i.e. the
speed at which the potential moves along the membrane and the peak-peak value. Compound action potentials arise if a number of fibres are simultaneously firing or being
excited, and the peak-peak values are a measure for sizes of involved fibres in a compound signal.
In unmyelinated axons, the ion channels are uniformly distributed along the axon.
The models for conduction velocities along the nerve are mostly based on a volume
conductor model or roughly diameter dependent (Erlanger and Gasser in 1937: Conduction velocity= External fibre diameter in µm x 6 for non-myelinated fibres).25 This
would mean that higher velocities would need impossibly large diameter axons. The
speed is maximally around 2-2.5 m/sec.
Incredibly, to increase conduction velocity, nature provided a different model of
conduction in myelinated axons: the so-called saltatory conduction. In this type of conduction the action potential does not travel along the nerve, but jumps from node to
node along the internode. The ion channels are also concentrated at the nodes of Ranvier. Because of this concentration of ion channels a large potential arises, sufficient to
elicit a reaction of ion channels at the next node. The maximum length of the internode
that still conducts now limits the conduction velocity.
The calibre of unmyelinated nerve fibres ranges from 0.4-1.25μm, and the myelinated fibres range from 2-22 μm. Velocities for the thin unmyelinated fibres range from
0.5-2.0 m/s. For the thicker and fastest Aα- fibres speeds vary up to 80-120 m/s.9,24,25

Antero- and retrograde axonal transport
In order for the cell to function and survive, a complicated system of anterograde and
retrograde axonal transport is in operation between the neuron and the effector organ.
It is based on the microtubular structure in the axon. This transport system carries
information, necessary for neuronal survival from the periphery and recycling of neurotransmitters back to the neuron through a fast, energy dependent, retrograde transport
(up to 240 mm/day)
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A slow anterograde transport (1-6 mm/day) and fast, energy dependent, anterograde
transport (up to 240 mm/day) are carrying (re-)synthesized molecules back to the periphery and the nerve terminals.
Slow anterograde transport is used for major structural proteins, such as actin, tubulin, and other components of microtubules, neural filaments, and microfilaments.9,24,25

Motor fibres
The motor fibres that ultimately reach the muscle end in a motoric endplate. This is a
specialised structure regulating the transmission of an action potential via a chemical
link, using acetylcholine, to create a depolarising signal on the muscle membrane causing a contraction. The muscle afferents arise from the Golgi tendon receptors and the
muscle spindles that are able to sense strain and return information to the spinal cord.
These fibres travel in the same nerves where the motor control comes from. Hence, no
true motor nerves exist. These fibres are also Aα and provide the high conduction velocities that are needed to offer the feedback necessary for locomotion.24,25

Sensory fibres
The sensory fibres that ultimately reach the skin are the peptidergic and non-peptidergic fibres.
It is always difficult to correlate fibre diameter and immunological markers, but
in general the peptidergic fibres consist of Aδ- and C-fibres and the non-peptidergic
mainly of C-fibres.
The peptidergic fibres mainly sense temperature and acute pain and the non-peptidergic fibres sense mainly burning pain.3,16
Neurologists mainly diagnose small fibre disease by taking skin biopsies and stain
for PGP 9.5, an indiscriminant pan-neuronal marker. Recent techniques have made it
possible to stain the different subgroups in the skin, and to correlate fibre populations
to neuropathic pain states and regenerating fibres after nerve repair.
When simplifying sensory neural function, it is important to realize that axons by
themselves do not sense anything. The largest part of the axon serves purely for conduction of electrical signals. A very important issue is the transduction of physical stimuli
to electrical signals, or how for instance a soft touch generates an electrical signal that is
carried to the brain so that the brain realises a certain skin area is touched.
The most widely known transducers are the rods and cones of the retina and the
inner ear hairy cells for hearing. The well-known sensory organs in the skin that have
been defines include Meissner’s corpuscles (linked to Aβ fibres) registering texture,
Hair follicle receptors for motion and direction of motion and Pacinian corpuscles sensing vibration. Merkel cells are involved with light pressure and the Ruffini complex
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registers skin stretch.24,25 Since the early nineties a different family of transducers have
been found and these filled a gap in knowledge on how temperature, pain, light touch
and vibration were sensed. It also finally explained how menthol feels cold and why
capsaicin is pungent. The first member of the family of Transient Receptor Potential
(TRP) channels was discovered, in drosophila retina, was TRPL1. These channels are
calcium dependent channels, although some are not very specific for calcium and will allow other cations to be transported. In mammals 28 members of the Transient Receptor
Potential (TRP) superfamily have been identified by now. Most of these TRP channels
are polymodal, i.e. they are capable of sensing different kind of stimuli. For instance,
TPRV1 is activated by heat (>43°C), acidic conditions (pH < 6.6) and capsaicin.13
TRPV3 is activated by heat (>35° C), mechanical stress, camphor and 2-aminoethoxydi-phenyl borate (2APB).14,15 TRPV4 is activated by osmotic pressure.9 For temperature
six members of the TRP superfamily have been nominated. TRPA1 and TRPM8 sense
cold and TRPV1, TRPV2, TRPV3 and TRPV4 sense heat and noxious heat (TRPA1
senses noxious cold, TRPM8 senses temperatures below 25-280 C, TRPV1 >420 C,
TRPV2 >520 C, TRPV3 ≥34-380 C, TRPV4 ≥27-350 C). Interestingly, menthol is a
direct agonist for TRPM8, and application of menthol on the skin results in direct
stimulation of TRPM8 and a cold sensation is felt. In that same manner, capsaicin is a
direct stimulator of TRPV1, and causes a burning sensation when applied to mucosa by
stimulating TRPV1 directly.7,13

The skin as a sensory organ
The endings of the sensory nerve fibres end in the epidermal keratinocyte layers of the
skin. The common view was that a signal was carried through the keratinocytes, physically and picked up by the nerve endings. A great paper by Lumpkin and Caterina14
reviews all the possible mechanisms that have been demonstrated that there are a communications between keratinocytes and the non-peptidergic nerve fibres that end in the
stratum granulosum. Functional TRPV1-4 channels are expressed in keratinocytes and
stimulation of the TRPV1 channels results in the extracellular release of ATP. This is
picked up by the P2Y2-receptors on the non-peptidergic nerve fibres, and causes an action potential. Merkel cells, also lying in the more superficial layers of the epidermis, also
directly communicate with mechanosensory myelinated Aβ-fibres. These observations
have major implications on our thinking as peripheral nerve surgeons and scientists on
the mechanisms of neuropathic pain.14,17

Autonomic nervous system to the upper limb
The pre-ganglionic cells of the efferent fibres of the sympathetic system are in the lateral
horn of the grey matter of the spinal cord along the first thoracic to the second lumbar
level. Most of the ganglia are in the paravertebral chain. There are two cervical ganglia,
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one cervico-thoracic (the so-called stellate ganglion), eleven thoracic ganglia, four lumbar and five sacral ganglia. For the upper extremity, the sympathetic supply comes from
the second to sixth thoracic segment. Sympathetic fibres pass up the paravertebral chain
from these thoracic segments, going up to the middle cervical ganglia and the stellate
ganglion. Here they relay and are distributed as gray fibres to the roots of the brachial
plexus. Pre-ganglionic parasympathetic fibres are distributed from the 3rd, 7th, 9th and
10th cranial nerves, and merge in to the vagus nerve.24

The connective tissue elements
Most anatomical descriptions of peripheral nerves focus on the neural elements in the
peripheral nerves, like the axons and the myelin sheath and Schwann cells. However,
the connective tissue elements and the extracellular matrix play an important role in
general wound healing of a damaged peripheral nerve, which ultimately influence
the outcome. The most important non-neural tissues in peripheral nerves are the
epineurium, the perineurium and the endoneurium. The most predominant non-cellular component of these layers is collagen. The major cell types are fibroblasts and
Schwann cells.24,25
Epineurium
The epineurium is a continuation of the dura that exits through the foramen and continue into the epineurium. Of the structures, the epineurium is mechanically the strongest. Ultrastructural studies in rats show that the collagen in the epineurium is organized
similar to a Chinese finger trap.
Cells in the epineurium consist of mainly fibroblasts, producing collagen, predominantly type I and III. The structure of the nerve is not constant along the longitudinal
axis. Studies have shown an increase in elastic behaviour of the nerve around joints.
The epineurium consists of densely packed collagen fibrils, which are 30-100 nm in
diameter and arranged in a lamellar fashion outside the perineurium. Collagen fibrils in
almost all the lamellae are oriented longitudinally to the nerve axis, although in a few
lamellae they ran obliquely or circularly. Fibroblasts and their thin processes are located
between these collagen lamellae. Some elastic fibres (0.2-0.3 µm in diameter) are also
found, which run longitudinally in the space between the collagen lamellae throughout
the epineurium. Interestingly, studies on human sciatic nerves showed that the epineurium has two distinct layers. An outer layer with loose areolar tissue with vascular
components and an inner layer consisting of densely packed collagen fibrils and elastin
fibres.10,12
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Perineurium
Every fascicle in a nerve is surrounded by perineurium. The perineurium is a rich cellular layer, consisting of 7-8 concentric layers, which surround each nerve fascicle concentrically. The predominant perineurial cells are epithelioid myofibroblasts. These perineurial cells are closely linked to basal laminae on both external and internal sides. The
perineurium also plays a role in the blood-brain barrier.2,4,9,10,12,23
Endoneurium
Inside the perineurium is the innermost sheath, the endoneurium. This is connective
tissue surrounding individual nerve fibres, filling the space between the nerve fibres
within fascicles.
The most abundant cells of the endoneurium are Schwann cells, while fibroblasts
constitute roughly 10% of the total number of cells within the endoneurium. The
fibroblasts produce collagen. Collagen in the endoneurium presents both as fibrils of
interstitial collagen and as a non-fibrillar component of the basal lamina. This envelops
the cellular extensions of Schwann cells and perineurial cells, but also lines the outer
aspect of endoneurial capillaries, which adds to the blood brain barrier.
Schwann cells and perineurial mesothelial cells also produce collagen, but secrete a
more heavily glycosylated and non-fibrillar type IV collagen, which is essential for the
basal lamina basal lamina.
The endoneurium also provides an environment with a slightly higher osmolality,
causing the so-called endoneurial fluid pressure. It is the combination of the endoneurial fluid pressure and the reverse effect of the positive pressure on the length of the
Chinese finger trap architecture of the epineurium that cause the shortening of nerves,
approximately 12%, after transection.2,4,9,10,12,18
Mechanics
Experiments have shown that the epineurium is the strongest layer. The perineurium is
the second strongest layer, followed by the endoneurium and lastly the axons, which is
also reflected in Sunderland’s classification of peripheral nerve injuries. Since axons have
an approximate elongation of 19% before signal transduction is impaired, as was tested
in giant squid axon that is more then the maximum stretch measured in the non-neural
tissues, the axons are protected to injury.8,11,18,25

The extracellular matrix
The extracellular matrix (ECM) is a complex set of molecules consisting of collagens,
non-collagenous glycoproteins and proteoglycans. It has a unique composition in each
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organ of the body and expression of ECM molecules is highly regulated. In the nervous
system, the ECM is involved in the regulation of cell migration, - survival, - differentiation, and important to peripheral nerve surgeons, axonal path finding. The ECM also
has a role in binding specific growth factors present in the nervous system and regulates
diffusion and stability. The most important molecules of the ECM are of course collagen, but also fibronectin and laminin (present in the basal lamina) are present. However, there is an abundance of molecules present in the ECM each with their specific
function.1,2,4,5,6,19,20,21,23

Clinical anatomy
The structural anatomy of peripheral nerves starts at the point where the roots, dorsal
and volar leave the myelum. At this point the two, dorsal and ventral, roots fuse into the
trunks. At this level, the axons start to mix and the two roots cannot be separated more
than a few centimetres distally.22,24,25

From proximal to distal
Just distal to the dorsal root ganglion, the ventral root fuses with the dorsal root to form
the spinal nerves. From here the spinal nerves are mixed and carry sensory nerve fibres
as well as motor fibres, together with sympathetic fibres from the autonomic nervous
system. In the upper extremity, the five anterior rami of the spinal nerves form the roots
of the brachial plexus. These roots fuse to form the three trunks, the six divisions and
subsequently the three cords. From the three cords the major nerves of the upper limb
are derived: the radial nerve, the axillary nerve, the musculocutaneus nerve, the median
nerve and the ulnar nerve. An easy way of memorising the brachial plexus is provided
by Romm and Chu and can be viewed in the addendum. The more distal the easier it
is to separate the fascicles. The fascicular anatomy can be studied by retrograde tracing.
Proximally in the upper arm, it is hardly possible to trace the fascicular bundles back,
which come from the forearm, and more intertwining of fibres is seen.24,26

Motor supply to the upper extremity
The upper arm and shoulder
The neural motor supply to the upper limb mainly arises from the brachial plexus or
its terminal branches. Only the trapezius muscle is supplied by the accessory nerve (XI
cranial nerve).
Even the muscles that originate from the chest (i.e lattisimus dorsi, pectoralis major
and minor, rhomboid and serratus anterior muscles) have their innervation from the
brachial plexus, which is true also for the muscles of the shoulder (i.e. deltoid, supraspinatus, infraspinatus, subscapularis, teres major and minor muscles) (see Table 1).
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Table 1. Muscles and their innervating nerves around the shoulder and at the chest wall. Only the trapezius is not innervated by the brachial plexus, but by the accessory nerve, the 11th cranial nerve.
Area of Origin
Chest wall

Shoulder

Muscle

Nerve

Rhomboid

Dorsal Subscapular nerve

Pectoralis major

Lateral and medial pectoral nerves

Pectoralis minor

Lateral and medial pectoral nerves

Latissimus dorsi

Thoracodorsal nerve

Serratus anterior

Long Thoracic nerve

Deltoid

Axillary nerve

Teres Minor

Posterior branch of Axillary nerve

Supraspinatus

Suprascapular nerve

Infraspinatus

Suprascapular nerve

Subscapularis

Sup. and inf Subscapular nerve

Teres major

Inferior Subscapular nerve

In the upper arm, the major motor nerves are the axillary nerve (innervating the deltoid and teres minor muscles), the radial nerve (innervating the triceps muscle) and the
musculocutaneous nerve (innervating the biceps, coracobrachial and brachialis muscles).24
The forearm and hand
The motor supply of the forearm arises from the radial, ulnar and median nerves. All
muscles that extend wrist and fingers are supplied by the radial nerve, including the
mobile wad muscles [extensor carpi radialis (ECRL) and brevis (ECRB) as well as Brachioradialis muscles), the supinator, and the first dorsal compartment muscles. However, the ECRL is still supplied by the radial nerve, but the ECRB is innervated by the
posterior interosseous nerve that branches off together with the superficial radial nerve.
In the forearm, the median nerve gives off a motor branch called the anterior interosseous nerve that provides the flexor pollicis longus (FPL), the flexor digitorum profundus (index and long fingers; FDP 2 and 3) and the pronator quadratus muscle with
impulses. The median nerve itself innervates the superficial finger flexors (FDS), the
flexor carpi radialis (FCR), the pronator teres (PT), and palmaris longus (PL) muscles.
The ulnar nerve provides the ulnar FDP to ring and little fingers and flexor carpi ulnaris
(FCU).
In the hand, the first motor branch of the median nerve is to the opponens pollices.
Usually, the two radial lumbricals are supplied by the median nerve. Branches are also
given off to part of the flexor pollicis brevis (FPB) and the abductor pollicis brevis (APB)
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muscles. The ulnar nerve courses through the canal of Guyon and gives off four branches; two of which are motor branches: the branch to abductor digiti minimi (ADM)
and the deep motor branch that passes deep straight after the hook of hamate. The latter
nerve supplies the ulnar two lumbricals, the interossei and the adductor pollices muscles
and even part of the FPB and sometimes the APB.22,24,25

Sensory neurosomes of the upper extremity
Similar to angiosomes, the dermal areas on the skin supplied by specific branches of
nerves can be described as neurosomes. This is in contrast to the dermatomes, which are
areas of skin supplied by spinal cord segments. The five major nerves of the arm (axillary, radial, musculocutaneous, ulnar and median nerves) supply neurosomes in the upper extremity. However, the deltoid region is supplied by the supraclavicular nerves and
the medial side of the upper arm by the intercostobrachial nerve. The medial cutaneous
nerve supplies the arm and the medial cutaneous nerve the forearm. The supraclavicular
nerves arise from the cervical plexus. The intercostobrachial nerve is a continuation of
the lateral cutaneous branch of the second intercostal nerve. It can be easily damaged
during axillary lymph node clearances.
The cutaneous branch of the axillary nerve passes on the dorsolateral border of the
deltoid muscle providing the skin area overlying de distal part of the same muscle.
The medial cutaneous branches of the arm and of the forearm arise directly from the
medial cord. This can be of interest at defining the level of injury in brachial plexus lesions. The medial cutaneous nerve of the forearm is especially at risk during the incision
for a cubital tunnel release. It can be identified approximately two finger widths volar
and distal to the medial condyle.
The musculocutaneous nerve supplies the lateral cutaneous nerve of the forearm,
which courses along the cephalic vein to the latero-volar aspect of the forearm with a
considerable overlap distally with the superficial radial nerve. The radial nerve provides
part of the posterior aspect of the upper arm by direct branches. It also provides the posterior cutaneous nerve of the forearm. The palmar cutaneous nerve of the median nerve
branches off approximately six cm proximal to the wrist crease, and penetrate the fascia
along the lateral border of the flexor carpi radialis tendon up to the palmar aspect of the
hand. Similarly, the ulnar nerve gives off the dorsal branch to the dorsum of the hand
and sometimes also a branch to the palmar aspect of the hypothenar region, although
this is not clearly confirmed.
In the fingers, sensation is provided by the branches of the digital nerves. Classically,
the median nerve innervates the thumb, index, middle, and radial side of the ring finger,
and the ulnar nerve innervates the ulnar side of the ring finger and the little finger.22,24
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Martin-Gruber, Riche-Cannieu, and the Berettini branches
There are three well described connections between the median and ulnaar nerves: the
Martin-Gruber or proximal anastomosis, the Riche-Cannieu anastomosis, and the Berettini branch.
The Martin-Gruber anastomosis occurs in 10 to 25% of the population. It is an
anastomotic connection between the median and ulnar nerve in the forearm. Four types
have been described: Type I: anterior interosseous nerve to the ulnar; Type II: median to
the ulnar; Type III: branches to flexor digitorum profundus and to the ulnar; and Type
IV: a combination of Types I, II, and III, but all connections go from median nerve
(derivative) to ulnar, and not the other way. The Riche-Cannieu anastomosis occurs
distally as a communication between the palmar cutaneous branches of the median and
ulnar nerves. The Berettini branch occurs at the watershed between the median and
ulnar nerves at the level of the common digital nerves close to the fingers. Several types
have been described. The significance of these crossover contributions is that they may
lead to an underestimation of an injury to the ulnar nerve clinically and electrodiagnostically.9,15,22

Local blocks
A good understanding of peripheral nerve anatomy helps in diagnosing peripheral nerve
problems like injury and neuropathic pain problems. The ability to locally block a specific nerve or branch can help in pinpointing the location of the problem. Table 2 gives
a summary of the identification points of most cutaneous nerves of the upper extremity.
9,22,24

Table 2. The identification points of the sensory nerves of the forearm
Sensory Nerve

Identification point

Medial cutaneous nerve of the forearm

Two finger widths anterior and distal to medial condyle.
Courses with basilic vein.

Lateral cutaneous nerve of the forearm

Pierces the brachial fascia about 3 cm proximal to and 4.5
cm medial to the lateral epicondyle.

Posterior cutaneous nerve of the forearm

Two cm anterior to the lateral epicondyle.

Dorsal branch of the ulnar nerve
(DBUN)

Comes off the ulnar nerve approximately 8 cm proximal to
the pisiform.

Palmar cutaneous branch of the median
nerve

Five cm proximal to the wrist crease. Pierces the forearm
fascia on the radial side of the FCR tendon.

Palmar cutaneous branch of the ulnar
nerve

No reference point found, only that is distal to the DBUN

Superficial branch of the radial nerve
(SBRN)

between the crossing of the ECRL and the brachioradialis,
about 8 cm prox to the radial styloid. No SBRN found ulnar
to Lister’s tubercle
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Figure 1. Cutaneous innervation (neurosomes) from the upper limb.

Picture was taken from Wikipedia (english): Arm, and is not copyrighted. It is from the 20th U.S.
edition of Gray‘s Anatomy of the Human Body, originally published in 1918 and therefore lapsed
into the public domain
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Addendum: How to draw the Brachial Plexus, modiﬁed from Daniel S. Romm &
Dennis A. Chu: Learn the Brachial Plexus in Five Minutes or Less
http://www.ama-assn.org/resources/doc/mss/brachial_plex_how_to.pdf

1 & 2: Think of it as two arrows (1) and draw an arrow in between in opposite direction (2).
3: Draw an M at the end of the two main arrows (3) and fill in the Segments C5-T1.
4: Draw and X and a Y and add in the terminal branches.
Now you have a basic scheme of the Brachial plexus
Now remember the four three’s:
5: Lateral Thoracic nerve (LTN)
6: Dorsal Scapular nerve (DSN) Suprascapular (SS) and lateral Pectoral (LP)
7: Superior Subscapular nerve (SS) Thoracodorsal nerve (TDN) and Inferior Subscapular nerve
(SS)
8: Medial Pectoral nerve (MP), Medial Brachial Cutaneous nerve (MBC) and the Medial
Antebrachial Cutaneous nerve (MAbC)
9: Roots, Trunks, Divisions, Cords and Terminal Branches
10: Add the Subclavius nerve
Ready!!
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1) Think of it as two arrows.........

C5
C6
C7
C8
T1

2) and draw an arrow in between in opposite direction.

C5
C6

MC
Rad

C7
C8

Ax

T1
3) Draw an M at the end of the two main arrows (3) and fill in the Segments C5-T1.
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Med

Uln

C5

MC

C6

Rad
Med

C7
Ax

C8

Uln

T1
4) Draw and X and a Y and add in the terminal branches.

C5
MC
C6

Rad

C7
C8

Med

Ax

LTN

Uln
T1
5) Lateral Thoracic nerve (LTN) (consisting of THREE branches of C5, C6 and C7)

C5

DSN SS

LP
MC

C6

Rad

C7
C8

LTN

Med

Ax
Uln

T1
6) Dorsal Scapular nerve (DSN) Suprascapular (SS) and lateral Pectoral (LP)
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C5

DSN SS

LP
MC

C6

SS TD SS

Rad

C7
C8

Med

Ax

LTN

Uln
T1
7) Superior Subscapular nerve (SS) Thoracodorsal nerve (TDN) and Inferior Subscapular nerve
(SS)

DSN
C5

LP

SS

MC
C6

SS TD SS

Rad
Med

C7
C8

Ax

LTN

Uln
T1

MP MBC MAbC

8) Medial Pectoral nerve (MP), Medial Brachial Cutaneous nerve (MBC) and the Medial
Antebrachial Cutaneous nerve (MAbC)
Roots Trunks Divisions Cords

Anterior

Po

st

C6

.

.

t
An

C7
C8

LP
MC
SS TD SS

LTN

Uln
MP MBC MAbC

9) Roots, Trunks, Divisions, Cords and Terminal Branches
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Med

Ax

Anterior

T1

Rad

Posterior

Po
st.

C5

DSN SS

Terminal Branches

Roots Trunks Divisions Cords

Anterior

Sub

C7
C8

Po

st

.

.

t
An

MC
SS TD SS

LTN

Med

Ax
Uln

Anterior

T1

Rad

Posterior

st.

C6

LP

Po

C5

DSN SS

Terminal Branches

MP MBC MAbC

10) Add the Subclavius nerve and the drawing is complete!!
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5-2-1
Clinical Examination
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Tanya Burgess***

Key points
• Knowledge of pathophysiology in nerve injuries is mandatory to analyse a clinical
nerve examination.
• Clinical symptoms of nerve compression include pain and paraesthesia usually
localized over a nerve territory, while sensory and/or motor deficits are usually seen
in late stages and in older patients.
• One should be suspicious if the clinical presentation is atypical and look for another
diagnosis and/or a more proximal nerve injury (double crush syndrome).
• In an acute nerve injury, type and level of injury, the patient’s age and associated
lesions are important parameters to decide whether or not surgery should be
performed as an emergency.
• In late nerve injuries, pain should be considered as well as potentials for palliative
surgery as a nerve repair is not possible after some months (according to other factors,
like age, type and level of injury).

*
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eripheral nerve trauma is relatively common, but their incidence is poorly known.
Epidemiologic studies have shown that approximately 2-3% of trauma patients
sustained a major nerve injury, where the ulnar nerve being the more frequently
affected. Nerve compression syndromes are much more common with an incidence of
99 to 148 / 100.000 inhabitants and year and a prevalence from 1:10 for carpal tunnel
syndrome. Hand surgeons are taking care of such patient on a daily basis.
As reported in recent reviews by Lundborg4and Dahlin1, our knowledge and
understanding of biological mechanisms regulating posttraumatic nerve regeneration
has increased, but there are to date few if any clinical implications. Surgical techniques
will not change within a few years and microsurgical sutures; autologous nerve grafts/
conduits or nerve transfer will still be the gold standard. Better treatment outcomes will
then rely upon a better patient selection, which largely depends on the quality of the
clinical examination. As mentioned by Lundborg4 and Dahlin1 a clear knowledge of the
pathophysiology of nerve injury is a prerequisite for a pertinent clinical examination.
Electromyography and nerve conduction studies are a sensitive and reliable extension
of the physical examination and are discussed elsewhere and so are different imaging
methods.

What are the physiological consequences of a nerve trauma?
As stated by Lundborg4 and Dahlin1, the peculiar issue with nerve injuries is that an
axonal transection has not only local consequences, but it also has implications for
the whole length of the neuron (from the cell body to distal targets) and can lead to
immediate functional reorganizations within the cortex of the brain. Also as mentioned
by Lundborg4, clinical results are dependent on factors, such as the extent of nerve cell
survival after the injury (related mostly to neurotrophic factors), the rate and quality of
axonal outgrowth, the orientation and specificity in growth of regenerating axons, the
survival and state of end organs, and cortical reorganizational processes in somatosensory
and motor brain cortex.
Types of acute nerve injury
There are different types of acute nerve injuries with clinical consequences. One possible
classification is:
•		Mechanical injury e.g. prolonged compression. Two examples of mechanical
injury are “Saturday-night paralysis” of the radial nerve and tourniquet paralysis.
Mechanical injury results in focal conduction block related to an acute compression
injury.
•		Crush and percussion injury. In humans, compression injuries can be induced
by fractures, hematomas, and compartment syndrome. Compartment syndrome
injuries cause high pressure in the surrounding tissue, which compresses the arterial
blood supply of the nerve, predisposing the nerve to ischemic cell damage and cell
death.
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•		 Laceration injury can be secondary to stabbing injuries (from glass or sharp tools) or
iatrogenic causes during surgery. The nerve is clearly divided. Conversely, laceration
injuries can also be caused by a blunt force-penetrating trauma and this results in
damage to the nerve in an irregular pattern with a wider zone of injury.
•		Stretch injury. The internal anatomy of nerves permits the nerve to stretch
approximately 10-20% before structural damage occurs. The anatomy of individual
nerves explains why some are more prone to this type of injury than others.
•		High-velocity trauma caused by motor vehicle accidents and gunshot wounds.
Gunshot wounds can cause direct nerve damage by avulsion of soft tissue, which
cause severe tissue destruction. Nerves not directly damaged can be affected secondary
to rapid tissue expansion in the track of a missile wound.
•		 Cold injury. Frostbite leads to necrosis of all involved tissues, including the peripheral
nerves.
Physiological consequences of nerve transection
The proximal part of the transected axons generally retracts up just a few nodes of
Ranvier, where the length is related to the number of injured Schwann cells. The
extent of degeneration in the proximal stump is related to the aetiology of injury. Sharp
lacerations or surgical wounds produce minimal proximal stump degeneration. Traction
or jagged laceration injuries result in extensive degeneration. Crush injuries require
more extensive resection of the nerve in order to reach a safe zone, which may lead to
delay in nerve repair. As mentioned by Dahlin1, after transection, axons sprout (about
5 sprouts per parent axon). The axons from the proximal segment grow in concert with
the Schwann cells, which migrate just in front of the outgrowing axons.
The distal part of the axon disintegrates and undergoes Wallerian degeneration.
Increased mitotic activity of Schwann cells is seen, and proliferating Schwann cells
rapidly form columns (bands of Büngner) that are pathways for the growing sprouts.
As stated by Lundborg4, an early proliferation of non-neuronal cells takes place at 2
to 3 days following nerve injury, where more than 70% of these cells are Schwann
cells. Misdirected axonal buds can result in abnormal nerve connections. Abnormal
motor nerve innervation can cause jerky or awkward movements. Abnormal sensory
nerve innervation can cause misperception of the location of touch or pain. Motor
endplates must be reinnervated within 18 months of trauma for function to be resumed.
Prevention of motor endplate degradation is important to ensure motor functionality
after regeneration is complete.
It has been reported that regenerating fibres grow faster if the repair is performed
1 to 3 weeks after nerve transection, but shorter period (i.e. 2 to 3 days) may also
have a positive effect on axonal outgrowth. Primary repair is still regarded as the gold
standard. Regeneration of a peripheral nerve occurs at a rate of approximately 1 mm/day.
Following nerve transection, there are changes in the cell body named chromatolysis,
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which may lead to death and disappearance of 20 to 50% of the neurons in the dorsal
root ganglia; one of several factors explaining poor results following nerve repair (motor
cells death seems to be less pronounced).
At the level of cerebral cortex, functional reorganization can be observed in the
somatosensory cortex. As mentioned by Lundborg4, after nerve transection, areas of
corresponding nerve are rapidly occupied by substitute tactile input and this is probably
the primary reason for incomplete recovery of stereognosis following nerve repair in
adults. The patient’s age is the major factor for quality of sensory nerve recovery.
Nerve compression
As stated by Rempel7, when tissues are subjected to load or pressure, they deform and
pressure gradients are formed, redistributing the compressed tissue toward areas of lower
pressure. The cascade of the biological response to compression includes endoneurial
oedema, demyelination, inflammation, distal axonal degeneration, fibrosis, growth of
new axons, remyelination, and thickening of the perineurium and endothelium. The
degree of axonal degeneration is associated with the amount of endoneurial oedema.
There is experimental and clinical data that supports an ischemic mechanism
(changes in intraneural microcirculation) for acute nerve dysfunction. The initial
symptoms of compression usually are intermittent paraesthesia and deficits of sensation
that occur primarily at night. Night splinting may relieve symptoms. Prolonged
compression induces persistent intraneural oedema with alterations of the structure of
the endothelial and basement membranes. Clinical symptoms are present during the
day with impaired dexterity. Surgery can provide complete relief, but it may take many
weeks for symptoms to resolve because of the morphological changes and persistent
oedema. In a late stage, there are more pronounced morphological changes with longlasting subperineurial oedema, later accompanied by degeneration and regeneration
of nerve fibres and permanent changes of the fibrous tissues. However, due to the
preservation of the endoneurium, there is no loss of axonal sprouting. These manifest
as constant pain with muscular atrophy and permanent sensory dysfunction. Symptoms
may persist after surgical release.
In addition to nerve changes, soft-tissues around the nerve may present with
structural changes, usually oedema and thickening of the vascular walls. These changes
may impair the normal gliding of the nerve [7.3 mm (median) and 9.8 mm (ulnar) at
the elbow, 14.5 and 13.8 mm at the wrist, respectively]. As nerves can only elongate
by 8% before their vascular supply is compromised, compressive neuropathies usually
have a component of traction neuropathy as well. Extreme joint position may elevate
extraneural pressure in healthy subjects, which is used in most provocative manoeuvres.
Finally, similar to nerve transection lesions, changes proximal at the nerve cell bodies
have also been observed. As mentioned by Rempel7, such changes may be involved in
conditions, such as double-crush or reverse double-crush syndrome, in which one part
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of the nerve trunk is compressed, thereby making other parts of the same nerve, at
another level, more likely to undergo a pathological change.
Consequences on the clinical examination
Nerve transection leads to loss of function distal to the site of injury. Nerve compression
induces symptoms that are more progressive and neurological deficit is usually only
observed late (Table 1).
Table 1. Pathophysiology of sensibility testing (as discussed by Dellon2).
Motor

Sensory

Nerve compression
Early ( c Threshold)

Weakness

Abnormal perception of
vibratory and pressure
threshold

Late ( T innervation density)

Wasting

Abnormal two-point
discrimination

Nerve transection

No function

No function

Early

Weakness

Abnormal thresholds

Late

c Strength; c bulk

Improved pressure thresholds,
improvement in two-point
discrimination

Nerve regeneration

Sensory examination evaluate different nerve fibres/receptors that have been
classified as non-myelinated (C fibres) responsible for pain sensation and sweating;
thinly myelinated (A delta) responsible for pain, hot and cold sensation; and thickly
myelinated (A beta) responsible for pressure modification. As discussed by Dellon2,
a damaged nerve will lose either the density of its receptors and/or alter the threshold
necessary to obtain stimulation. Clinical examination can evaluate either the innervation
density or the thresholds. Moving and static two-point discrimination assesses nerve
density. With progressive decrease in density, there is impairment of the patients’ twopoint discrimination. The Semmes-Weinstein monofilament and the tuning fork are
useful tools for testing pressure threshold. As myelin changes are observed, the patient
looses the ability to sense fine pressure. As reported by Dellon2, after nerve repair
and neurolysis, the pattern of sensory recovery was resolution of low-frequency 30Hz vibration first, followed by improved perception of moving-touch stimuli. Later,
constant touch appears and, finally, high-frequency 256-Hz vibration is the last
sensation to recover.
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For motor testing, one should remember that muscle contraction depends on the
integrity of the muscle, on normal passive motion of the joints across which the muscle
acts and the quality of innervation. Muscle contraction can be assessed qualitatively
(by inspecting the patient’s muscle mass and contour and observing voluntary
movements); semi-quantitatively (by assessing muscle strength through manual testing)
or quantitatively using one of the different dynamometers. Muscle examination can be
performed either by asking the patient to perform motion starting from a neutral position
(or to contract), or by placing the body part in the position into which the tested muscle
would normally move that part (i.e. wrist extension to test for wrist flexors). One should
know, for each muscle tested, the motor innervation (i.e. musculocutaneous nerve,
median nerve etc.) and the roots of origin (i.e. brachioradialis muscle is innervated
by fibres from the radial nerve coming from C5-C6). (Table 3 – A good example of
muscle testing can be found online at State University of New York Upstate Medical
University11.). However, for motor testing, another important consideration is to know
that muscle innervation may vary from patient to patient.
A classification of anatomical variations has been proposed. Type 1 occurs when
fibres digress from their normal course temporarily and eventually re-joins the same
trunk forming a neural loop (e.g. short loop of the ulnar nerve around the hamulus ossis
hamatum of the hamate bone). In type 2, nerve separation occurs more proximally than
usual (e.g. bifid division of the median nerve at the wrist). In type 3, the nerve originates
more proximally than usual and travels with another nerve. The Martin-Gruber
anastomosis between the median and the ulnar nerve is one example. It is present in
10 to 30% of the normal population and can explain frequent abnormalities in muscle
testing encountered in median nerve injuries. In type 4, nerve fibres run along their
entire course in a different nerve trunk. Examples of this include variable innervation
of the middle finger flexor digitorum profundus muscle belly and the middle finger
lumbrical muscle from either the median or ulnar nerve.
The classification of nerve lesions is based on the damage sustained by the nerve
components, nerve functionality, and the ability for spontaneous recovery. Neurapraxia
(type 1 of Sunderland) refers to a local conduction block (as seen is Saturdays night
palsy or after tourniquet use). The continuity of axons is preserved, as is the excitability
of nerve structures distal to the lesion. Axonotmesis (Sunderland type 2) implies a loss
of axonal continuity, but the endoneurial tubes remains intact. This is seen in severe
nerve compression or traction injuries. Neurotmesis was divided into three sub-types
based on the extent of damage to the axonal supporting structures. A third-degree injury
involves the axon and associated endoneurial tube, while the nerve fascicle remains
intact. A fourth-degree injury disrupts axons, the endoneurium, and the fascicle, while
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the epineurial sheath remains intact. A fifth-degree injury is evidenced by complete
severance of the nerve trunk. The major problem with those classifications is that only
time and outcome will indicate how severe the injury was. A type VI was introduced by
Mackinnon to describe a mixed nerve injury that combines the other degrees of injury.
Root avulsion in brachial plexus injuries is another type of lesion that is not included in
the present classification.

Clinical examination of a chronically compressed nerve
Although nerve compression syndromes usually occur at sites where the nerve passes
through a tight tunnel formed by stiff tissue boundaries, any nerve may be compressed
anywhere along its course. The clinical presentation for nerve compression can vary
widely depending on the specific cause, the nerves affected, severity, age, general health
and other factors. Clinical symptoms include pain and paraesthesia, while sensory
and/or motor deficits are usually seen in late stages and in older patients. Symptoms
are usually localized over a nerve territory and the patients’ presentation (for example
nocturnal paraesthesia in the three and a half radial fingers in carpal tunnel syndrome)
is usually pathognomonic. Clinical examination, which includes the patient’s medical
history (including age as most entrapment syndrome are seen in patients over 50), the
onset of symptoms as well as provocative signs and sensory-motor testing, is usually all
that is needed. Electrophysiological studies, and/or imaging studies, are adjunctive tests
that can confirm the clinical diagnosis. Description of the clinical signs and manoeuvres
of all entrapment syndromes are beyond the scope of this chapter. We will mostly focus
on the tips and tricks that should alert the hand surgeons facing an unusual clinical
presentation. An incomplete diagnosis (associated disease) or misdiagnosis can impair
surgical outcomes and may lead to legal conflicts. A study of Patient Safety Incidents by
Healthgrades5 found that failure to diagnose and treat in time was the most common
cause of a patient safety incident, with a rate of 155 per 1,000 hospitalized patients. Of
the people reporting a medical mistake, 8 to 42% cited misdiagnosis, one of the top
causes of litigation. To avoid such mistakes, clinical examination should also include a
general examination looking for aggravating factors, associated nerve injuries or general
disease that may mimic a nerve entrapment syndrome. The clinician should also not
forget hysteria and malingering as a potential diagnosis.
Aggravating or provocative factors
Although most nerve entrapment syndromes are considered idiopathic, some conditions
may either provoke or aggravate nerve compression (Table 2).
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Table 2. Some pathogenic factors inciting neural compression
Vascular

Diabetes, microcirculatory disease (renal failure)

Inflammatory

Synovitis, rheumatoid arthritis

Trauma

Supracondylar humerus fracture, lunate dislocation

Anatomical

Anomalous muscles, vascular plexus, fascial bands

Metabolic

Pregnancy, hypothyroidism, myxoedema,
mucopolysaccharidosis

Iatrogenic

Injections, hematomas

Neoplastic

Ganglion, lipoma, sarcoma

Clinical examination should then look for:
•		 Clinical signs of diabetes (about 8% prevalence in general population with 60%
having a neuropathy), renal failure, alcoholism or any disease that modify the
integrity of the axon.
•		Space occupying lesions. They are usually responsible for permanent unilateral
symptoms without relief from rest or splinting. Abnormal muscles are usually
responsible for unilateral symptoms, mostly during the day and during physical
activity in young people;
•		 Activities that may provoke nerve compression: cycling has been reported in ulnar
nerve compression, wheeling-chair patients may complain of carpal tunnel syndrome,
etc. Any activity with forceful movements and/or continuous pressure over a nerve
may result in nerve compression syndrome;
•		 Work related injuries: people involved in highly repetitive tasks with strength may
suffer of carpal tunnel syndrome (wrist flexion-extension), radial tunnel syndrome
(repetitive pronation-supination movements), etc. According to each country
legislation, this may change the way to handle those patients. It may also modify the
clinical outcomes (usually patients with work related injury are reported to have less
favourable results, increased morbidity with prolonged time to recover).
Signs of compression
Patients with nerve entrapment usually complain of tingling, burning, or other abnormal
sensations known as paraesthesia, while numbness is a change in the sensation. They
also present with pain and symptoms that are localized in an anatomical nerve territory.
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Symptoms are usually present at night and disappear during activity. However,
nocturnal symptoms are found in only 71% of patients with carpal tunnel syndrome.
Frequently, patients have to change their position to relieve their symptoms (known as
Flick’s sign in carpal tunnel syndrome). Most often, pain and numbness do not replicate
the exact nerve territory. For example in early stages of a carpal tunnel syndrome,
patients complain of paraesthesia or numbness in middle and ring finger, which is
explained by the intraneural distribution of nerve fibres. On the contrary, patient’s
numbness frequently extends over the classic nerve territory. For the patients with carpal
tunnel syndrome, they frequently complained of paraesthesia or numbness in the little
finger. Numbness is often associated with or preceded by abnormal pain-like sensations
(paraesthesia) frequently described as pins-and-needles, prickling or burning sensations.
Up to 497 causes of numbness have been described, the most frequent being diabetes
mellitus, syringomyelia, circulatory disorders, rheumatoid arthritis, multiple sclerosis,
and transient ischemic attack. Paraesthesia can also result from infection, inflammation,
alcohol consumption, trauma, malignancy, and other abnormal processes, including
brain tumour. This should be remembered when patient’s presentation is atypical.
After patients’ complains, the clinical examination will search for hypersensitivity of
the nerve to percussion (i.e. the so-called Tinel’s sign; in fact pseudo-Tinel; see below)
and to prolonged pressure. Tinel’s sign is positive when lightly banging (percussing)
over the nerve elicits a sensation of tingling, or «pins and needles», in the distribution
of the nerve. Tinel’s sign is sometimes referred to as “distal tingling on percussion”. In
nerve compression lesions, it «localizes» the major site of compression and, for example,
is useful for ulnar nerve entrapment at the elbow, where the sites of compression are
multiple. However, up to 30% of the healthy patients may exhibit a positive Tinel’s
sign.
Provocative manoeuvres: Their goal is to induce ischemia in the nerve by placing it
under a prolonged pressure (e.g. Phalen’s test) and/or ischemia (e.g. Gilliat’s tourniquet
test) and/or prolonged traction (e.g. resisted supination and forceful passive pronation
for posterior interosseous nerve syndrome). Many manoeuvres have been described for
each nerve and the readers should know how sensitive and specific they are. One should
remember that those manoeuvres might be positive in healthy subjects (e.g. Phalen’s test
is reported to be positive in 20% of healthy subjects). As a whole, most of those clinical
signs/manoeuvres are either sensitive (e.g. Tinel’s sign is the most sensitive for carpal
tunnel syndrome), or specific (Phalen’s manoeuvre is the most specific for carpal tunnel
syndrome), but are positive only in a limited number of patients (approximately 75%
for carpal tunnel syndrome). Studies demonstrated ranges of sensitivity of 25 - 75% and
specificity of 70 - 90% for Tinel’s sign and a sensitivity of 40 - 88% and estimate the
specificity of 81% for Phalen’s test in carpal tunnel syndrome. Corticosteroid injection
and/or lidocaine injection may relieve symptoms and are use as a treatment. They may
sometimes be used for diagnosis.
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Signs of neurological impairment
In more severe cases, patients present with nerve deficits, including impaired movement
of affected body part, muscle weakness or wasting, dry thin skin, thick ridged nails and,
rarely, skin ulcers.
Sensory testing
Both objective and subjective tests must be used and results noted in the patient’s
medical record. The goal is to confirm the diagnosis and to estimate the severity of the
compression.
Objective testing
In late stages, patients present with impaired sensation. Static two-points discrimination
testing will precisely and quantitatively define the severity of the impairment
(discrimination distance over 8 mm at the pulp leaves the patient an almost nonfunctional sensibility). One should map the nerve territory involved.
In early stages, only the threshold is modified and a Semmes-Weinstein testing is
more useful to detect subtle changes.
Subjective tests
Often, a detailed clinical examination is not performed in patients presenting with
«typical» symptoms and no clinical sign of impairment. Surgeons usually ask for «normal
feeling» by rubbing their finger over the patient’s pulps. Light touch is somewhat
imprecise to detect subtle changes, but subjective testing, like the «ten test» described
for carpal tunnel syndrome, is useful to both detect and quantify sensory disturbances.
It has been shown to be at least as reliable as objective testing.
Motor testing
Although seen mostly in late stages, deficit of motor function should be looked for.
Muscle atrophy is indicative of severe nerve compression, but other causes should be
excluded (e.g. thenar muscle atrophy as seen in first CMC joint osteoarthritis). Muscles
power is measured according to the British Medical Research Council (MRC), but
should be made in clinically relevant muscles (Table 3). Grade 0 is absent muscle
function, Grade 1 is muscle function without joint motion, Grade 2 function with
motion with gravity eliminated, Grade 3 function against gravity, but not against
resistance, Grade 4 function against gravity and against light resistance and Grade 5
is normal strength. For the intrinsic muscles that are difficult to test analytically, an
evaluation with a dynamometer gives a global view of the patient’s strength.
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Examination of reflexes
Examination of reflexes is rarely done in evaluation of peripheral nerve injuries. In the
more severe forms, interruption of the reflex arc can be seen and usually is associated
with severe paralysis. Increased reflexes should alert for upper motor neuron lesions.
Charts and questionnaires
As mentioned by Levine3, some authors have developed specific charts for nerve
entrapment, like the Levine’s self-administered questionnaire used to evaluate the
outcomes of carpal tunnel syndrome . Otherwise classic patient’s rated questionnaires
(e.g. DASH, Quick DASH, SF36) are useful to appreciate both the initial impairment
and the post-treatment improvement.
Differential diagnosis
Among the differential diagnosis are nerve lesions in other locations than can be either
isolated (differential diagnosis e.g. proximal median nerve compression at the elbow
mimicking carpal tunnel syndrome) or, more frequently, associated with a peripheral
nerve entrapment (associated diagnosis). However, it can also be a neurological disease
or another non-neurological pathology, including hysteria and malingering.
Proximal nerve entrapment - double crush and reverse double crush
As stated by Rayan and Jensen5, the double crush theory was first pointed out by Upton
and McComas in1973 and refers to a compression lesion at one point along a peripheral
nerve that lowers the threshold for occurrence of compression at another site secondary
to internal derangement of nerve cell metabolism. Proximal compression increases the
symptoms of a distal nerve entrapment (double crush), but a distal compression may
also increase proximal nerve entrapment symptoms (reversed double-crush). In clinical
practice, two sites of proximal compression are frequently encountered and should be
looked for - the cervical neck and thoracic outlet syndrome (TOS). Although cervical
degenerative arthritis is frequent, the exact frequency of a double crush is unknown,
which is also true for TOS.

Cervical radiculopathy
Cervical radiculopathy is a disorder of the cervical spinal nerve root and most commonly
is caused by degenerative changes, cervical disc herniation or other space-occupying
lesion, resulting in nerve root inflammation, impingement, or both. It has been shown
that combined neck and arm pain are much more disabling than either symptom
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alone. Any prior neck trauma or symptoms should be noted. Gait disturbance, balance
problems, sphincter dysfunction, or loss of coordination suggests myelopathy. As stated
by Rubenstein8, several special manoeuvres can be helpful to investigate radiculopathy
or pain of radicular origin. According to a systematic review, the Spurling test, neck
distraction, Valsalva and upper limb tension tests are most useful in establishing the
diagnosis of cervical radiculopathy in patients without neurological deficits.
• Spurling test, as originally described by Spurling and Scoville in 1944, is when
the patient laterally flexes and extends the neck after which the examiner applies
axial pressure on the spine. In this position the foramen of the spinal nerve roots
are narrowed. The results from the Spurling test are scored as positive if it causes
pain or tingling that starts in the shoulder and radiates distally to the elbow and/or
reproduce the patient’s symptoms. Improvement or relief of symptoms may occur
when the patient then flexes and rotates the neck to the opposite side as this opens up
the foramen. The sensitivity of the Spurling test for cervical radiculopathy is 30%,
and the specificity is 93%. Thus, it is particularly helpful to differentiate symptoms
from the spine from those of a peripheral nerve entrapment.
•		The Neck Distraction Test: The examiner places one hand under the patient’s chin
and the other hand around the occiput, then slowly lifts the patient’s head as axial
traction force is gradually applied up to 30 pounds. The test is classified as positive
if the pain is relieved or decreased when the head is lifted or distracted, indicating
pressure on nerve roots that has been relieved. The sensitivity was reported to be 4043%, and specificity 100% for radicular pain.
•		Valsalva Manoeuvre: The patient is seated and instructed to take a deep breath and
hold it while attempting to exhale for 2-3 seconds. A positive response occurs with
reproduction of symptoms.
•		Upper Limb Tension Test: The patient is supine and the examiner places the
patient´s upper extremity into: 1) scapular depression, 2) shoulder abduction, 3)
forearm supination, wrist and finger extension, 4) shoulder external rotation, 5)
elbow extension, and 6) contralateral then 7) ipsilateral cervical lateral flexion. It
is considered positive if any of the following symptoms or signs are recorded: 1)
symptoms are reproduced, 2) side-to-side differences in elbow extension are greater
than 10°, 3) if contralateral lateral flexion of the cervical spine increases symptoms
or ipsilateral lateral flexion decreases symptoms.

Thoracic outlet syndrome
If pain and/or numbness are present it is often easy to diagnose a cervical radiculopathy,
symptoms of thoracic outlet syndrome (TOS) are often very confusing, since clinical
manoeuvres are not specific (and positive in up to 30% of normal population). Thoracic
outlet syndrome has been further divided in:
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•		 Arterial TOS: about 1% of all TOS. Symptoms of ATOS include digital ischemia,
claudication, pallor, coldness, paraesthesia, and pain in the hand, but seldom in the
shoulder or neck. These symptoms are the result of arterial emboli.
•		 Venous TOS: about 3% of cases. Symptoms include swelling of the arm, plus
cyanosis - subclavian vein obstruction or Paget-Schrotter disease - may be preceded
by excessive activity with the arms.
•		 Neurological or disputed TOS: about 95% of cases. In the absence of diagnostic
possibilities with imaging technique, the diagnosis is mostly clinical and relies on the
accumulation of positive symptoms.
• Most patients with TOS have a history of neck trauma preceding their symptoms.
• Pain may be present in the shoulder, arm, forearm, hand, and fingers.
• Paraesthesia and numbness occur predominantly in the ulnar sided fingers, and are
worsen at night when patients sleep on their involved side.
• Patients may also describe weakness, fatigue, in the hand, arm, and shoulder, plus
neck pain and occipital headaches. Symptoms are often worse with overhead activities.
Raynaud’s phenomenon, hand coldness and colour changes is also frequently seen in
NTOS.
Table 4. Representation of the frequency of the symptoms.
Symptoms

50 patients (%)

Neck pain

88

Trapezius pain

92

Supraclavicular pain

76

Chest pain

72

Shoulder pain

88

Arm pain

88

Occipital headache

76

Paraesthesia

98

All 5 fingers

58

4 and 5 fingers

26

1st-3rd fingers

14

No paraesthesia

2

th

th

During inspection, most patients present with their head slightly flexed. The neck
may be long and the shoulders in a downward position (Droopy’s shoulders).
Clinical examination should look for arm swelling, cyanosis, and distended superficial
veins over the shoulder and chest wall (vTOS). NTOS usually demonstrates tenderness
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over the scalene muscles. Nerve percussion (i.e. Tinel’s sign) in the supraclavicular area
can be positive. Nerve compression of the brachial plexus at the level of the apophysis
of C7 as it exits the scalene (Morley’s sign) should reproduce paraesthesia within 30
seconds to be considered positive.
Many provocative manoeuvres have been described and may either reproduce the
symptoms or exhibit an obliteration or attenuation of the radial pulse. Some of them
are listed below:
• Neck rotation and head tilting (ear to shoulder), which elicit symptoms of pain and
paraesthesia down the contralateral side.
• Abducting the arms to 90° in external rotation (90° AER), which initiate symptoms
within 60 seconds and often, in less than 30 seconds. One can also use a stethoscope
to listen for systolic murmur.
• Modified upper limb tension test of Elvey (ULTT) is performed with three
manoeuvres in succession as follows: Position 1. Abduct both arms to 90° with the
elbows straight. Position 2. Extend both wrists. Position 3. Tilt the head to one side,
ear to shoulder. The head is then tilted to the other side. While positions 1 and 2 elicit
symptoms on the ipsilateral side, position 3 elicits symptoms on the contralateral
side. Pain down the arm, especially around the elbow, and/or paraesthesia in the
hand is a positive response. The strongest positive test is onset of symptoms in
position 1 with increased symptoms in positions 2 and 3 according to Sanders.
• Adson test (1927). “The patient takes a long deep breath, elevates the chin, and turns
it to the affected side. This is done as the patient is seated upright, with his arms resting
on his knees. An alteration or obliteration of the radial pulse or change in blood pressure
is a pathognomonic sign of a scalenus anticus syndrome.” The frequency of positive
responses ranged from 22 - 100% with a median of 31%. In four studies of healthy
volunteers, pulse obliteration or reduction of the amplitude occurred in 53%, 9%,
15%, and 11%, respectively.
• Falconer and Weddell (costoclavicular) manoeuvres start with the patient standing in
the upright position and place the shoulder downward and backward (exaggeration
of military position) and looking for obliteration of arterial pulse.
• Wright´s hyperabduction test looks also for pulse obliteration.
• Ninety-degree abduction in external rotation stress test (90° AER) is performed by
having the patient to elevate the arms in a “stick-em-up” position. This test was
popularized by Roos in 1966 and is sometimes referred to as the elevated arm stress
test (EAST test of Roos). A positive test is reproduction of the patients’ symptoms of
pain and paraesthesia within 60 seconds, but not necessarily a reduction of the radial
pulse. In Sanders experience, this manoeuvre is positive in 94% of NTOS patients,
while only 24% demonstrated a diminished pulse.
None of these manoeuvres is specific and their sensibility/specificity varies in the
literature (Table 5). As mentioned by Rayan and Jensen6, many tested healthy subjects
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(more often women than men) present with a positive manoeuvre. However, from a
clinical point of view, the more positive manoeuvres, the more probably is the diagnosis.
Table 5. Variations in sensibility and specificity of various tests in literature. The wide range of variation
suggests that none of these tests is diagnostic.
Sensibility

Specificity

Adson

30 - 71%

1.6 - 100%

Wright 90°

37 - 70%

43 - 100%

Wright 180°

67 - 93%

46 - 98%

Tinel

100 % (one series)

96% (one series)

Roos

66 - 75%

26 - 99%

Other differential diagnoses
Taking a medical history, including question about onset of symptoms, should precede
the clinical examination and the examination should look for positive provocative
signs and for the severity symptoms, like deficits of sensory-motor function. A general
examination is necessary. Among the possible differential diagnoses are:
• 		 Parsonage-Turner syndrome may mimic a neuropathy. The typical presentation is
the presence of pain approximately 10 days before a deficit ensues (typically, the
pain then resolves). The presence of other neurological deficits and EMG studies are
usually diagnostic.
• 		 Amyotrophic lateral sclerosis may mimic a carpal tunnel syndrome. General weakness,
progressive loss of function without pain or sensory disturbances, weakness or
wasting of intrinsic muscles, tongue fasciculations, some difficulty to speak (slurred
speech) and other symptoms should alert the physician or surgeon.
• 		 Weakness may arise from lesions in the brain, spinal cord, motor end plate, or
muscle. Difficulty with rising from a chair or climbing stairs suggests proximal
muscle weakness, whereas difficulty in writing, opening jars and doors, and catching
the toes while walking suggests distal weakness. During the physical examination,
observe for fasciculations, assess muscle mass, tone, and strength, and evaluate the
reflexes. Hysterical weakness is not rare and malingering is perhaps more common.
• 		 Numbness and paraesthesia: symptoms on one side of the entire body indicate a
problem in the thalamus or cortex; loss on one side of the body below a specific
level suggests spinal cord injury; symmetrical distal paraesthesia (stocking-glove
distribution) suggests a generalized sensory (with or without motor) axonal
neuropathy. Hysteria can also be seen. In older patients, numbness may be secondary
to tendinitis, osteoarthritis or even aging.
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Clinical examination of a recently injured nerve
Acute nerve injuries may be due to nerve transection (sharp injuries) injuries, crush
injuries and traction-avulsion injuries. Clinical examination will depend partly on the
mechanism of nerve injuries, but some principles are common. Whatever the nerve
lesion, the patient’s status should also be considered as it infers with both the indication
of treatment and the prognosis.
Patient’s status
Time and circumstances of the injury should be noticed as well as the dominant
side, profession and hobbies of the patient and other points of his status. Of relevant
importance for prognosis are:
• 		 Age: Nerve repair carries better outcomes in young patient (up to teenagers), while
after 40-60 years of age the clinical results are usually poor.
• 		 Tobacco: We are not aware on a paper demonstrating a negative influence of
smoking on nerve regeneration. However, many papers demonstrated a negative
influence of tobacco on soft-tissue healing, and arterial repair (arterial repair are
usually associated with nerve repair). Alcohol consumption is also noted, as alcohol
is a significant neurotoxin.
• 		 Previous nerve injuries.
• 		 Associated injuries, including bone, tendon laceration, hand (de)vascularisation, skin
damages etc., should be addressed at the same time or prior to nerve repair. Scar tissue
is responsible for a worse result following nerve repair. Nerve injury can be associated
with fractures and fracture-dislocations (e.g. about 10-15% of humeral shaft fracture
present with radial nerve palsy). Iatrogenic injury also occurs with a reported rate of
1-10% of iatrogenic nerve injury after plating forearm fractures. Associated trauma
can increase the probability of nerve injury. For example, a hematoma formation at
the site of injury increases the probability of nerve injury 4.4-fold.
Mechanisms and characteristics of the nerve injury
Among the various factors that influence indication and prognosis are:
• Level of injury: the more proximal the injury is, the worse is the prognosis in terms
of sensory and motor recovery.
• 		 Mechanisms of injury: sharp and lacerating injuries affect nerves without causing
much damage to the nerve distant to the injury. Therefore, as stated by Spinner and
Kline10, these lesions may generally be repaired immediately with direct, tension-free
suture repair. Blunt lacerating lesions, such as from lawnmower blades, may require
a waiting period before they are repaired as this mechanism of injury tends to cause
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initially unapparent damage to portions of the nerve somewhat proximal and distal
to the point of nerve severance. Gunshot wounds may cause damage to nerves by a
variety of means, usually a cavitation injury in the surrounding tissue, which causes
stretch-contusion injuries to nerves. These lesions require a waiting period to permit
recovery after a neuropraxia, usually over a period of several weeks. Stretching or
contusion of the brachial plexus may result in focal lesions, extensive neuromas,
nerve disruptions, and/or avulsions that are the most complex nerve lesions and are
usually observed for 3-4 months.
Neurological examination
If the nerve is divided it loses its function! Thus, clinical examination of peripheral nerve
injuries is usually limited to a yes or no answer in the territories distal to the level of the
nerve lesion. Determination of the level of the nerve lesion, which can be at the spine, at
the cords, at the trunks or at the terminal braches of the brachial plexus, is of paramount
importance especially if the surgical indication is postponed.
Sensory disturbances should be assessed using either the tip of the finger or better
compression. The surgeon should always test at least the autonomous nerve territory
where overlap from adjacent nerves is minimal (i.e. the ulnar border of the little finger
is only innervated by the ulnar nerve). One should ask if the patient feels something
and where does he feel the stimulation. If he feels something, one should ask if this is
with the same intensity (compare to contralateral side). Usually this is all that is needed.
However, in the context of emergency, patients may not understand, cooperate or even
may perceive «something», while at surgery their nerve is completely divided. Thus, in
case of doubt a two-point-test discrimination should be performed and if abnormal a
nerve lesion is highly suspected.
Motor testing is less easy to perform as associated lesions complicate a thorough
neurological examination. In some patients, nerve injury may remain undetected
because joint and/or bony injury may dominate the clinical picture. One can test either
a single muscle or a function that can be shared by different nerves (see Table 2).
For brachial plexus injuries, one should also assess more proximal injuries (Horner’s
syndrome, Brown-Sequard’s, etc) that witness of a nerve root avulsion. Associated lesions
(vascular, osteo-articular including rib fractures) are also a good indication for a severe
injury. Clinical evaluation should permit the lesion to be localized to the supraclavicular
or infraclavicular region, to specific neural elements (e.g. C5/C6 or upper trunk), and
to a preganglionic or postganglionic zone and should be timely done. The diagnosis of
peripheral nerve injuries hinges on a detailed anatomy of the peripheral nervous system
and its normal variants. The identification of sensory and motor deficits on a detailed
neurological examination permits the localization of most peripheral nerve injuries and
to follow spontaneous recovery.

128

Clinical examination of late nerve injuries
Examination will be slightly different for patients that did not have any nerve repair and
for those that were surgically repaired, but they share many common aspects. The goal
of clinical examination is to localize the nerve injury and to follow its recovery.

Clinical examination of nerve deficit
All clinical tests should be used to make a precise evaluation of the deficit and a mapping
of the neurological examination reported on a chart. Muscles, nerves and trunks should
be assessed using neurological charts. The clinical pattern of recovery of sensation is
described by Dellon. The first sensations to recover are those perceived through the
non-myelinated and small myelinated fibers, such as pain and temperature. Sweating
also recover. For motor recovery, muscle pain is the first positive symptom before
contraction could be seen. For brachial plexus injury, motor testing of the trunks
should also be performed (a rhomboid weakness is indicative of a pre-ganglionic lesion).
Abnormal reflexes suggest associated spinal cord or head lesion. Return of sweating
suggests some recovery of autonomous nerve fibres, but this does not correlate with
either sensory or motor recovery.

Clinical examination of pain
Nerve injury often produces a long-lasting neuropathic pain, manifested as allodynia,
a decrease in pain threshold and hyperplasia, and an increase in response to noxious
stimuli. Pain may preclude rehabilitation, or the use of motor functions. Visual analogue
scale is one way to assess the pain intensity. Some questionnaires have been designed
specifically for neuropathic pain, which is present in up to 95% of patients with brachial
plexus injury.

Clinical examination of technical possibilities for nerve repair
or palliative surgery
Delay since injury is a major factor to assess, as the target end organ (muscle) tends to
experience both denervation and disuse atrophy, which is irreversible after a delay of 1218 months. Sensory organs are less sensible and late repair can give acceptable sensory
recovery.
If a nerve repair can be done, clinical examination should look for the technical
possibilities.
• For nerve repair, one should assess not only the nerve length to repair, but also
the quality of the vascular bed. Scar tissues that limit nerve gliding and a poorly
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vascularized bed may contraindicate some repair techniques and/or favour others
(including vascularized nerve grafts).
• For nerve graft, one should assess the potential donor nerve available (usually sural
nerves are used).
• For nerve transfer, neurological examination will confirm the integrity of the donor
nerve. Chest X-ray in both inspiration and expiration should confirm the integrity
of the phrenic nerve/diaphragm before harvesting intercostal nerves.
If nerve repair is considered as contraindicated, tendon transfers should be considered
and clinical examination should include quality of scars, joint passive motion, and
available tendon transfers.

Tinel´s sign in the survey of a nerve repair
Regeneration of a peripheral nerve occurs at a rate of approximately 1 mm/day. In
injuries that are more proximal, improvement may not be obvious for many months.
Nerve regeneration is usually followed both by motor and sensory recovery and the
progression of what is called the Tinel’s sign. In 1915, the German physiologist Paul
Hoffman described a sensation of “tingling” or “pins and needles” that could be elicited
whenever an injured nerve was percussed. According to Hoffman, this “distal tingling
on percussion” was a sign of nerve regeneration. Later in 1915, Jules Tinel, a French
neurologist, described a “tingling sensation” or “formication sign” produced by slight
percussion of a nerve trunk some time after an injury. Tinel attributed the tingling to
the presence of young axons in the process of growing. Jules Tinel noticed that those,
who have a tingling sign that progressed from the site of nerve injury distally, eventually
made some degree of recovery following nerve injury. Tapping along the course of the
nerve should be performed from distal-to-proximal first until a tingling sign with distal
sensation is elicited. Then, a proximal to distal tapping is performed to locate the site
of injury. The distance between the two points should increase over time as the nerve
regenerates. A negative Tinel’s sign is more valuable in clinical evaluation than a positive
Tinel’s sign.
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5-2-2
Neurophysiological Techniques
Çağrı Mesut Temuçin*

Key points
• Conduction velocities of motor and sensory nerves reflect the functional state of the
myelin sheaths.
• A decrease in Sensory Nerve Action Potential (SNAP) or Compound Motor Action
Potential (CMAP) amplitudes indicates axonal degeneration, whereas significant
slowing of nerve conduction velocities (NCVs) or prolongation of distal CMAP and
F wave latencies indicate demyelination.
• The reliable indicator of axonal loss is observation of pathological spontaneous activities - fibrillation potentials and positive sharp waves (PSW) - when the muscle is at
rest.
• On the other hand, these pathological spontaneous activities are never observed in a
pure conduction block.
• Needle examination is the most valuable electrodiagnostic technique for brachial
plexopathies, since it can show the accurate distribution of the nerve injury.

Role of electrophysiological examinations in upper extremity
nerve injuries

E

lectrodiagnostic studies provide functional and anatomical localization information
about the nerve injuries by answering these following questions:

*
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Is there a peripheral nerve injury that explains the symptoms and clinical examination
of the patient? If so;
Which nerves are affected?
Where is the localization of the nerve lesions?
What is the nature of the lesion? Axonal, demyelinating or mixed type.
What is the severity of the lesion?
What is the time course of the lesion? Acute, subacute or chronic.
Are there any signs of regeneration / reinnervation?
By answering these questions, electrodiagnostic studies guide the surgeon in planning
the surgery of the nerve injury. Routine electrodiagnostic technique includes evaluation
of nerve conduction, needle EMG examination, and somatosensory evoked potentials.
In some instance, other techniques, like motor evoked potentials, may be required.

Nerve conduction studies
Evaluation of nerve conduction provides valuable functional information about the
sensory and motor peripheral nerves, primarily the large-diameter fibres. During the
evaluation of nerve conduction, sensory and motor nerve action potentials are evoked
artificially by electrically stimulating the peripheral nerves with a surface stimulation
electrode. After a supramaximal stimulation of a sensory nerve, action potentials from
all fibres travel along the nerve. Compound nerve action potential or sensory nerve
action potential (SNAP) is recorded at a distance from the stimulation site by surface
electrodes that is placed on the skin along the course of the stimulated nerve. SNAP
amplitude and its latency from the beginning of the stimulation to the onset of the
potential are measured (Figure 1). Nerve conduction velocity (NCV) of sensory nerves
is calculated simply by dividing measured conduction distance between the stimulation
and recording sites (millimetres) by the latency of the SNAP (milliseconds). On the
other hand, motor nerve action potentials are not recorded directly from the nerves, but
indirectly from muscles. A motor nerve is initially stimulated supramaximally at a distal
nerve part; at wrist for ulnar and median nerves. Evoked motor nerve action potentials
travel distally and reach the terminal nerve ends. Action potentials cause acetylcholine
release at the presynaptic regions, which activate the acetylcholine receptors at the
postsynaptic site. Following the opening of the acetylcholine receptors, muscle fibre
action potentials are evoked and travel along the muscle fibres. Distal compound muscle
action potential (CMAP) is recorded by surface electrodes placed over the neuromuscular
junction (belly) of the muscle, which is innervated by the stimulated nerve (Figure 2).
Thereafter, the same motor nerve is stimulated at a proximal location, at the elbow, and
a proximal CMAP is obtained. The amplitude of CMAP and its latency is measured for
both the sites of the stimulation, like in evaluation of sensory nerve conduction. Motor
NCV is calculated by subtracting the distal CMAP latency from the proximal CMAP
latency and by dividing the distance between the two stimulation sites by this latency
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Figure 1. Sensory nerve conduction studies. Sensory conduction velocity = Measured conduction distance
/ SNAP latency. SNAP: Sensory nerve action potential.

Figure 2. Motor nerve conduction studies. Motor conduction velocity = Measured conduction distance /
[proximal CMAP latency – distal CMAP latency]. CMAP: Compound muscle action potential.
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differences. Distal CMAP latency is also a valuable measurement for nerve conduction,
since it reflects the motor nerve conduction at the most distal part of the nerves. The
amplitude of the SNAPs and CMAPs is proportional to the number of axons of sensory
or motor nerves, respectively. Conduction velocities of motor and sensory nerves reflect
the functional state of the myelin sheaths, since its electrical properties provide the fast
conduction of the action potential along the nerves. After the stimulation of a motor
nerve, evoked nerve action potentials travel also proximally towards the anterior horn
cells, in which they evoke a new nerve action potential at the axon hillock. This artificially
evoked nerve action potential travels distally towards the muscle and produces a muscle
fibre action potential. These late motor responses, which follow the CMAP, are called F
waves. The latency of F waves gives information about the conduction along the entire
motor nerves.
For each laboratory there must be reference values for different age groups obtained
from healthy subjects. Amplitude, NCV, distal CMAP latency and F wave latency
values from patients are compared with age matched reference values. Values that
exceed lower or upper limits of reference values indicate abnormalities. In general, a
decrease in SNAP or CMAP amplitudes indicates an axonal degeneration, whereas
a significant slowing of NCVs or prolongation of the distal CMAP and the F wave
latencies indicate demyelination. Of course, there is always a “grey zone” between these
electrophysiological considerations. For example, in axonal degeneration there may be
slowing at NCVs in some degree in proportion to the axon loss of fast conducting fibres.

Needle EMG examination
A peripheral functional unit within a muscle, which is called a motor unit, consists of an
anterior horn motor neuron, its peripheral nerve and all muscle fibres that it innervates. At
the needle EMG study, the functional state of the motor units are evaluated by inserting
a fine needle electrode into the muscles and by recording their electrical activities.
Muscles are examined both at rest and at voluntary contraction. At rest, there should
not be any electrical activity observed (electrical silence) except for the physiological
end-plate potentials that is originated from the spontaneous release of acetylcholine at
presynaptic regions (Figure 3). On the other hand, during a mild voluntary contraction
motor units begin to fire and motor unit action potentials (MUAPs) are recorded
from the muscle. Needle electrode records the electrical activity of MUAPs inside the
recording area. The configuration of MUAPs consists of an amplitude, duration, phase
number and stability. These main parameters for each sampled MUAP are evaluated
semi-quantitatively during the routine needle EMG examination. The amplitude and
the duration of MUAPs reflect the number of muscle fibres that belongs to a single
motor unit. By moving the needle electrode within the muscle, different MUAPs are
sampled from different sites of the muscle. Therefore, an overview of motor units within
a muscle can be obtained during the mild voluntary contraction. By increasing the
135

Figure 3. Schematic representation of motor units (left panel) and corresponding needle EMG findings
in normal subjects (upper traces), during denervation stage (middle traces) and after reinnervation (lower
traces). In normal subjects at rest, there are no spontaneous activities and motor unit action potentials
(MUAPs) are recorded during mild voluntary contraction. By increasing the contraction level new motor
units are recruited. During the denervation stage, there are pathological spontaneous activities as positive
sharp waves (arrows) and a reduced recruitment pattern during the mild and maximal contraction.
After the completion of the reinnervation, spontaneous activities disappear and long duration and large
amplitude MUAPs are recorded during the mild voluntary contraction.

voluntary contraction level, increased numbers of new motor units begin to fire in an
order so that needle electrode records new MUAPs. Finally, by achieving the maximal
contraction level all motor units are fired, which is called as “recruitment pattern”.
The number of recruited MUAPs during the maximal contraction is proportional to
the number of functional motor units in a muscle. In summary, by evaluating the
spontaneous activities, amplitude and duration of MUAPs and recruitment pattern, the
functional states of motor units can be understood.

Somatosensory evoked potentials (SEP)
During studies of the somatosensory evoked potentials (SEP), the distal part of a
peripheral sensory nerve is stimulated electrically and evoked potentials are recorded
from different sites along the peripheral and central course of the sensory pathways.
Surface or needle recording electrodes are placed over the skin at the brachial plexus,
the cervical region and finally over the somatosensory cortex. Amplitudes and latency
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of evoked potentials obtained from each recording site are measured. Absolute SEP
latencies, together with latency differences between different recording regions, are
calculated. These latency differences give important information about the sensory
conduction pathways extending between these anatomical landmarks.

General aspects of studies of nerve conduction and needle
electromyography (EMG) in nerve injuries
Nerve Conduction Studies
The most critical point in the evaluation of nerve injuries is the timing of evaluation of
nerve conduction. As mentioned above, nerve conduction study parameters are obtained
from a limited distal segment of a nerve - between the stimulation and recording sites.
Any nerve pathology can be detected with evaluation of nerve conduction only if this
examined part of the nerve is also involved in the injury process. On the other hand,
after a nerve injury accompanied with axonal loss it takes a period of time, usually
several days, for the progression of the Wallerian degeneration to proceed from the axon
stump to the most distal parts of the nerve. Since the distal parts of the nerve can be
electrically evoked during this time period, routine evaluation of motor and sensory nerve
conduction at distal part of the nerve remain normal at the acute stage of a nerve injury.
In other words, a certain time is required for detection of abnormalities in evaluation of
nerve conduction, which is determined by the rate of the Wallerian degeneration. The
required time is proportional to the distance of the site of examination from the site of
injury. During this period, the only nerve conduction study abnormality, if observed,
is the difference in CMAP amplitude between the proximal and the distal nerve
stimulations. The stimulation of motor nerves above the site of injury creates action
potential only in intact axons. However, a distal stimulation evokes all axons since
injured nerves are not fully degenerated yet and can be electrically evoked at the distal
nerve portion. This means that a proximal stimulation causes a low CMAP (proximal
CMAP) compared to the distal one. On the other hand, motor conduction block can
mimic this clinical picture as weakness of the affected muscles and may also demonstrate
the same nerve conduction study findings.
Motor conduction block is the electrophysiological correlate of neurapraxia. If there
is a temporary segmental damage to the myelin sheath, due to ischemia or demyelination,
it causes a failure of conduction at the region of injury. Although the axons are intact,
propagation of nerve action potentials to target muscle fibres is disrupted at the
demyelination segment. On the other hand, after the stimulation of the nerve below
the segmental demyelination area, all axons conduct the action potential and evoke
a normal distal CMAP. Therefore, the proximal CMAP amplitude is lower when the
nerve is stimulated above the site of conduction block (Figure 4). The percentage of
this amplitude difference depends on the number of blocked axons. Since segmental
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Figure 4. Schematic representation of neurapraxia due to segmental demyelination (upper trace). After
the stimulation of the nerve below the site of segmental demyelination all axons conduct a action potential
and produce a normal distal CMAP, while stimulation above results in a lower CMAP amplitude (lower
trace). CMAP: Compound muscle action potential.

demyelination usually recovers spontaneously and its medical approach is different, its
distinction from axonal loss is very important. The distinction becomes apparent over
time. As Wallerian degeneration progresses after several days of injury (up to 10 days),
the affected distal axons will not be evoked anymore and so distal nerve stimulation
causes a low CMAP amplitude similar to a proximal stimulation. In severe cases, no distal
CMAP can be obtained after 10 days. On the other hand, in the case of a conduction
block, distal to proximal CMAP amplitude differences persist until the recovery stage.
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With the resolution of the conduction block, the proximal CMAP amplitude increases
and reaches normal values and becomes similar to the distal CMAP.
After the completion of Wallerian degeneration, nerve conduction studies
demonstrate a decrease in amplitude of SNAP and both in proximal and distal evoked
CMAPs. Initially, CMAP amplitudes decrease due to the additional structural changes
in neuromuscular junction after a nerve injury. This decrease is followed by the drop
in SNAP amplitudes. These changes occur approximately in 6-7 days for the motor
nerve and 9-10 days for the sensory nerves. Amplitude drops are proportional to the
severity of the axonal loss. High individual variability for SNAP and CMAP amplitudes,
especially in the paediatric age group and rarely studied nerves, make it difficult to
define abnormalities. In such cases, the amplitudes recorded from the injured side are
compared with the healthy side. In complete lesions, there are no obtainable SNAP or
CMAP responses. Furthermore, F wave latencies are prolonged or absent due to the
loss of fast conducting axons. Following reinnervation, CMAP amplitudes gradually
increase. Nerve conduction velocities are lower in some degree due to the shorter length
of the newly formed nodes of Ranvier.
Needle EMG
After a nerve injury with an axonal loss, the initial finding in a needle EMG is the reduced
recruitment pattern of the motor units during the maximal voluntary contraction.
During the effort of a voluntary contraction, the anterior horn cells are fired by the central
drive and motor nerve action potentials are generated, but they cannot be transmitted
distally to the target muscle fibres. Only the MUAPs with normal morphology from
the survivor motor units are observed. Therefore, needle EMG recordings demonstrate
a decrease in the number of MUAPs during the maximal contraction effort. In severe
cases, despite the maximal effort, there will be no MUAP. At the early stages of injury,
reduced or even absent recruitment pattern will not be helpful in distinguishing a true
axonal loss from a motor conduction block.
In the case of neurapraxia, due to the functional conduction failure at some axons,
the numbers of recruited MUAPs are decreased similar to an axonal loss. The reliable
indicator of axonal loss is the observation of pathological spontaneous activities fibrillation potentials and positive sharp waves (PSW) - when the muscle is at rest. At
rest, observation of pathological spontaneous activities indicates denervation of at least
some motor units at the examined muscle. These pathological activities arise from
the denervated muscle fibres, which begin to fire spontaneously due to the oscillatory
changes in their resting membrane potentials. The detection time of these spontaneous
activities in denervated muscles depends on the distance of the muscle from the site of
injury. Fibrillation potentials and PSW are first observed at the most proximal muscles,
which is innervated by the injured nerve. By the progression of Wallerian degeneration
distally, these fibrillation potentials and PSW are also observed at distal muscles.
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These denervation potentials in examined muscles are observed in nerve conduction
studies at1 - 6 weeks depending on their distance from injury. The quantity of the
spontaneous activities at a muscle reflects the severity of nerve lesion. On the other
hand, these pathological spontaneous activities are never observed in pure conduction
block. Therefore, absence of MUAPs during the effort of a voluntary contraction, only
if accompanied by pathological spontaneous activities, is suggestive for a complete
axonal injury. This critical decision can be confirmed by electrically stimulation of the
affected nerve during needle EMG examination. On the other hand, obtaining even a
few MUAPs during the voluntary contraction at early stages suggests the survival of at
least some of the motor units and continuum of the peripheral nerve. This is important
information since these voluntary muscle activities may not be noticed clinically and
can change the timing of the surgery. It should be remembered that axonal loss and
conduction block may occur concurrently, and at early stages it is difficult to decide
which is the main pathology. Repeated examination is needed, especially if the first
electrodiagnostic study is performed at early stages of the injury.
Following the acute stage of a nerve injury, morphological changes at MUAPs
are observed at the needle EMG examination. In the case of partial and mild axonal
injury (partial axonotmesis), denervated muscle fibres are reinnervated initially by
collateral axons arising from the neighbouring intact motor units. Old denervated
muscle fibres are added to the innervation territory of survivor motor units. The first
electrophysiological finding of the reinnervation is the increase in the phase number
(polyphasic MUAPs) of the remodelled intact MUAPs. These are recognized as unstable
MUAPs due to the newly formed, but immature, neuromuscular junctions. As the
process evolves into a chronic phase, also the amplitude and the duration of the MUAPs
increase and become more stable. Fibrillation potentials and PSW concurrently begin
to disappear during the reinnervation process. In the case of pure conduction block,
recovery is electrophysiologically observed as the return of normal recruitment pattern
without additional morphologic changes of MUAPs.
Another slower type of recovery process is the regeneration of axons from the
proximal site of the injury with the guidance of Schwann cell basal lamina tubes. This is
a very slow process when taking into account that the axons regrow at a rate of 1-2 mm
per day. After months to years when the axons have reached their target muscle fibres,
unlike in the case of collateral sprouting, short-duration, low amplitude and polyphasic
MUAPs are observed at the needle examination. Like in denervation activities, these
reinnervation signs also appear in a proximal to distal order; they appear initially at
proximal muscles. Furthermore, due to the shorter distances that the axons have to
regrow, the proximal muscles are reinnervated more successfully than the distal ones.
This regeneration process also takes place in cases of partial axonotmesis. On the other
hand, after severe axonal injuries if there are no intact motor units that “undertake”
the collateral sprouting (complete axonotmesis), the only recovery mechanism is the
regeneration of axons from the nerve end. Therefore, repeated electrodiagnostic studies
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need to wait the electrophysiological signs of this slow regeneration process (usually it
takes months) and before making the critical “no recovery” decision after the complete
denervation of muscles.
SEPs can demonstrate and localize axonal loss at sensory pathways. After stimulation
of the median and the ulnar nerves at wrist, a decrease in the amplitudes or prolonged
latencies of potentials at one of the recording sites suggest a nerve lesion between the
stimulation and recording sites.

Electrophysiological techniques in diagnosis of upper extremity
nerve injuries
Brachial plexus injury
Different aetiologies can cause similar brachial plexus lesions, where several of the lesions
may enter into surgery, like brachial plexus birth injuries and traumatic plexopathies. On
the other hand, although it is a frequent pre-diagnosis, true neurogenic Thoracic Outlet
Syndrome (TOS) is a very rare entity. In true neurogenic TOS, electrodiagnostic studies
show lower trunk findings. Electrodiagnostic studies cannot provide direct information
about the aetiologies, but can detect and localize the brachial plexus lesions. Since there
is a complex anatomical organization of the brachial plexus, with spinal nerve roots, five
spinal nerves, three nerve trunks, six divisions and three cords, some basic localization
algorithms are used during nerve conduction studies. By using these anatomical based
approaches, lesions can be localized to the trunks or cords of the brachial plexus. Also,
additional pathologies, like root avulsions, can be determined or excluded.
At the electrophysiological examination of the brachial plexus, routine evaluation
of motor and sensory nerve conduction is performed at the median, the ulnar and the
radial nerves. Additionally, evaluation of medial and lateral antebrachial cutaneous
sensory nerve conduction is performed as these nerves, which arise from the lower and
the upper brachial trunk, respectively. Furthermore, motor nerves can be stimulated
at the level of the brachial plexus (i.e. Erb’s point) and the motor responses can be
obtained from more proximal muscles, such as the deltoid, the biceps, the supra- and the
infraspinatus muscles. Especially prolongation in the latency of these motor responses
indicates slowing of conduction at the upper trunk.
Evaluation of motor and sensory nerve conduction is performed to detect the
abnormalities at nerve distribution of the trunks:
the lower trunk of brachial plexus
• evaluate median and ulnar motor nerve conduction,
• evaluate fifth finger to wrist segment ulnar and lateral antebrachial cutaneous sensory
nerve conduction,
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the middle trunk of brachial plexus
• evaluate index and long finger to wrist segment median sensory nerve conduction,
• evaluate motor response from triceps muscle by stimulation of Erb’s point,
the upper trunk of brachial plexus
• evaluate thumb and index finger to wrist segment median, superficial radial and
lateral antebrachial cutaneous sensory nerve conduction,
• evaluate motor response from deltoid, biceps and, supra- and infraspinatus muscles
by stimulation of Erb’s point.
Abnormalities in nerve conduction mainly points out an axonal injury, in which
there are decreased CMAPs and SNAPs amplitudes, as well as delayed or absent F
waves. Needle examination is the most valuable electrodiagnostic method for brachial
plexopathies since it can show the accurate distribution of the nerve injury. Different
muscles that are innervated from different trunks and cords as well as nerves are
examined. At needle EMG examination during rest, there are denervation potentials
at the muscles that are innervated from these components of the brachial plexus.
Preservation of paraspinal muscles is an important finding that localizes the lesion distal
to motor roots. During the stage of recovery, findings of reinnervation are observed
at the affected anatomical distribution. One interesting finding during the stage of
recovery of brachial plexus birth injury is the aberrant reinnervation. After brachial
plexus birth injuries denervated muscle can be reinnervated by axons from other than
original nerves. This is caused by misdirection of the regrowing and regenerating
axons from the site of injury. Regrowing axons may reach agonistic, antagonistic, or
unrelated muscles. Especially co-contraction of antagonist muscles can cause severe
functional disabilities. Such a dramatic clinical picture is caused by misdirection of
injured phrenic nerve or C3-4-5 roots into the injured upper and middle trunks, which
is called as the “breathing arm” or the “breathing hand”. Some of the muscles in the
upper extremity are fired synchronously with respiration muscles and cause respiratory
synkinesis. This means that obtaining MUAPs during needle EMG at the previously
denervated muscles does not always indicate a functional recovery. A special attention
is needed for these false reinnervations. This can be avoided by simultaneous recordings
from the suspected muscles, which are aberrantly innervated by same nerves. The same
clinical symptoms and signs can occur after intercostal nerve transfer for reconstruction
of the brachial plexus. As mentioned above both, evaluation of nerve conduction and
needle EMG findings may be normal at the very early stage of the injury. Time related
electrodiagnostic changes have been discussed in detail above. Quantitative amount
of pathological electrodiagnostic findings are proportional to the severity of brachial
plexus lesion. Finally, SEP examination can provide additional information about the
localization of the lesion. For example, after the median nerve stimulation at wrist,
absent SEPs from the brachial plexus recording site indicates a lesion at the median
nerve or the brachial plexus. On the other hand, findings of normal SEPs at the brachial
plexus recording site, but absent SEPs at the cervical region, indicate a root avulsion
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Root avulsion
An electrodiagnostic study can differentiate a nerve lesion at the brachial plexus from
one at the radicular level, which in this case will be a root avulsion. During evaluation
of nerve conduction, a substantial finding for the localization of the lesion is the
preservation of SNAPs at lesions proximal to the dorsal root ganglion. Cell bodies of
sensory nerves are preserved at lesions that are proximal to the dorsal root ganglion,
like in root lesions (i.e. avulsion). Therefore, although sensory action potentials cannot
conduct rostrally beyond the ganglion physiologically, in root avulsions the sensory
nerve action potential can be evoked at the distal nerve parts and the sensory nerve
conduction remains normal. This finding helps to localize the lesion and especially
to differentiate the brachial plexus lesion from root avulsions. Severe drops in CMAP
amplitude of motor nerves reflect the severity of axonal loss. On the other hand, absent
or prolonged latency of F waves indicates a root involvement, since it reflects the motor
nerve conduction along the whole length of motor nerves, including the root region.
In radicular lesions, needle EMG abnormalities show a myotomal distribution rather
than a nerve distribution. Therefore, during the needle EMG examination, muscles
that are innervated from same root, but with different peripheral nerves, are examined.
Root innervations of some frequently examined muscles that are innervated by different
nerves are:
C5-6 > Deltoid (axillary nerve), biceps (musculocutaneous nerve), supra- and
infraspinatus (suprascapular nerve) muscles
C6-7 > Triceps (radial) and pronator teres (median nerve) muscles
C8-T1 > First dorsal interosseous (ulnar nerve), abductor pollicis brevis (median
nerve) muscles
Also, denervation findings in the paraspinal muscles highly suggest a lesion proximal
to the spinal ganglion, i.e. at the root level.
In some cases, brachial plexus lesions may be accompanied by root avulsion in some
degree. A relatively mild decrease in SNAP amplitude non-proportionally accompanied
by a severe decrease in motor CMAP and denervation findings in the paraspinal
muscles as well as involvement with a trunk distribution should be a warning for this
combination. A limited reinnervation is possible only at partial root avulsions and only
observed with collateral sprouting from survivor motor units.

Peripheral nerve lesions in the upper extremity - general aspects
In nerve compression lesions, demonstration of a motor conduction block is the
electrophysiological hallmark of the segmental demyelination. It can localize the exact
site of the nerve compression. On the other hand, sensory nerve conduction studies
are performed in distal nerve segments and, except in the carpal tunnel syndrome,
the distal portions of the nerves are usually spared from segmental demyelination.
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Therefore, although there are severe sensory symptoms in compression lesions, sensory
nerve conduction may remain normal. Only if secondary axonal loss is present and after
Wallerian degeneration in sensory nerves has progressed, sensory nerve conduction is
affected with a decrease in SNAP amplitudes. This is also true for evaluation of motor
nerve conduction, which is performed in parts of the nerve that are distal to the segmental
demyelination. With the presence of Wallerian degeneration in the distal nerve parts,
there will be a decrease in distal CMAP amplitudes and slowing of the motor nerve
conduction velocity in distal segments. On the other hand, nerve lesions that cause
primarily axonal loss does not create significant slowing or motor conduction block in
affected segment. This makes it difficult to localize a lesion, which is mainly axonal in
nature. Detailed needle EMG examination can demonstrate the nature of injury.
Hereditary neuropathy with liability to pressure palsy
Hereditary neuropathy with liability to pressure palsy is a rare, but important condition
that should be recognized during an electrophysiological examination. It is a hereditary
condition where surgical decompression is not beneficial, and it may even increase
the nerve damage. The diagnosis should be considered when the electrophysiological
findings suggest segmental demyelination at multiple compression sites, especially when
they are unexpected due to the gender and age of the patient as well as their occupation
and work condition. Usually, there is a mild demyelinating polyneuropathy.
Unlike compression conditions, traumatic injuries can cause nerve lesions at any
location along the course of peripheral nerves. Therefore, it may be difficult to exactly
electrophysiologically localize the site of the lesion. Demonstration of electrophysiological
changes present in the most proximal muscles that is innervated by the injured nerve
is critical. In this way, anatomical distinction of the lesion can be done. The severity
of the lesions and the reinnervation process, observed in needle EMG, where timing is
important, has been discussed above. Surgeons are also interested in the status of those
muscles, which appear to be normal in their clinical examination and needle EMG can
provide information about a subclinical involvements.
Median nerve lesions
Carpal tunnel syndrome (CTS)
the most common site of compression for the median nerve is the carpal tunnel. The
sensory and motor branches of the median nerve can be compressed in the carpal
tunnel. Such a compression lesion can be demonstrated primarily by evaluation of nerve
conduction, which also provides information about the severity of the compression.
In routine examination of nerve conduction, the median motor nerve is stimulated at
the wrist and at the elbow and CMAPs are recorded from the abductor pollicis brevis
(APB) muscle. Sensory nerve SNAPs of the median nerve are obtained from thumb144

to-wrist, index-to-wrist, and palm-to-wrist nerve segments. The main pathological
findings are signs of segmental demyelination. In mild cases, the first sign is the slowing
of the sensory conduction velocities at the examined nerve segments. By the progression
of the compression, the reduction in the amplitudes of SNAPs is accompanied by a
prolongation of the motor distal latency from the APB muscle. In more severe cases,
the SNAPs are not detected and the CMAP amplitude is also reduced. F wave latency
is usually prolonged due to the slow conduction at the wrist level. Although these
electrophysiological findings do no correlate with clinical signs, they are usually improved
following the surgical decompression. In examination with needle EMG, denervation
potentials (fibrillation potentials and PSW) and reinnervation findings as indicators of
a secondary axonal damage can be detected in the APB muscle. They correlate well with
the degree of axonal loss. If CTS is detected in one side, the other extremity should be
examined since CTS frequently occurs bilaterally.
Needle EMG of the proximal muscles, which are innervated by the median nerve,
may be helpful to exclude pathology of the proximal median nerve. Furthermore, if
there is a clinical suspicion and a wish to exclude a C8-T1 root or lower brachial trunk
lesion, muscles innervated by these branches (other than median nerve) should be
examined. One must be also consider the Martin-Gruber anastomosis., which is an
anomalous branch from the median nerve that joins the ulnar nerve in the forearm,. In
such cases, stimulation of the median nerve at the ordinary sites of stimulation results in
inappropriate CMAPs. A Martin-Gruber anastomosis influences the findings of nerve
conduction in median and ulnar nerve conduction both in healthy subjects and in the
patients where CTS is present and may cause an inappropriate diagnosis. Therefore,
unexpected electrophysiological findings are noted such a variation should be considered
when evaluating all data of the examination.

Pronator syndrome
The median nerve can be compressed as it passes through the pronator teres muscle. The
electrophysiological findings are highly variable and less typical. There may be slow motor
nerve conduction in the forearm segment. Sensory SNAPs and CMAP from the ABP
muscle may be reduced in amplitude, or absent, due to the severity of axonal loss. At
needle EMG examination there are denervation findings in the median nerve innervated
muscles. However, the pronator teres muscle, unlike the connotation of the syndrome’s
name, is preserved since its innervation occur before the entrance of median nerve.

Anterior interosseous syndrome
The anterior inteosseous syndrome occurs due to a lesion in the distal motor nerve
branch of the median nerve after the level of the pronator teres muscle. The syndrome
is characterized by motor weakness in the pronator quadratus, the flexor pollicis longus
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and the flexor digitorum profundus (median part; i.e. index finger) muscles. Routine
examination of sensory and motor nerve conduction from APB muscle is typically
normal, while there are pathological spontaneous activities in the affected muscles in
needle EMG.

Ulnar nerve lesions
Ulnar nerve lesion at elbow
The most frequent ulnar nerve lesion is at the elbow level due to its superficial course at
sulcus. The ulnar nerve is frequently compressed below or above the medial epicondyle.
Routine evaluation of the median and ulnar motor and sensory nerve conduction
is performed to determine the lesion. Ulnar sensory nerve conduction studies are
performed in the little finger-to-wrist nerve segment. Motor responses recorded from
the abductor digiti minim (ADM) muscle are the main electrophysiological guide for
an ulnar nerve lesion. After the stimulation of ulnar nerve at wrist, below and above the
elbow, motor NCVs between these stimulation sites are calculated from wrist to below
elbow (forearm segment) and above to below elbow (elbow segment). If compression is
at the elbow, NCV obtained from the elbow segment is significantly slower than in the
forearm segment (Figure 5).

Figure 5. Ulnar motor nerve conduction study. Ulnar motor nerve stimulation and recording sites (left).
Traces from a normal subject (upper right) and a patient with segmental demyelination at elbow (lower
right). Significant CMAP amplitude drop (conduction block) and conduction slowing at elbow segment
is apparent after stimulation of ulnar nerve above the elbow (abnormal values are indicated within the
circles at the dataset). dLAT: Distal motor latency, CV: Conduction velocity, AMP: Amplitude, ADM:
Abductor digiti minimi.
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Figure 6. Ulnar nerve inching study. Ulnar motor nerve stimulation sites are indicated with arrows (left).
Motor responses from each stimulation site in a normal subject (upper right) and a patient with segmental
demyelination at elbow (lower right). There is a significant CMAP amplitude drop (conduction block)
between fourth and fifth stimulation sites, which corresponds to a ulnar nerve segment 2-4 cm distal to
medial epicondyle. CMAP: Compound muscle action potential.

Furthermore, there may be a significant CMAP amplitude drop after the ulnar
nerve stimulation above the medial epicondyle compared to a stimulation below the
medial epicondyle (motor conduction block). Motor conduction block at the site of
compression is the most significant indicator of segmental demyelination. In order
to determine the region of the lesion more precisely, an additional technique, called
“inching”, is performed. By this technique, two common ulnar nerve compression
syndromes, compression at the retrocondylar region - tardy ulnar nerve palsy - and
compression distal to medial epicondyle - cubital tunnel syndrome- can be distinguished.
This is an important distinction since the surgical approach is different for these cases.
The ulnar nerve is stimulated across the elbow with two cm intervals and the motor
responses are recorded from ADM (Figure 6).
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A motor conduction block or significant motor slowing in any of the segments
can show the localization of the compression. Abnormalities in nerve conduction are
proportional to the severity of the compression. In pure segmental demyelination,
the ulnar SNAP amplitude, obtained from the little finger-to-wrist nerve segment,
is preserved, and decreases only if there is a significant secondary axonal loss. To
demonstrate axonal damage and its severity, the flexor digitorum profundus (ulnar
part), the ADM and the first dorsal interosseous (IOD1) muscles are examined in needle
EMG. The flexor carpi ulnaris muscle is usually less or even not at all affected at elbow
lesions, probably due to its site of origin and its medial course. On the other hand, in
primary axonal lesions signs of segmental demyelination are not observed in evaluation
of nerve conduction and needle EMG may help to localize the lesion.
It is important to differentiate an ulnar nerve lesion from C8-T1 root or brachial plexus
lower trunk lesions. Preservation of the nerve conduction in the medial antebrachial
cutaneous nerve and normal EMG findings at muscles innervated by C8 root or lower
trunk other than the ulnar nerve helps in the electrophysiological differential diagnosis.
It is a valuable contribution since they cannot be detected clinically.

Ulnar nerve compression at wrist level and in the hand
Other sites for compression for the ulnar nerve are at the wrist: at proximal or distal
portion of Guyon’s canal, where it enters into the hand, at the pisohamate hiatus or
within the palm. Although they are less common, recognition of these conditions is
important in patients with ulnar nerve symptoms to avoid unnecessary and useless surgical
procedures at elbow level. In a patient with ulnar symptoms, normal findings of motor
nerve conduction across the elbow segment and in needle examination at the FCU and
flexor digitorum profundus (ulnar portion) muscles exclude lesions proximal to the wrist.
Ulnar nerve lesions at the wrist show different abnormality patterns in nerve conduction
that may define the type and localize the lesion. In addition to the routine evaluation
of nerve conduction, in which the motor response is obtained from the ADM muscle,
also evaluation of motor nerve conduction from the IOD1 muscle must be done in the
suspicion of an ulnar lesion at wrist. Normal or abnormal findings of nerve conduction
at these examined nerves are the electrophysiological landmarks for localization of the
lesion. For example, in a distal Guyon’s canal lesion, absent or low amplitude CMAPs
from both ADM and IOD1 muscles with prolonged distal latencies are detected. On the
other hand, only IOD1 muscle recordings are abnormal in a pisohamate hiatus lesion.
Similarly, abnormalities in SNAPs recorded at the little finger to wrist can be helpful in
differential diagnosis of a proximal portion lesion of the Guyon’s canal from the distal one.
On the other hand, sensory nerve conduction in the dorsal cutaneous sensory branch is
spared in all of the wrist lesions, since it originates at a point more proximal to the ulnar
styloid. Needle EMG examination of ADM, IOD1, FCU and intrinsic hand muscles
helps to localize the ulnar nerve lesions. Findings of denervation in these muscles indicate
an axonal damage and confirm the localization of the site of injury.
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Radial nerve lesions
The radial nerve can be compressed at the sulcus at the humerus, which is called
“Saturday night palsy”. Clinically, there is weakness both in wrist and finger extension.
Electrophysiologically, the radial nerve is stimulated at the wrist, at the elbow and above
and below the spiral groove by recording data from extensor indicis proprius muscle.
Motor NCVs are calculated between these sites of stimulation. Typically, there is slow
motor conduction recorded at above to below the spiral groove segment and a decreased
CMAP amplitude is detected by stimulating the radial nerve above the spiral groove.
CMAP amplitude and motor NCVs are normal at the other stimulation sites and
corresponding conduction segments. Except as occurrence of a significant axonal loss,
superficial radial nerve SNAP is normal. In the case of axonal loss, there are denervation
potentials in needle EMG examination in muscles, which are innervated by the radial
nerve distal to the triceps muscle.
The posterior interosseous nerve, i.e. the terminal motor branch of the radial nerve,
can be compressed at the arcade of Frohse. In posterior interosseous syndrome, the distal
motor latency to the extensor indicis proprius muscle can be prolonged. In contrast,
the superficial radial nerve SNAP is normal, since it originates from the main radial
nerve earlier, which is a characteristic electrophysiological finding. In needle EMG
examination, except in the triceps, the extensor carpi radialis and the brachioradialis
muscles, there are signs of denervation in the other radial nerve innervated muscles
proportional to the severity of axonal loss.
In isolated superficial radial nerve injuries, which are either due to a trauma or
entrapment, radial motor nerve conduction and needle EMG is normal, while there is a
drop in superficial radial nerve SNAP amplitude proportional to severity of the lesion.
Sometimes, in a patient with wrist-drop it may be necessary to exclude a C7
radiculopathy. If the problem is in the C7 root, there will be pathological needle
EMG findings in non-radial innervated C7 muscles, like the pronator teres as well as in
paraspinal muscles.
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Key points
• The appearance of a normal peripheral nerve in imaging methods correlates with the
histological structure of the nerve.
• Ultrasonography is considered to be an optimal imaging method to evaluate the
normal anatomy and the pathology of peripheral nerves.
• Magnetic resonance imaging (MRI) is a promising diagnostic technique to imagine
peripheral nerves.
• MRI can identify specific muscle denervation patterns within 24–48 hours after
denervation.
• Ultrasonography and MRI are two complementary imaging methods, each having
its advantages and disadvantages, which are suitable to study peripheral nerves.

N

ew surgical techniques and better understanding of the neurobiology of nerve
regeneration have enabled us to perform sophisticated microsurgical procedures
for repair of damaged nerves, resulting in increased numbers of complex surgical
procedures. The increased number of surgical procedures, together with clinical and
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medico-legal problems related to the procedures, put a demand on the physicians to
seek for new and improved imaging methods for assessment of peripheral nerves.
The ‘classical’ approach for localizing and assessing the severity of traumatic nerve
injury or a peripheral neuropathy is based on the patient’s history, the clinical examination
and electrophysiological studies (nerve conduction studies and electromyography).
However, in traumatic lesions, the ability of this approach to determine the extent of
nerve damage in the early periods of the trauma is limited. The provided information is
usually insufficient to establish the diagnosis in the first 6-8 weeks after the injury until
reinnervation begins. An electrophysiological examination cannot differentiate severe
axonotmetic lesions from complete or partial nerve transection during this time interval.
On the other hand, an early diagnosis of the presence and the extent of the nerve damage,
particularly in proximal injuries, is important to plan the definitive treatment, since an
improved outcome can be expected with an early procedure if surgical intervention is
necessary.1 In the absence of abnormal electrophysiological findings, a timely localization
and diagnosis of a nerve injury may not be possible unless more sophisticated imaging
tools are used; particularly of those that can provide a spatial information about the
condition of the nerve and the surrounding structures.
Previously, information about peripheral nerve disorders, only observed as secondary
skeletal changes, was limited to plain X-ray. Although multi-slice computed tomography
(CT) has proven to be effective in delineating soft tissue masses (such as tumors or
cysts), CT is an inadequate imaging method to demonstrate fine anatomical details of
complex soft tissue structures, such as peripheral nerves. Therefore, the use of CT is
limited to demonstrate the surrounding anatomic structures, exclude focal masses or
external compression, and to visualize muscle atrophy in chronic stages.2
Recent technical improvements and innovations in ultrasonography and magnetic
resonance imaging (MRI) have resulted in improved visualization of both normal and
abnormal peripheral nerves. These imaging methods are useful in diagnosing a variety of
peripheral nerve conditions, ranging from nerve compression to traumatic lesions. Even
the response of the nerve to a certain treatment can be observed. Therefore, we highlight
the role of MRI and ultrasonography in peripheral nerve imaging, the potential clinical
impacts and their advantages and limitations.

Ultrasonography
Although imaging of peripheral nerves by ultrasonography may be considered a new
issue in medicine, it has been used as a diagnostic tool in medicine for the last 30 years.
Improvements, including high-resolution broadband transducers, real-time spatial
compound ultrasonography imaging, and artifact reduction software, have tremendously
increased the image quality and allowed us to evaluate the normal anatomy and disorders
of peripheral nerves.
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Ultrasonography of peripheral nerves is best performed with linear high-frequency
transducers with a frequency ranging from 5 to 18 MHz. The resolution of ultrasound
is directly proportional to the increased frequency of the sound, but the penetration
depth of sound is inversely proportional to this frequency. As such, more superficial
structures can be studied in greater detail than deeper structures with higher frequency
probes. Therefore, the choice of an optimal frequency of the transducer is relevant in
imaging of peripheral nerves, where the visualization depends on depth of the nerve and
the examined anatomical region.
Appearance of a normal peripheral nerve in ultrasonography correlates with
the histological structure. In the long-axis plane, normal peripheral nerves have a
fascicular pattern consisting of multiple low echogenic parallel linear areas separated
by hyperechoic bands, in which the hypoechoic structures correspond to the neurons
and the hyperechoic background relates to the interfascicular epineurium (Figure 1).
In short-axis plane, the nerves appear as hyperechoic structures, which include oval-toround hypoechoic areas. However, the perineurium and the endoneurium cannot be
identified with ultrasonography due to their small size.1-3

Figure 1. Ultrasonographic appearance of a normal peripheral nerve. (a) Long-axis ultrasonographic image
of a median nerve (arrows) shows the fascicular pattern of the nerve, which is visualized as parallel linear
hypoechoic areas separated by hyperechoic bands. (b) On short-axis image, the nerve (arrows) is characterized
by a honeycombing appearance made of rounded hypoechoic areas in a hyperechoic background, an
appearance different from that of a tendon (arrowheads).

The short-axis images are best suited for detection and assessment of the nerve’s
relationship with the surrounding structures. Peripheral nerves can be easily detected both
on the basis of their specific echo-pattern and on their anatomic location. Once identified,
the nerves can be easily followed by short-axis images in proximal and distal directions.
Thus, a detailed knowledge of the anatomical location of peripheral nerves and their
relations to surrounding organs and structures (muscles, tendons, and vessels) is essential
in ultrasonography. The adjacent vessels, when present, are useful landmarks in detecting
the location of the nerve since they can easily be recognized because of their pulsatility
and typical appearance in color Doppler ultrasonography. In normal peripheral nerves, no
internal blood flow signals can be detected by color or power Doppler ultrasonography.
The detection of intraneural vasculature must be considered as pathologic.2
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When nerves are imaged on long-axis planes, they can easily be confused with closely
laying tendons, due to their similarity in the appearance in ultrasonography. The classic
example of such an area is the carpal tunnel. To differentiate these two structures, a
dynamic examination can be done. In the carpal tunnel a greater amount of excursion
of the tendons in flexion and extension can clearly be differentiated from the relative
stability of the nerve. Nerves are also much less anisotropic than tendons. Special
attention need not necessarily be given to keep the ultrasonographic beam perpendicular
to the nerve during scanning to avoid anisotropic artifacts.3
The findings in ultrasonography for an injured nerve include:
• Disintegration or loss of normal fascicular pattern (Figure 2).
• Diffuse or focal swelling and decreased echogenity of the nerve bundle (Figure 3).
• Loss of continuity of the nerve bundle with or without gap formation.
• Fusiform swelling or neuroma formation at the site of transection (Figure 4).1,4

Figure 2. A partial nerve transection on an ultrasound scan. The long-axis ultrasound image shows a
fascicular discontinuity (arrowheads) at the palmar aspect of the ulnar nerve in the forearm; arrows
indicate intact fascicules.

Figure 3. A nerve after trauma. A longitudinal 12- to 5-MHz ultrasound scan reveals that a focal
swelling and hypoechogenity (asterisk) in the median nerve compatible with a traumatic lesion within
the substance of the median nerve in the forearm; arrows indicate median nerve.
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Diagnosis of the presence and extent of a traumatic nerve injury is a controversial
issue in orthopedic surgery. US can play a decisive role in such lesions, since it can
show the location, degree of nerve transection and distinguish a partial injury from
complete section when electrophysiological studies are inconclusive. High-resolution
ultrasound is able to identify transected nerves, including those that are iatrogenic, in
the upper extremity with high sensitivity and specificity. Findings with ultrasonography
in peripheral nerve lesions may also be present in other neuropathies of the upper
extremity. The most consistent finding in ultrasonography in carpal tunnel syndrome
is an increased cross-sectional area of the median nerve just before the entrance of
the carpal tunnel, where various specificity and sensitivity have been reported.2,3 An
ultrasonography does not replace an electrophysiological examination carpal tunnel
syndrome, but may be of additional value if combined, especially when a space-occupying
lesion is present. Similarly, there is a concordance between the ultrasonographic and
electrophysiological ﬁndings in cubital tunnel syndrome making ultrasonography also
useful in the diagnosis of an ulnar neuropathy at the elbow.2,3 However, in spite of
data indicating a benefit of ultrasonography in diagnosis of various neuropathies further
systematic studies are needed.

Figure 4. A 29-year-old man with a radial nerve palsy noticed following close reduction and intramedullary
nailing of a humerus fracture. Long-axis ultrasonographic image through the radial nerve shows transection
of the nerve with formation of a stump neuroma in proximal end (arrow). Ultrasonography also shows the
tip of a screw in close proximity of the nerve. Operative photograph confirms a transected radial nerve
with neuroma formation (arrow). H: humerus; asterisk: screw head.

Dysfunction of the radial nerve as a complication to a closed humerus fracture or
after surgery is a unique problem, where early detection of the integrity of the nerve
plays a decisive role in the treatment. Up to date, many surgeons prefer primarily a
conservative management of a radial nerve palsy complicating the humerus fractures
with frequently performed electrophysiological examination as follow-up. The problem
is that neither a clinical examination nor electrophysiological tests performed early can
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differentiate a non-functioning, but anatomically intact, lesion from a severed nerve. A
high frequency of spontaneous recovery of radial nerve function has been reported, and
an early surgical exploration of the nerve is not routinely recommended. The present
opinion is that surgery is advocated only if the nerve shows no signs of recovery within
3–4 months. This treatment algorithm may lead to loss of time if the radial nerve is
severed. Thus, ultrasonography may play an important and decisive role as a diagnostic
method, revealing the type of injury, integrity of the nerve, the relationship between
nerve and fractured bone/surgical implant and to identify a partial or a total nerve injury
early after the injury (Figure 5).

Figure 5. A 28-year-old woman with a radial palsy observed after repair of a humeral shaft fracture. (a)
Plain radiographs show fixation of the humeral shaft fracture by plate. (b) Long-axis ultrasonographic
image shows that the radial nerve is stretched at the edge of the compression plate (arrows) and markedly
swollen (asterisks). H: humerus. No surgical exploration was performed due to the preserved integrity of
the nerve visualized by ultrasonography. Spontaneous recovery of nerve function was detected in one
month following the ultrasonographic detection.

Ultrasonography can also give valuable information about a repaired nerve
postoperatively, but visualization of the site of nerve coaptation may be problematic
due to extensive scar tissue in some cases. The quality of a nerve repair and identification
of lesions, such as neuroma-in-continuity or a discontinuous nerve bundle, can also be
assessed by ultrasonography.
The appearance in ultrasonography of peripheral nerve tumors is variable. Most
peripheral nerve sheath tumors are visualized as homogeneous and hypoechoic masses
with posterior acoustic enhancement. The most important criterion of a nerve tumor
is a continuity of the tumor within the peripheral nerve, which distinguishes it from
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other solid masses lying adjacent to the nerve. It is detectable if the nerve is thicker than
two millimeters and superficially located. However, ultrasonography cannot clearly
differentiate between Schwannomas, neurofibromas, and malignant peripheral nerve
sheath tumors because of their similar ultrasonographic appearances. The extended
field-of-view techniques can show both the nerve tumor and affected nerve on a single
image as well as to measure the dimensions of large lesions.
The role of ultrasonography in the diagnosis of various hereditary and inflammatory
neuropathies is uncertain and only common findings, like diffuse nerve thickening, can
be demonstrated. Fusiform swelling of nerve bundle and loss of fascicular echotexture
have been described in leprosy. In neural lipomatosis, ultrasonography may show
unchanged hypoechoic nerve fascicles distributed by the increased fat tissue in the
interfascicular epineurium.2,3
Ultrasonography can provide information about the exact location and extent of nerve
injuries throughout the entire nerve path, but like every imaging tool, ultrasonography has
limitations in evaluating the peripheral nerves. First, the ultrasonography examination
is operator dependent and requires extensive anatomic knowledge of the anatomy of
the nerve and superficial soft tissue structures. Thus, the learning curve is long. Second,
postoperative and/or posttraumatic subcutaneous air, suture materials and degenerating
soft tissue may hamper a clear visualization of nerves.1,4 High-frequency transducers
may be insufficient to assess the nerve in an edematous extremity, especially when the
nerve lies deeper than five centimeters. Finally, in contrast to ultrasonography, MRI has
a wider field of view, is better in detecting tumors and is not operator dependent.
However, ultrasonography is a valuable imaging modality for examining peripheral
nerves since it is easily accessible, simple, and a non-invasive imaging technique. Both
extremities can be examined in a short time if a comparison is needed. In contrast
to MRI, ultrasonography is a relatively cheap, dynamic and quick imaging technique.
Although recently, its use is limited to reference hospitals, ultrasonography is now
considered an optimal imaging technique to evaluate the normal anatomy and disorders
of peripheral nerves.3 As the imaging technology continues to evolve, ultrasound seems
to be a most suitable and common imaging technique for musculoskeletal disorders in
the future.

Magnetic resonance imaging
Two decades ago, MRI was not considered as an imaging tool for peripheral nerves
because the technology was limited to poor signal-to-noise ratio, produced images of low
resolution and the images were incapable of identifying the nerve fascicles.5 Even today,
due to the technical limitations, conventional MRI cannot directly visualize nerves,
but it can only provide indirect signs of nerve damage, such as muscle denervation and
edema, soft tissue masses and space-occupying lesions in the course of nerves. However,
as with ultrasonography, recent technical improvements (i.e. using the high matrix,
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relatively thin slices, and limited field of view) and innovations in MRI technology have
resulted in improved visualization of nerves. MRI is now a promising imaging modality
for neuropathies.
In MRI, the physiologic appearance of a healthy nerve is oval or round in shape. The
nerve appears as numerous small rounded hypointense spots (corresponding to the nerve
fascicles) surrounded by high signal intensity connective tissue (corresponding to the
epineurium) that contain a certain amount of fat. In cross section, the fascicular pattern
is more easily discernible on T2-weighted images than on corresponding T1-weighted
images.5,6 The nerve fascicles appear uniform in size and generally mildly hyperintense
relative to adjacent muscle on T2-weighted images. The routine recommendation is axial
T1-weighted images (visualizing the anatomy) with high-contrast axial fat-suppressed
T2-weighted images (visualizing the pathology) for the evaluation of the peripheral
nerves (Figure 6). The major disadvantage of T2-weighted images, developed without
fat suppression, is that the high signal intensity of the fat found in the epineurium
makes it difficult to identify the nerve fascicles. Therefore, it can obscure changes in the
pathological signal intensity in the nerves, which usually exhibit a high signal intensity
[5]. Because of the abundant perineurial and intraneural fat tissues interspersed among
the individual fascicles, these images are helpful in distinguishing the fascicular pattern
of the nerve from other tissues (i.e. vessels). Fat suppression sequences are the most useful
images for evaluating abnormal nerves due to the pathologically increased endoneurial
fluid, which can indicate a nerve injury or an entrapment. Surrounding fat tissue
suppression is a useful method to increase signal intensity and contrast of the nerve.
The short-tau inversion recovery (STIR) images provide a homogeneous fat suppression
and generally work best at 1.5 Tesla MRI scanners. Chemical fat saturation is also
an option, but may cause a non-uniform fat suppression, which limits the evaluation.
Spectral attenuated inversion recovery (SPAIR) sequences usually provide adequate and
uniform fat suppression and better signal-to-noise ratio compared with STIR sequences.
When comparing T1-weighted and fat suppressed fast spin-echo or STIR images, T2weighted images helps to confirm the size and location of the nerve.5,6 The intensity
seems to vary slightly among nerves. A centrally located and larger nerve has a higher
nerve/muscle signal intensity ratio than more peripherally situated and smaller nerves.
Normal peripheral nerves (including the nerve fascicles and the epineurium) show no
enhancement after gadolinium administration, due to the presence of the blood-nerve
barrier. An important advantage of MRI is its capability to construct images in any plane,
which allows the physician to choose imaging planes that optimize the visualization
of intended nerves, in particular locations and orientations. Axial and coronal plane
sections are most useful in visualizing e.g. the median and ulnar nerves, because they are
longitudinally oriented throughout their course in the extremity.6
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Figure 6. MRI appearance of a normal peripheral nerve. Axial T1-weighted (a) and magnified (b) images
at the level of the radial head show an example of a normal median nerve. Note the fascicular appearance
and isointensity of the peripheral nerve on T1-weighted image with respect to the skeletal muscle. The
nerve is also surrounded by perineural fat tissue.

The MRI findings for an injured nerve include:
• A variable combination of focal or diffuse enlargement of the nerve.
• Diffuse or focal, abnormally increased signal intensity on T2-weighted images.
• Disintegration or loss of fascicular pattern.
• Displacement or altered nerve course (i.e. nerve kinking).
• Formation of a traumatic neuroma at the nerve end.
• Perineurial low signal intensity suggesting fibrosis (best seen on T1-weighted
images). 6,7
Hyperintensity of the nerve on T2-weighted images may be caused by an endoneurial
and/or a perineurial edema, venous congestion, prevention of axonal transport,
deterioration of blood nerve barrier, and Wallerian degeneration.8 In some compression
neuropathies, focal hyperintense areas are observed in the affected nerve at the site of
compression, while normal or nearly normal T2 signal intensity is present proximally
and distally.6 In these cases, the abnormal T2 signal intensity decreases gradually and
resolves distally. However, minimal hyperintensity on T2-weighted images may be
occasionally seen in otherwise normal nerves as an isolated finding.9 Similarly, the signal
intensity of the nerve can change when there is no pathology of the nerve due to effect
of “magic angle artifact”. This phenomenon is seen when the nerve fibers are oriented at
an angle of 55 degrees to the main magnetic field on T2-weighted images.10 In order to
avoid this artifact, the inspected nerves must be evaluated in multiple planes and higher
echo time (TE) values of 60 milliseconds should be used for T2-weighted images. The
increased signal intensity, with diffuse or focal enlargement of a nerve, on T2-weighted
images is always an abnormal finding on MRI. However, one has to stress that there is
currently no completely reliable quantitative method to measure normal compared to
abnormal signal intensities in peripheral nerves.
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A fascicular disruption in a nerve may lead to formation of a neuroma, which has
characteristic MRI findings as discrete nodular or fusiform nerve enlargement at the
site of injury. Injury related neuromas usually show no or mild enhancement after
administration of contrast media (i.e. gadolinium-based contrast agents) on T1-weighted
images; a finding that may help to distinguish nerve sheath tumors from posttraumatic
neuromas (which show marked enhancement).11 Although loss of fat planes around the
nerve on T1-weighted images is often an abnormal finding associated with traumatic,
infiltrating or compressive lesions, such an appearance may be normal in younger,
thinner patients, who have a low percentage of body fat.
Typical MRI findings in peripheral nerve lesions of the upper extremity, such as in
compression and entrapment neuropathies of the median and ulnar nerve at the elbow
and at the wrist,6,7,9 as well as in nerve tumors,6,9 have been described. MRI has a minor
role in the diagnosis of CTS, where a clinical examination and electrophysiological
examination usually give satisfactory information. MRI may have a role in cases with
atypical presentation, associated tumors, synovitis, or failed carpal tunnel surgery.
Swelling of the median nerve and increased signal intensity on T2-weighted images are
classic findings for CTS on MRI. Sagittal images are useful in visualizing the compression
site accurately and allow determination of the severity of compression in CTS.6,9
An abnormally enlarged nerve and varying degrees of increased signal intensity on
MRI in the ulnar nerve are common and classical signs of ulnar nerve compression at
the elbow, but a high T2 signal intensity within the ulnar nerve can be a normal finding
in asymptomatic patients.6,7,9 MRI is considered to have a high degree of sensitivity for
identifying pathology of the ulnar nerve at the elbow, but additional work is necessary
to determine the specificity of MRI, as well as its ability to select patients who will or
will not benefit from surgery.
Tumors of peripheral nerves usually appear as smooth, cylindrical, fusiform,
spherical, or irregular enlargements, with well-defined margins, along the course of the
nerve (Figure 7). The multiplanar capability of MRI is especially helpful in delineating
the relationship between the nerve bundles, which has a fascicular structure, and the
tumor or the cyst, which have a more homogeneous appearance. Most peripheral
nerve sheath tumors have homogeneous or mildly inhomogeneous signal intensity on
MRI. These tumors display a moderately bright signal on both T1-weighted and T2weighted images compared to adjacent muscle tissue and show signal enhancement on
T1-weighted images following the administration of contrast media (i.e. gadoliniumbased contrast agents). To reliably differentiate Schwannomas from neurofibromas on
the MRI is usually difficult. Furthermore, MRI has not yet allowed us to distinguish
malignant lesions from benign peripheral nerve tumors. The improvement and
application of new magnetic resonance spectroscopy techniques may also help us to
make this clinically important distinction preoperatively in the future. However, MRI
is useful in preoperatively identifying, localizing, and assessing the surgical resectability
of peripheral nerve tumors.6,7,9
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Figure 7. Nerve sheath tumor (Schwannoma) in the radial nerve at the arm level. Fat-saturated, T2weighted MR image depicts the tumor as an oval, hyperintense mass (asterisk) with well-defined margins,
in continuity with the radial nerve (arrows).

MRI can be used to localize and identify the severity of a traumatic peripheral
nerve injury, which allows assessment of nerve continuity immediately after injury.
MRI reveals increased signal intensity in nerves on T2-weighted and STIR images.
This hyperintensity is usually maximal at the site of injury where loss of axons is
present, but in which the nerve continuity is maintained. Therefore, this finding
has been useful to determine the injured nerve segment. Diffuse increased signal
intensity in a nerve can be seen longitudinally along the nerve bundle, which indicates
a stretch injury. Very severe stretch injuries may cause significant quantities of local
soft tissue edema and nerve disruption where identification of the nerve is difficult or
impossible. Traumatic nerve injuries are also characterized by a loss of the fascicular
integrity that is usually best seen on T1-weighted images (especially axial images). In
severely injured nerves, the increased signal intensity can retain for several years on
T2-weighted and STIR images, which is also true for grafted segments of surgically
repaired nerves. MRI may not only demonstrate the necessity of surgical repair, but
it can also confirm the length of the injured segment. This can help the preoperative
planning of a nerve grafting procedure. With MRI it is also possible to postoperatively
demonstrate the grafted nerve segment; i.e. bright proximal and distal nerve ends
easily sharply delineated from the dark nerve grafts, a finding that may persist for
more than a year after the nerve graft procedure.12
The use of nerve conduits, such as nerve tubes and wraps, are now more commonly
used to repair relatively small nerve defects in small-caliber nerves. MRI can be used to
image the nerves that undergo regeneration, including nerve conduits. Collagen-based
nerve conduits are imaged as curvilinear hypointensive structures on both T1- and T2weighted images on MRI. During the immediate postoperative period, the nerve tube,
which is filled with fluid, demonstrates a marked prolongation in T1 and T2 signal
intensity. Early nerve regeneration and formation of sprouts within nerve tubes may
manifest on MRI as tiny filling defects within the conduit. A fascicular appearance in the
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tube can be seen during the following 2–4 months on T2-weighted images. Although
these findings encourage us to detect sprouting nerves within the nerve conduits, further
larger and randomized studies are needed to evaluate the potential of MRI to visualize the
nerve regeneration process on high-resolution T2-weighted images and diffusion based
MRI examinations.8 Furthermore, it may be interesting to correlate such findings with
clinical and electrophysiological tests. New and improved MRI techniques that employ
diffusion weighting, magnetization transfer, and MR spectroscopic pulse sequences, as
well as new contrast agents that can label nerve, may in the future be a potential way to
image nerve trunks.
A failed peripheral nerve surgical procedure, e.g. persistent or recurrent symptoms
following carpal or cubital tunnel release, is another indication for MRI. In such
cases, the clinical evaluation and the electrophysiological test may be inadequate in
determining the problem that necessitates a detailed imaging with MRI. Preservation of
increased T2 signal intensity within the nerves and the innervated muscles, with fatty
replacement and atrophy of the muscles, can be seen in these cases on MRI.8 MRI is
also valuable to determine an insufficient surgical release of the nerve and may reveal
causes of the persistent symptoms, such as residual or recurrent pathology (i.e. tumor),
complications of previous surgery (e.g. hematoma, abscess, focal perineurial fibrosis), or
any other additional unexpected findings (e.g. tenosynovitis).
Magnetic resonance neurography (MRN)
MRN is a selective nerve imaging technique that aims to visualize peripheral nerves
better than conventional MRI sequences do.8,10 The technique typically includes the
use of surface coils and T2-weighted images with high-spatial-resolution fat suppressed
or fast spin-echo STIR sequences. T2-weighted images with fat and flow suppression
is necessary to remove the signal of all non-neural structures. Nerve fascicles show high
signal intensity on MRN, whereas the epineurium and all the surrounding structures of
the nerve show low signal intensity. The most common applications of MRN include
visualization of the brachial plexus, the median nerve in the carpal tunnel, the ulnar
nerve at the elbow.6 MRN findings are similar to conventional MRI, such as swelling or
increased signal intensity of the nerve and an altered or non-uniform fascicular pattern in
peripheral neuropathies.5,8 The “magic angle effect”, which may give a false impression
of simulating a disease in MRN, is also seen in this modality.10
Diffusion tensor imaging
A diffusion-weighted magnetic resonance imaging demonstrates the random diffusion of
water in tissue and has become an important diagnostic tool in neuro-imaging. Diffusion
tensor imaging (DTI) is a powerful extension of diffusion-weighted magnetic resonance
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imaging and measures the molecular motion of water, which preferentially occurs along
the axis of the nerve fibers. The technique provides information about the orientation
and architectural organization of the nerve. These imaging techniques provide a reliable
way to obtain the microstructural parameters of peripheral nerves. DTI is performed in
the axial plane, as perpendicularly as possible to the long axis of the peripheral nerve,
and fractional anisotropy (FA) is calculated using dedicated software. Tractography is
a post-processing tool that follows the path of maximum diffusivity. Visualization with
DTI and characterization of FA and apparent diffusion coefficient (ADC) value allow
evaluation of peripheral nerve injuries, entrapments, degeneration and regeneration.13,14
Tractography can have clinical applications in entrapment neuropathies, such as carpal
tunnel syndrome,15 and in peripheral nerve injuries.13 The potential contribution of
the promising techniques DTI and tractography to the study peripheral nerve tumors
has not yet been extensively evaluated, but the technique can potentially have clinical
applications in the preoperative assessment of peripheral nerve tumors when surgery is
planned.13,14
Secondary neurogenic changes of denervated muscle
Imaging of the signal abnormalities in the muscles innervated by a nerve of interest
provides valuable information for the diagnosis of peripheral nerve disease and about
the duration of a lesion. The signal intensity changes, observed in denervated muscles,
are related to neurogenic edema (due to increased blood volume and extracellular fluid
in muscle) in the acute stage and atrophy with fatty degeneration in the chronic stage.
Acutely and subacutely denervated muscles show a high signal intensity on T2-weighted
images, which is related to edema, and normal signal intensity on T1-weighted images.
Denervated muscles show increased signal intensity on T1-weighted images and loss
of muscle volume that result from fatty infiltration and atrophy in the chronic stage.
Muscle atrophy and fatty degeneration, seen in a chronic stage, can easily be detected
by CT. Thus acute and subacute muscle denervation is better studied on T2-weighted
images, whereas chronic muscle denervation is better studied on T1-weighted images.
The acutely denervated muscles do not show appreciable signal changes on T1weighted images, but there is prolongation of the T2 relaxation time and increased
signal intensities in STIR or turbo inversion recovery magnitude sequences. Moreover,
denervated muscles show strong enhancement after administration of contrast media
(i.e. gadolinium-based contrast agents), which evolves in parallel to the signal intensity
increases in T2-weighted images.5,6,7,9
Similar to high-resolution ultrasonography, MRI can distinguish lesions such
as abnormalities of the interfascicular epineurium. In lipomatosis of the nerves, for
instance, conventional T1-weighted images clearly show a hypertrophied interfascicular
epineurium with high signal intensity due to fatty infiltration.
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An important point is that judging clinical and MRI findings in patients with
peripheral neuropathies needs experience and it is important to point out that MRI and
the clinical examination evaluate different aspects of the nerve disturbance, where the
clinical evaluation addresses nerve function, while MRI evaluation primarily depends
on morphologic criteria. Most patients should be referred to MRI only when additional
anatomic imaging is needed, (e.g. to reveal a mass lesion) or when clinical findings are
inadequate or unclear. In the future, MRI may even help us to predict which patients
respond best to medical or surgical treatment. Recent knowledge about this decision is
inadequate and additional work is necessary to prospectively determine the ability of
MRI in selecting patients who will or will not benefit from either treatment.
The inhomogeneity in fat suppression, motion artifacts, and low SNR due to
technical reasons, such as inadequate radiofrequency coils are most common limitations
of MRI, which causes poor-quality, low-resolution images of peripheral nerves. Novel
fat-suppression techniques appear more promising than the currently used methods.
Motion artifacts generate from two sources. The first one is movement of the patient
during the scanning procedure, usually due to the patient’s inability to hold still for a
long time during MR examination. The second motion source is inherent physiological
motion due to respiration, cardiac pulsation, or blood flow. T1-weighted images after
contrast injection may cause prominent flow-related artifacts, owing to the shortened
T1 relaxation time of gadolinium-containing blood. The intensity of flow-related
artifacts is reduced on both T1- and T2-weighted sequences through a combination of
gradient moment–nulled motion compensation and spatially localized radiofrequency
flow suppression pulses. The availability of adequate phased-array coils is limited,
particularly for evaluating the certain peripheral nerves within the extremities. This
problem will be overcome as manufacturers develop optimized coil designs that better
address the imaging difficulties in specific areas of the body.
Although MRI has been used in a wide field of nerve imaging, it should be the
preferred imaging method for entrapment and compressive neuropathies, and tumors.
MRI may aid to create a preoperative roadmap for the peripheral nerve surgeon, and
serves as a useful technique for postoperative follow-up.
In conclusion, the advantage of high-resolution ultrasonography and MRI techniques
is their potential to identify the underlying causes of nerve lesion and the provision
of precise information about the nature of the injury, which provide supplementary
information gained from the clinical examination and the electrophysiological tests.
Utilization of imaging methods in diagnosis of peripheral nerve pathology improves
the management of patients by providing an earlier and more accurate diagnosis and
thereby reducing the need for exploratory surgery.
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6–1
Carpal Tunnel Syndrome
Niels O.B. Thomsen*

Key points
• Patients often experience symptoms outside the typical median nerve distribution,
e.g. paraesthesia and pain extend to the forearm in nearly 40% of cases.
• Tinel’s sign and Phalen’s test have limited value for the diagnosis of carpal tunnel
syndrome.
• Nerve conduction studies have an important complimentary role in cases with
atypical clinical presentation or when other causes, such as polyneuropathy, are
suspected.
• Complete carpal tunnel release requires that all three parts of the flexor retinaculum is
divided; the distal part of the deep antebrachial fascia, the transverse carpal ligament
and the aponeurosis between the thenar and hypothenar muscles.
• During the carpal tunnel release unnecessary manipulation of the median nerve
should be avoided.

C

arpal tunnel syndrome (CTS) is the most common entrapment neuropathy in
the upper extremity, with a lifetime risk of approximately 10%. It presents with
paraesthesia and/or pain in the median nerve innervated part of the hand. As
documented, in the Rochester Epidemiology Study, the annual incidence of CTS has
*

Department of Hand Surgery, Lund University and Skåne University Hospital, Malmö, Sweden.
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been gradually increasing from 258 per 100,000 in 1981-85 to 376 per 100,000 in
2001-2005. The economic and social costs of CTS are high due to working days lost,
change of occupation, and the need for surgical intervention. In 1995, it was estimated
that 400,000 to 500,000 patients, in the United States annually, underwent carpal
tunnel release with economic costs of more than 2 billion dollars. In France, the number
of patients, who had carpal tunnel release performed, increased by 25% in the period
from 1999 to 2008.
In the general population of southern Sweden, 14% reported sensory symptoms
in the median nerve distribution of the hand. When confirmed clinically and neurophysiologically, the prevalence of CTS was estimated to be around 3%. It is commonly
agreed that CTS is more frequent among women, with an estimated female: male ratio
around 3:1. Incidence rates rely on several factors, such as diagnostic criteria and the
socio-demographic characteristics of the population under study. However, with regard
to future perspectives, the general pattern points to a steady increase.
Parallel to increased incidence of CTS, it has been documented that personal risk
factors for CTS, such as obesity and diabetes, have increased considerably. In the year
2000, the World Health Organization (WHO) estimated that more than 220 million
people around the world suffered from diabetes mellitus. In patients with diabetes the
prevalence of CTS has been anticipated to be approximately 15%, and increasing up to
30% for those with diabetic peripheral neuropathy.

Anatomy
The carpal tunnel represents a rather rigid passageway, where the median nerve passes
through in conjunction with the flexor pollicis longus, the flexor digitorum superficialis,
and profundus tendons for the four ulnar fingers. The carpal bones shape the medial,
lateral, and posterior borders of the tunnel, while the anterior border is formed by the
flexor retinaculum, which consists of three parts. Proximally, the conjoined superficial
and deep antebrachial fascial layer forms the anterior bound of the carpal tunnel. Ulnarly, the flexor retinaculum splits into a thickened deep part and a thinned superficial part
that turns into the dorsal and anterior bound of Guyon’s canal, respectively. An indirect
transfer of pressure from the carpal tunnel to Guyon’s canal is therefore possible. The
transverse carpal ligament constitutes the middle part of the flexor retinaculum. It spans
between the scaphoid tuberosity and the trapezium ridge radially, onto the hamulus and
pisiform bones on the ulnar side. Lastly, the aponeurosis between the thenar and hypothenar muscles constitutes the distal part of the flexor retinaculum.
It has been hypothesized that the median nerve is most vulnerable for compression
at the transition between the antebrachial fascia and the transverse carpal ligament, or
where the carpal tunnel is at its narrowest at the level of the hook of the hamate. To
ensure a complete carpal tunnel release all three parts of the flexor retinaculum must be
divided.
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Even though carpal tunnel release is considered as a relative safe procedure neurovascular complications do occur. Knowledge of the anatomical structures and its possible
variations is therefore essential to plan the incision and surgical procedure. A keystone
in this particular effort is Kaplan’s cardinal line (KCL), which is defined inconsistently
in literature.10 The description used in the following has been demonstrated as the most
accurate for location of the important deep anatomical structures. It represents a line
from the apex of the interdigital fold between the thumb and index finger, to the hook
of the hamate (Figure 1). Adding longitudinal lines from the third and fourth webspace
provides two intersection points of which the ulnar intersection is right on the hook of
the hamate. The intersection point from the third webspace and KCL is approximately
three mm distal to the edge of the transverse carpal ligament and 12 to 16 mm proximal
to the superficial palmar arch. However, in some patients the ulnar artery passes radial
to the hook of the hamate, and thereby, is at risk due to its closer relationship to the
ulnar distal part of the flexor retinaculum. The recurrent thenar motor branch of the
median nerve usually originates extraligamentous at the distal end of the flexor retinaculum. It is located in-between the intersection points from the second and the third
webspace with KCL.

Figure 1. Kaplan’s cardinal line (KCL) and it’s relationship to the motor branch
of the median nerve (MBMN), the superficial palmer arch (SPA) and the hook of
hamate (H).

At the subcutaneous level, the palmar cutaneous branch originates from the radial
side of the median nerve at a point 5 to 6 cm proximal to the wrist flexor crease. The
nerve branch then courses distally between the palmaris longus and the flexor carpi
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radialis tendons before it pierces the distal antebrachial fascia. It is rarely at danger with
a carpal tunnel incision, which follows the long axis of the fourth finger. However, a
transverse incision at wrist level, between the palmaris longus and the flexor carpi radialis tendons, will jeopardize the nerve branch. Therefore, a carpal tunnel release in connection with volar approach for a distal radius fracture should preferably be performed
through two separate incisions. The palmar cutaneous innervation from the ulnar nerve
follows a much more variable pattern. Firstly, a palmar cutaneous branch may originate
from the ulnar side of the ulnar nerve 4 to 5 cm proximal to the wrist flexor crease. Secondly, nervi vasorum of the ulnar artery (nerve of Henle) which innervates the palm.
Thirdly, and most consistently, multiple transverse cutaneous nerve branches from the
ulnar nerve distal to the wrist crease to innervate the hypothenar and midpalm. These
nerve branches are persistently at risk, even with the recommended incision.
Postoperatively, patients may report uncomfortable paraesthesia or hyperesthesia
involving the ulnar side of the middle and radial half of the ring finger. This is most
commonly caused by damage to a communication branch (Berrettini) between the ulnar and median nerve. It is found in approximately 70-80% of hands and located just
distal to the flexor retinaculum.
Aetiology and risk factors
The vast majority of cases of CTS are either idiopathic or spontaneous, presenting bilateral symptoms in over 60% of the patients. Personal risk factors for idiopathic CTS
include female gender, obesity and increase of age.
Numerous conditions are associated with CTS. High-energy wrist trauma, such as
fracture of the distal radius or carpal fracture dislocation, is frequent causes of acute
CTS. Failure to recognise, and to treat elevated compartment pressure within the carpal
tunnel, can lead to permanent median nerve dysfunction. Distal radius fracture translation of more than 35% was determined as the most important risk factor for development of acute CTS.
Endocrine disorders, such as diabetes mellitus and hypothyroidism, are regular causes of chronic CTS. In diabetic patients, neurophysiologic evidence of subclinical CTS
was demonstrated in 20-30% of the cases, while symptomatic CTS was found in no
more than 8%. The reason why CTS is more common in diabetes is not fully clarified.
Recently, a significant reduction of myelinated nerve fibres and endoneurial capillary
densities, were demonstrated in the uncompressed posterior interosseous nerve of the
forearm of subjects with diabetes and CTS compared to patients with idiopathic CTS.8
This suggests that a nerve, with already established endoneurial hypoxia caused by diabetes, could be more vulnerable to local compression. Additional mechanisms may
arise from increased concentrations of advanced glycation end products, as well as myofibroblasts in the connective tissue. This leads to synovitis, a thickening of the flexor
retinaculum, and a reduction of the volume of the carpal tunnel.
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Other conditions related to CTS include pregnancy, rheumatoid arthritis and occupational factors, such as repetitive motion, increased hand force action or long-term
exposure to vibrating tools. It is debated whether smoking increases the risk of CTS.
Unpublished data on 514 patients operated for CTS suggested that smoking was associated with a significantly poorer outcome.
In a study of patients with prior carpal tunnel surgery, it was found that nearly 40%
had a positive family history of CTS. A study on mono- and di-zygotic twins implied
that nearly 50% of the liability to CTS in women was genetically determined. An estimate that was unaffected after corrections for age, body mass index, physical activity and
hormonal factors. CTS also occur in connection to autosomal dominant disorders, such
as the demyelinating hereditary neuropathy with liability to pressure palsy (HNPP). In
support of a possible genetic predisposition, a significant reduction of myelinated nerve
fibre density in the uncompressed posterior interosseous nerve of the forearm was demonstrated in patients with idiopathic CTS compared to healthy subjects without CTS.

Figure 2. The flexor retinaculum is released on the ulnar side of the median nerve.
Some hyperrhemia and hourglass configuration of the median nerve is observed.

Pathophysiology
Pressure in the carpal tunnel has been measured through an endoscopically placed catheter. In patients without CTS, the average carpal tunnel pressure with the wrist in
neutral position was determined to be 14.3 mmHg. Of patients with CTS, the pressure
averaged 43 mmHg and declined to 6.2 mmHg after surgical carpal tunnel release.
A four to five fold increase in pressure was registered during active grip, or with full
flexion, or extension of the wrist. After isolated carpal tunnel release, even pressure in
Guyon’s canal, as well as ulnar nerve symptoms were demonstrated to decline.
Nerve compression syndromes involve peripheral nerve dysfunction due to localized interference of microvascular function, and structural changes in the nerve.7 An
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experimental model, using miniature inflatable cuffs, showed disturbance of intraneural
microcirculation after application of 20-30 mmHg of pressure, impairment at 40-50
mmHg, and at pressures of 80 mmHg all blood flow ceased. Similarly, axonal transport
representing the communication system necessary for axon integrity and function, are
inhibited at 30 mmHg. Presumably, due to blockage of retrograde axonal transport,
peripheral nerve compression leads to structural and biochemical alterations of the nerve
cell body with up-regulation of various neuropeptides and induction of transcription
factors, such as activating transcription factor 3; the latter associated with survival and
regeneration of neurons. In short, the cascade of the changes in the peripheral nerve,
due to compression, includes, impaired microcirculation with increased vascular permeability, decreased venous return causing oedema, and subsequent increased endoneurial fluid pressure. In persistent cases, structural changes with segmental demyelination,
fibrosis and Wallerian degeneration will develop.
A direct study of pathology in the compressed median nerve of human material is
limited to a case report of a patient, who, prior to death had neurophysiologic verified
slowing, of median nerve conduction velocity and increased latency. Pathology revealed loss of myelinated nerve fibres and manifest demyelination, particularly at the site
of compression. In addition, there was a marked swelling of the nerve proximal to the
carpal tunnel ligament.
Acute nerve compression differs from chronic nerve compression involving mechanisms, such as inflammation, and stretching and tethering of the nerve during joint
movements. Histological examination of subsynovial connective tissue from flexor tendons in the carpal tunnel has demonstrated increased fibroblast density and vascular
hypertrophy. It is believed that the synovial inflammation and fibrosis are responsible
for the altered gliding characteristics of the median nerve and flexor tendons found in
patients with CTS. The longitudinal excursion of the median nerve is reduced, and it
is more likely to stay attached to the flexor retinaculum during wrist flexion compared
to healthy subjects.
Diagnosis
No reference standard exists for the diagnosis of carpal tunnel syndrome. In clinical
practice the diagnosis is based on the patients anamnesis, symptoms and a thorough
clinical examination.1 Nerve conduction studies are used to verify the diagnosis as well
as to exclude competing differential diagnoses.
Symptoms
The primary symptoms of classic CTS involve numbness and tingling with or without
pain in at least two of the median nerve innervated fingers. Symptoms are often aggravated during sleep and at daytime, associated with static or repetitive hand function. Patients typically experience alleviation of symptoms by shaking their hand or by keeping
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the hand in a neutral position using a splint. However, patients with CTS may in fact
experience quite variable sensory symptoms and pain, even outside the typical median
nerve distribution. In a study of 1039 patients with neurophysiologic verified CTS, the
classic distribution pattern was demonstrated in only 13% of the hands affected.5 Clinical involvement of the little finger, without neurophysiologic ulnar nerve abnormality,
was found in 48-56% of the patients, while “whole hand” distribution was demonstrated in 5%. Paraesthesia and pain may extend proximal to the wrist in nearly 40%, whereas predominant involvement of the dorsum of the hand has been reported to occur
in 11% of the cases. Gender differences exist; men presenting later, and having more
pronounced symptoms than women. This could be attributed to a general difference
in response to symptoms, or differences in aetiology, such as multiple wrist trauma or
vibration exposure. No difference in outcomes between genders has been demonstrated.
Sensory evaluation
It is often difficult to confirm sensory disturbances in the early stages of carpal tunnel
syndrome. The widely used 2-point discrimination test measures tactile gnosis, which
reflects sensory innervation density of the examined area as well as its projection into
the somatosensory cortex of the brain. Precise performance of the 2-PD test is poorly
defined and thereby difficult to reproduce and compare with results from other studies.
Experimental and clinical investigations have demonstrated that the test is impaired
only in more advanced stages of carpal tunnel syndrome. Consequently, the 2-PD test
is more appropriate to use for evaluation and follow-up after nerve repair than in cases
of nerve compression.
Early sensory disturbances are more readily detected by tests on sensory and vibration thresholds. The Semmes-Weinstein monofilament test measures threshold for
perception of touch. The filament is applied perpendicular to the pulp of the digit. A
pressure to just bend the monofilament is applied from filaments with dissimilar diameter and stiffness. A mini-kit comprises five different probes; filament marking 6.65 =
perception of deep pressure, filament 4.56 = loss of protective sensation, filament 4.31
= diminished protective sensation, filament 3.61 = diminished perception of light touch
and filament marking 2.83 = normal perception of touch/pressure.
Vibration threshold
Fast and slow adapting mechanoreceptive units in the glabrous skin of the hand transmit
vibratory sensation via large myelinated nerve fibres to the dorsal root ganglia. Among
fast adapting receptors, Meissner corpuscles are sensitive to vibration at frequencies
from 5 to 50 Hz, and Pacinian corpuscles at frequencies above 50Hz with a probable
maximum sensitivity around 250Hz. Slow adapting receptors, such as Merkel and Ruffini end organs, are highly sensitive to vibration at lower frequencies (2 to 30Hz), but
their specific participation in vibrotactile perception is questioned.
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Vibration perception thresholds, reflects function of large myelinated Aα and
Aβ-fibres. Using a fixed frequency tuning fork, determination of impaired vibration
perception thresholds in the lower leg has proved sensitive in the detection of sub-clinical neuropathy. The motivation for using vibration perception threshold testing in carpal tunnel syndrome is that nerve compression predominantly affects large myelinated
fibres, while the small myelinated and unmyelinated nerve fibres are considerably more
resistant to compression. Impaired vibration perception threshold has been demonstrated as an early sign of acute peripheral nerve compression. Using a multi frequency
vibrometer, vibrotactile sense has proven to be impaired, and to demonstrate significant
recovery after carpal tunnel release. However, the role of vibration perception thresholds
testing in chronic nerve compression, such as CTS, has not been fully established.
Motor evaluation
Strength of the abductor pollicis brevis muscle is examined with the patient’s forearm
in supination. With the thumb in maximal palmar abduction, the patient is asked to
resist downward pressure of the thumb towards the palm. At the same time palpate
the contraction of the abductor pollicis brevis muscle. Comparison of strength with
the contralateral hand is mandatory. The result can be graded from 0 to 5 (no muscle
contraction to normal strength) as proposed by the Medical Research Council. Weak
muscle strength can indicate the presence of CTS, and is better than grip strength to
follow motor recovery after surgery.
Thenar atrophy is a late sign, which is demonstrated only for advanced stages of carpal tunnels syndrome. No reliable classification system exists, and atrophy is also found
in patients with e.g. polyneuropathy or cervical radiculopathy. It is generally agreed
that evaluation of thenar atrophy has no diagnostic value.
Provocative test
Phalen’s wrist flexion test is positive when unloaded flexion of the wrist for 30 to 60
seconds reproduce, or aggravate paraesthesia and numbness in the median nerve distribution of the hand.6 Increasing pressure in the carpal tunnel is believed to evoke the
response. It is important that the test is performed without elbow flexion to avoid confounding symptoms from the ulnar nerve. A large systematic review found a sensitivity
of 68% and specificity of 73% for the diagnosis of carpal tunnel syndrome. However,
false positive results may occur in up to 20% of control patients without carpal tunnel
syndrome.
Tinel’s sign is positive when tapping or percussing on the distal wrist crease over the
median nerve cause paraesthesia in the distribution of the median nerve. The response
is assumed to occur from regeneration nerve fibres. As such, a positive test is more
frequently found in moderate to severe carpal tunnel syndrome than in mild cases.
Studies have demonstrated Tinel’s test to be more specific (70%) than sensitive (50%);
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in other words, false negative results are quite likely to occur. When performing the
test, the use of a more forceful percussion increases the sensitivity, but at the expense
of specificity. Also, sensitivity of both Tinel’s and Phalen’s test decrease in clinical and
neurophysiological advanced cases of carpal tunnel syndrome.
Overall, Phalen’s and Tinel’s test are uncertain for the diagnosis of carpal tunnel
syndrome, and must always be interpreted in close conjunction with the patients clinical
history and other performed measures.
Nerve conduction studies
Assessment of CTS is the most frequent source of referral to neurophysiologic laboratories. The nerve conduction study is performed with surface electrodes while needle electromyography rarely is required. It’s value as a reference diagnostic tool, when compared to clinical history and examination, is much debated. In a recent prospective study,
nerve conduction results did not change the probability of diagnosing carpal tunnel
syndrome compared to clinical testing. Furthermore, in the majority of studies on carpal
tunnel release it has not been possible to demonstrate a clear correlation between nerve
conduction results and clinical outcome measures. However, the degree of neurophysiologic abnormality has been demonstrated to reflect symptom distribution. Less severe
median nerve dysfunction showing diffuse clinical symptoms, while pronounced nerve
deficits demonstrate more classic symptoms.
Still, nerve conduction studies provide the most objective and non-invasive estimation of myelinated nerve fibre dysfunction. It allows evaluation of segmental demyelination and axonal loss reflected by nerve conduction velocity and amplitude response,
respectively. In addition, nerve conduction studies have an important complimentary
function in cases of ambiguous clinical presentation, or when underlying causes such as
cervical radiculopathy or general polyneuropathy are suspected. In early stages of CTS,
where large myelinated fibre dysfunction are limited, fast conduction in the proximal
and distal segment of the median nerve may mask a slowing in the segment within the
carpal tunnel. A fractionated study of the carpal tunnel segment, the antidromic wristpalm sensory conduction velocity, has demonstrated the highest specificity (0.98) and
sensitivity (0.85) in the neurophysiologic diagnosis of CTS. The American Association
of Electrodiagnostic Medicine considers it the main standard neurophysiologic measurement and, if abnormal, recommends a comparison to nerve conduction of an adjacent
nerve in the affected arm.3 The commonly measured median nerve distal motor latency
also has a high specificity (0.98), but only moderate sensitivity (0.63). This is probably
caused by motor neurons being more resistant to secondary axonal changes during nerve
entrapment.
Postoperatively, marked neurophysiologic recovery of sensory conduction velocity,
and distal motor latency, develops early on after carpal tunnel release. However, 12
months after surgery, normal values are only regained for patients with minor preoperative nerve conduction abnormalities.
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Ultrasonographic imaging
High-resolution ultrasonographic examination can be performed without discomfort
for the patient and provides anatomical as well as morphological information about the
median nerve and its surrounding tissue. Subjects with CTS demonstrate enlargement
of the median nerve at the wrist level. From a meta-analysis it was found that overall
sensitivity and specificity of ultrasonographic examination for the diagnosis of CTS was
77% and 86%, respectively. The cross-sectional area of the median nerve at the carpal
tunnel inlet (level of the pisiform) is the most valid measurement with the highest diagnostic accuracy set at a cut-off value of 9 or 10 mm2. Cross-sectional areas are also
measured in the carpal tunnel (level of scaphoid tubercle) and at the outlet (level of the
hook of the hamate). Further studies are needed to determine the diagnostic value of
additional measurement;4 such as the flattening ratio of the median nerve (the ratio of
the long axis of the median nerve to the short axis) and bowing of the flexor retinaculum
(distance from its palmar apex to a straight line between trapezium and the hook of the
hamate).
Ultrasonography and nerve conduction studies are complementary examinations.
Nerve conduction studies represent an objective measure of the ability to conduct electrical signals in large myelinated nerve fibres while ultrasonography is a highly operator
dependent imaging technique. Ultrasonography provides anatomic information about
the nerve and may reveal other pathology such tenosynovitis, a persistent median artery or accessory muscles. It is well known that nerve conduction studies can diagnose
proximal or peripheral neuropathy. Ultrasonography in patients with diabetic peripheral neuropathy has shown a significant larger cross-sectional area of the median nerve
compared to those without peripheral neuropathy or control subjects. It is hypothesized
that swelling of the nerve is caused by increased intracellular hydration and sub-perineurial oedema, due to increase conversion of glucose to sorbitol.
Magnetic resonance imaging
In general, MRI offers imaging of morphology of the carpal tunnel structures with
a higher resolution than ultrasonography. However, the method is time consuming,
expensive and a limited resource at most institutions. It may be justified if other wrist
pathology is suspected, or in cases of persistent or recurrent symptoms after previous release. In the future, Gadolinium-enhanced MRI, used to visualize intraneural oedema,
diffusion tensor imaging technique, or 3D reconstruction of the large neuronal fibre
trajectories, may provide refined diagnostic possibilities.
Treatment
Non-surgical management is warranted for patients with mild or transient symptoms.2
Surgical decompression is indicated if conservative treatment fails to provide sufficient
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relief, or for patients who present with moderate to severe sensory or motor deficit, or
advanced nerve conduction dysfunction.
Non-surgical management
Splinting is probably the most frequently used non-surgical treatment for CTS. By
preventing prolonged and excessive flexion/extension of the wrist, immobilization decreases pressure within in the carpal tunnel. Symptom relief is not obtained immediately,
why a two-week trial period is recommended. Limited evidence exists to support that
splinting of the wrist in neutral position is better than in resting position with 20 degrees of extension. Also, no study has demonstrated full-time immobilization of the wrist
to be more effective than nighttime splinting.
Current literature does not support the effectiveness of non-steroidal anti-inflammatory drugs (NSAID’s), diuretics or pyridoxine (vitamin B6) for the treatment of CTS.
The rationale for exercise programmes is to counteract adhesions in the carpal tunnel
and thus to improve excursion of the median nerve and flexor tendons relative to one
another. Furthermore, it was suggested to stimulate venous return and thereby reduce
intraneural pressure. In a randomized study of 197 patients, 43% of those performing
gliding exercises later went on to surgery, while it was 71% for these who did not.
However, within literature there is a lack of evidence to support significant benefits of
nerve and tendon gliding exercises.
It is assumed that the anti-inflammatory effect of corticosteroids will decrease synovial inflammation, and thereby reduce fluid pressure in the carpal tunnel. In addition,
a neo-vascular effect has been suggested. Oral administration of corticosteroids has a
brief effect compared to local injection, and carries systemic side effects, such as weight
gain, increased blood pressure and hyperglycaemia. A single corticosteroid injection can
provide symptom relief in up to 75% of patients, but recur in 50% of cases during the
first year. Maximum relief is experienced within the first three month after injection.
While a second injection is nearly as effective as the first one, any further injections are
less beneficial for the patient. The role of corticosteroid injection as a possible diagnostic procedure is not defined. Nevertheless, studies have shown that the symptom relief
obtained from an injection can predict the outcome after surgical carpal tunnel release.
Potential complications related to corticosteroid injection include median nerve injury
and tendon rupture. Mechanical tendon strength decreases due to reduced tenocyte
function with limited proteoglycan and collagen synthesis. Injection just proximal to,
instead of directly into the carpal tunnel has been suggested to avoid nerve injury. Skin
atrophy and depigmentation may occur if applied subcutaneously. Systemic effects are
also seen after local injection. It is important to inform patients with diabetes that two
to three days of hyperglycaemia should be anticipated.
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Open carpal tunnel release
Open carpal tunnel release can be performed either under local infiltration anaesthesia,
or with an intravenous regional block. For local anaesthesia, 5-6 ml of 0.5% lidocaine
or Bupivacaine is infiltrated before preparation, and draping of the hand. An addition of epinephrine may be beneficial as it reduces the volume of anaesthesia needed,
prolongs postoperative pain control and helps prevent bleeding. In addition, it allows
operation without the use of a tourniquet as indicated for haemodialysis patients with
arteriovenous fistula. For short procedures, placement of the tourniquet on the forearm is convenient and often better tolerated by the patient compared to an upper arm
tourniquet. Inflate the tourniquet when ready for the procedure to 100 mmHg above
systolic pressure. A regional intravenous block is not necessarily more comfortable for
the patient, but it avoids the subcutaneous swelling that follows infiltration anaesthesia
and thereby may provide a slightly better overview. For this procedure, a double tourniquet is placed on the upper arm. After exsanguination of the arm and inflation of the
tourniquet, plain lidocaine is injected (3mg/kg). Bupivacaine is contraindicated due to
potential cardiac complications. A draw back of the method is that it provides no postoperative pain relief.
A short, palm only, incision is made between the distal wrist crease and Kaplan’s cardinal line. It parallels the thenar crease beginning on the ulnar side of the palmaris longus tendon, and continues to a point in line with the interval between the long and ring
fingers. Dissect through the fatty tissue. Beware of palmar cutaneous nerve branches. To
reduce the risk of postoperative allodynia of the palm, it is important to keep the palmar
side of the median covered by the flexor retinaculum, and not just by subcutaneous
tissue. Therefore, split the palmar fascia on the ulnar side and it retract radially. Use the
blade to carefully free up the carpal ligament, which will allow clear visualisation of the
ligament’s transverse fibres. Use multiple small cuts with the no. 15 blade to release the
carpal ligament from proximal to distal at its ulnar side. Preferably, maintain a few millimetres distance from the hook of the hamate to avoid the ulnar neurovascular bundle,
and prevent the rare cases of postoperative flexor tendon subluxation. Complete distal
release, which includes the aponeurosis between the thenar and hypothenar muscles,
is assured with the appearance of the yellowish fat tissue around the superficial palmar
arch. Proximally, place a small Langenbeck retractor between the antebrachial fascia
and the subcutaneous tissue. A gentle palmar lift with the retractor will produces slight
dorsal flexion of the wrist and generates clear vision to the distal edge of the antebrachial
fascia. Use a blunt scissor to release 1.0 to 1.5cm of the fascia along the ulnar side of the
palmaris longus tendon.
Additional procedures to median nerve decompression have been suggested. Although controversial, exploration of the recurrent thenar motor branch should be limited
to cases with marked motor involvement where localised compression may be present.
Flexor tendon synovectomy is not recommended as a standard procedure, but may be
relevant in cases of infection, or for patients with rheumatoid arthritis. It has an increa177

sed risk of bleeding and haematoma formation, which may cause fibrosis and adhesion
of the median nerve. No advantage has been demonstrated after internal neurolysis. On
the contrary, it increases the risk of iatrogenic fascicular fibrosis and axonal degeneration. In general, unnecessary manipulation of the medial nerve should be avoided.
The incision is closed with continuous or interrupted 5-0-nylon suture, as preferred.
A bulky soft dressing is applied to restrict and protect the wrist. Cast immobilization is
not indicated.
Endoscopic carpal tunnel release
A combined median and ulnar nerve wrist block, or a regional intravenous block is used
for this procedure. To block the median nerve a small needle (27G) is inserted along the
ulnar side of the palmaris longus tendon about 1 cm proximal to the wrist crease. With
experience one can often feel when the antebrachial fascia is penetrated. It is not justified to stab the needle into the nerve to verify its position. Inject 5 to 6 mL of local anaesthetic. Upon retraction, redirect the needle ulnarly, to inject 1 mL subcutaneously for
the skin incision. Block the ulnar nerve by inserting the needle just radial to the flexor
carpi ulnaris tendon. Carefully, penetrate the antebrachial fascia and inject 3 to 4 mL
of local anaesthesic. It is important to avoid intravascular injection via the ulnar artery.
An outlining of the anatomic landmarks will assist in correct orientation: os pisiform, flexor carpi ulnaris, and flexor carpi radialis tendon, hook of the hamate, Kaplan’s
cardinal line and longitudinal lines from the third and fourth webspace. Make a 1 to 1.5
cm transverse incision centred between the flexor carpi ulnaris and flexor carpi radialis
tendon. Dissect the subcutaneous layer and incise the antebrachial fascia. In line with
the fourth finger, a synovium elevator is inserted and used to gently free synovium tissue
from the inner surface of the flexor retinaculum. Adhesions are often found. Confirm
correct positioning by identifying the hook of the hamate on the ulnar side of the instrument. Dilatators are then used to create the final path for the endoscope and blade assembly. When inserting and advancing the endoscope, the transverse fibres of the flexor
retinaculum should be clearly visible, otherwise repeat the procedure for freeing of the
synovium. A slight rotation of the endoscope to the radial side will identify the median
nerve (Figure 3). Counter rotate the endoscope to the ulnar side until the median nerve
is out of the field of vision. Identify the distal margin of the retinaculum by the fat pad.
External pressure on the palm can facilitate the release, but may also redeploy and jeopardise the ulnar artery and median nerve. Deploy the blade and release the distal half of
the retinaculum. Re-advance the endoscope distally to inspect and make an additional
release if necessary. Repeat the procedure for release of the proximal part of the flexor
retinaculum. Finally, use a blunt scissor to release the antebrachial fascia proximal to the
skin incision. Depending on the length of the incision it is closed with interrupted 5-0
nylon suture or adhesive strips.
Prior to the operation, inform the patient that endoscopic technique is not always
possible due to abundant synovial tissue, or unusual anatomic conditions. Most impor178

tantly, convert to open technique if clear visualisation of the relevant structures is not
obtained.

Figure 3. Endoscopic carpal tunnel release. Transverse fibres of the flexor retinaculum is seen in top of the
picture. With slight rotation of the endoscope the median nerve appears on the radial side.

Open versus endoscopic carpal tunnel release
There are no particular contra-indications for open carpal tunnel release. In contrast,
endoscopic release should not be performed in cases; where abundant tenosynovitis or
inflammation is suspected, if previous surgery has been performed in the area, or in
patients with notably restricted wrist extension.
There is no difference in symptomatic relief between the two techniques. In the
short–term, endoscopic release may have advantages in functional outcome due to reduced postoperative pain, better grip strength, and earlier return to work.9
With the endoscopic technique, transient prolongation of distal motor latency has
been observed. It is believed to occur due to increased pressure in the carpal tunnel
during insertion of the cannula assembly. However, its clinical relevance has not been
established. The risk of permanent median nerve damage is the same regardless whether
an open or endoscopic technique is used.
Postoperative regime
Patients are instructed to begin immediate range of motion exercises for the fingers and
use of the hand for lighter activities as tolerated. The original dressing can be diminished
after 3 days, and sutures removed 10 to 14 days after surgery. Supervised postoperative
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physiotherapy does not seem justified after uncomplicated cases of carpal tunnel release,
but should be reserved for patients with special needs.
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6–2
Ulnar Nerve Compression at Elbow
and Wrist Levels
Tanya Burgess*

Christian Dumontier**

Key points
• The ulnar nerve can be compressed at multiple sites at the wrist and the elbow.
• Cubital tunnel syndrome is commonly seen, where position of the elbow can lead to
increased pressures both in the tunnel and intraneurally.
• Diagnosis can be difficult, but is often based on a combination of clinical examination,
history and electrodiagnostic studies.
• Mild to moderate ulnar nerve compression may improve after conservative
management.
• There is currently no gold standard for surgical treatment, but simple decompression
is considered to be as equally effective as transposition with a lower complication rate
in cubital tunnel syndrome.

T

he ulnar nerve can be compressed at multiple points along its course, including
impingement of the spinal nerve roots C8 or T1 in the cervical spine, at the level
of the brachial plexus, thoracic outlet or at the level of the elbow, forearm or
wrist. The most common location of compression is at the elbow, known as cubital
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tunnel syndrome. Cubital tunnel syndrome is the second most common compression
neuropathy in the upper limb after carpal tunnel syndrome with an annual prevalence
of 0.2% (an incidence of about 75,000 new cases each year in the US).

Anatomy
The ulnar nerve is a mixed nerve that arises from the C8 and T1 nerve roots. It is the
terminal branch of the medial cord of the brachial plexus. From the medial cord arise
five branches: proximal to distal these include the medial pectoral nerve, medial brachial
nerve, medial antebrachial cutaneous nerve, medial branches to the median nerve and
ulnar nerves. The ulnar nerve at the level of the axilla lies between the axillary artery
and vein and posterior to the pectoralis minor muscle. It courses in a sheath medial to
the brachial artery and then at the level of the insertion of the coracobrachialis muscle,
and passes posteriorly with the ulnar collateral artery. It passes between the medial head
of the triceps brachii and brachialis muscles and remains posterior to the intermuscular
septum. Eight cm proximal to the medial epicondyle is the arcade of Struthers. This is a
band of fascia connecting the medial head of the triceps and the intermuscular septum
of the arm and is present in 70% of the population. The nerve pierces the intermuscular
septum and emerges deep to the arcade of Struthers resting on the medial head of the
triceps before becoming more superficial. At 3.5 cm proximal to the medial epicondyle,
it enters the ulna sulcus. As the ulnar nerve passes posterior to the medial epicondyle and
medial to the olecranon it enters the cubital tunnel.
A thickened transverse band or cubital tunnel retinaculum between the humeral and
ulnar head of the flexor carpi ulnaris muscle (FCU) is known as Osborne’s (arcuate)
ligament. This ligament forms the roof of the cubital tunnel and serves to prevent
anterior subluxation of the nerve with elbow flexion. The floor of the cubital tunnel is
formed by the olecranon, elbow joint capsule and posterior and transverse portions of
the medial collateral ligament of the elbow. The ulnar nerve passes through the cubital
tunnel and courses deep to Osborne’s ligament into the forearm between the two head
of the FCU. The fascia invests the FCU in two layers, the deeper of which continues
distally for 3-5 cm to the end of the cubital tunnel. The ulnar nerve gives off its first
branch just before entering the cubital tunnel, initially supplying the elbow joint with
articular proprioception before providing 2-4 branches to the FCU. In a recent study,
the ulnar nerve was found to supply the FCU with a mean of 3.4 motor branches,
mostly arising from the ulnar side.1 It also provides one or more branches to the medial
half of the flexor digitorum profundus muscle (FDP).
Dorsal branch of ulnar nerve
The intraneural distribution of the nerve fibres in the ulnar nerve at the level of the
cubital tunnel demonstrate that the location of the nerve fibres to FCU and FDP are
more central, while the motor and sensory fibres to the hand and fingers are located
peripherally. Thus, they are more susceptible to compression and ischaemia.
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Cubital tunnel syndrome
Risk factors
The ulnar nerve at the elbow is susceptible to pathological and physiological compressive
factors.
Pathological factors that usually lead to development of chronic compressive
symptoms can include anatomical abnormalities, space occupying lesions (ganglion
cysts or tumours) and vascular anomalies. Chronic compression can also be caused
by fracture non-union or malunion, which can lead to hypertrophic callus or cubitus
valgus. Acute nerve compression can be caused by blunt trauma, fractures around the
elbow or dislocations of the elbow joint, open injury secondary to penetrating trauma,
intraneural bleeding, which may be caused by blood dyscrasias or iatrogenic injury often
due to surgical interments, tourniquets or poor positioning.
Systemic diseases can present with symptomatic ulnar nerve compression.
Rheumatoid disease can lead to proliferation of joint synovium and tenosynovium
leading to a cubital tunnel syndrome. A patient with haemophilia can suffer from
perineural, intramuscular and intramural hematoma. Gout can lead to deposition of
uric acid crystals either on the nerve or in the tenosynovium.
Dynamic physiological compression can be prone to result from activities that lead
to prolonged periods of elbow flexion and direct pressure on the medial elbow. This can
lead to elevation of intracompartmental pressures. The cubital tunnel has been found to
be most patent with the elbow in full extension. As flexion increases incrementally, the
tunnel changes its shape. In extension, the tunnel is spacious and circular in shape. As
the elbow flexes, the tunnel becomes wider and flatter and gradually triangular with a
loss in height of 2.5 mm. The aponeurosis has been shown to stretch five mm with every
45 degrees of flexion and associated with the innate tightness of the arcuate ligament
causes the tunnel to narrow and flatten by 55 % with elbow flexion. Elbow flexion
has been reported to result in 20 times increased pressure within the cubital tunnel.2
This pressure is further increased with wrist extension and/or shoulder abduction.
Similarly, it has been reported that elbow flexion results in increased intraneural ulnar
nerve pressure, which explains why patients with permanent flexion of the elbow usually
complain with ulnar paraesthesia.
The ulnar nerve can be potentially compressed at five consistent anatomical sites
around the elbow. 1. The arcade of Struthers. 2. The medial intermuscular septum. The
intermuscular septum is more significant in a patient with a congenitally unstable ulnar
nerve that subluxes over the medial epicondyle. Approximately 20 % of the population
suffers from congenital laxity of the ulnar nerve with resultant ulnar nerve hypermobility.
It is often bilateral. 3. The medial epicondyle. At this location the nerve is superficial
and palpable. A prominent head of the triceps or an anomalous anconeus epitrochlearis
muscle can cause nerve compression at this site. The anconeus epitrochlearis muscle
originates from the medial border of he olecranon and adjacent triceps and inserts onto
the medial epicondyle. It has been found to be present in 3-28% of cadavers. 4. The
cubital tunnel. 5.The deep flexor pronator aponeurosis.
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Diagnosis
Patients often present with paraesthesia and numbness of the little and ring fingers
associated with aching in the medial aspect of the elbow or forearm. Pain is not the
primary sign in early cases. Diagnosis can often be difficult and is usually based on
clinical symptoms, as electrodiagnostic testing can be negative. Frequently, the patient
will not recognise the symptoms of nerve compression until they are quite severe.
Patients often present late with severe sensory and motor deficits. Late presentation
decreases the chance of complete resolution of symptoms and good clinical outcome.
A thorough history should be elucidated. The patients should be questioned about
the onset of the symptoms, including factors that exacerbate or alleviate them. The
localisation of numbness, grip or pinch weakness and inability to spread the fingers
are important as is other comorbidities, including haemophilia, diabetes, gout and
generalised peripheral neuropathy. Occupation (hand-held vibrating tools) and
recreational activities (cycling) can contribute to the syndrome. Also, it is important to
ask if the position of the shoulder, elbow and wrist can aggravate the symptoms. For
example, elbow flexion can cause compression of the cubital tunnel, while wrist flexion
is more specific for ulnar tunnel syndrome.
Examination should be performed from the proximal origin of the nerve to its most
distal point. The cervical spine, neck and axilla are examined to exclude thoracic outlet
syndrome and cervical nerve root compression. A detailed examination of the elbow is
performed. Initially, one should look for any mass or deformity, particularly cubitus
valgus. Ulnar nerve subluxation should be examined for throughout the full range of
motion of the elbow joint.

Sensory examination
Useful tools for sensory testing include the Semmes-Weinstein monofilament, a 256 cps
tuning fork, a vibrometer and two-point discrimination. Threshold tests, such as the
Semmes-Weinstein monofilament and the vibration test, are useful for detecting gradual,
progressive changes in nerve function. Innervation density tests that include static and
moving two-point discrimination measure overlapping receptive fields and the density
of the innervation in the region are tested. Unless Wallerian degeneration is present,
nerve compression does not lead to a significant increase in two-point discrimination.
Therefore, these tests are not sensitive to the gradual decrease in nerve function seen
in nerve compression. A hand diagram, in which the patient marks out the area of
numbness and Tinel’s sign, are the most specific tests for ulnar nerve compression.
The Semmes-Weinstein monofilament, vibrametry and the direct compression tests are
the most sensitive. While Tinel’s sign has been found to be sensitive in other nerve
compression syndromes, there is a high rate of false positive signs (24%) and both
Tinel’s sign and the cubital Phalen´s test are found within the normal population.3
Subsequently, there are no reliable tests that are specific or sensitive for cubital tunnel
syndrome. However, a negative Tinel´s sign has a high (98%) negative predictive value.
The dorsal sensory branch of the ulnar nerve is important in differentiating between a
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cubital tunnel syndrome (proximal) and an ulnar tunnel syndrome (distal). Abnormal
sensation over the ulnar dorsal aspect of the hand indicates involvement of the dorsal
sensory branch and, thus, a more proximal lesion.

Motor examination
Mild compression does usually not result in motor dysfunction. However, moderate
compression can result in muscle weakness and muscle atrophy can be a sign of severe
compression. Motor function is tested by examining the small muscles of the hand
(excluding the muscles innervated by the median nerve) and examining the FDP of the
ring and little fingers against resisted flexion. Patients may lose up to 60-80% of their
grip strength in severe lesion. In a high ulnar nerve lesion, there is loss of FDP function
of the ring and small finger. Therefore, clawing is not as significant in compression at
the level of the elbow of the ulnar nerve than in cases of compression at the wrist. The
scratch collapse test has been proposed as a diagnostic tool for ulnar nerve entrapment.
However, its validity remains questionable.
Motor examination
Froment’s test: A positive Froment’s test indicates weakness of the first dorsal
interosseous, the second palmar interosseous or the adductor pollicis muscles. In
attempt to a key pinch, the patient compensates for weakness of lateral pinch by flexing
the interphalangeal joint of the thumb. This is due to an overpull of the flexor pollicis
longus muscle.
Crossed finger test: This test evaluates the function of the first palmar and second
dorsal interossei. Inability to cross the index and middle fingers over indicates a positive
test.
Wartenberg sign: This is positive when there is spontaneous abduction of the little
finger when the patient attempts to extend the fingers. This is due to unopposed ulnar
insertion of the extensor digiti quinti muscle.
When performing a motor examination, the examiner must be aware of possible
anomalous innervation patterns, which can distort the clinical picture and possibly
result in a delay in diagnosis or mistreatment. The Martin-Gruber anastomosis
in the forearm is an anomaly where there is a communication between the anterior
interosseous nerve and the ulnar nerve. This connection can be located 3-10 cm distal to
the medial epicondyle, which exists in 7.5 % of the population. Innervation of the FDP
may vary from all ulnar and all median to a combination with thenar muscles possibly
innervated by the ulnar nerve. The Riche-Cannieu anastomosis occurs when there is a
communication between the motor branch of the ulnar nerve and the recurrent branch
of the median nerve within the palm. In these cases, the motor fibres that typically are
within the median nerve can be carried in the ulnar nerve to the level of the hand and
cross over within the palm. A patient with severe carpal tunnel syndrome may have
normal thenar function.
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Radiological tests
Plain X-rays of the elbow and wrist should be obtained to exclude any bony deformity
or abnormality that may be a cause of nerve entrapment. The elbow series should
include anteroposterior, lateral and epicondylar tunnels views to exclude posttraumatic
changes, arthritis and cubitus valgus. A supra-condylar process can occasionally be the
cause of ulnar nerve compression. Carpal tunnels and oblique views should be obtained
at the level of the wrist. Cervical spine radiographs should be performed to rule out
cervical radiculopathy and cervical rib involvement. Chest X-Ray should be requested
if the clinician is suspicious of a Pancoast tumour. The patient may present with a
history of smoking, shoulder pain and ulnar nerve related symptoms. A recent study has
demonstrated that an ultrasound of the cubital can be used to determine the size of the
nerve and compare it to a normal value. A decreased diameter of the affected nerve can
correlate with progressive ulnar neuropathy at the elbow.4 A Doppler ultrasound can
also be useful in diagnosing vascular anomalies.

Electromyography studies
Clinical diagnosis of a cubital tunnel syndrome remains the gold standard. However,
electrodiagnostic studies can be used to confirm the diagnosis and monitor improvement.
They are also useful in localizing the level of nerve compression and can identify other
sites of compression and the presence of other disease processes (e.g. motor neuron
disease, peripheral neuropathy)
Nerve conduction studies: During these tests, amplitude, velocity and latency of the
muscular action potential are measured. The conduction velocity of the nerve and the
latency are determined by nerve myelination. The integrity of the axon determines
electrical amplitude. A compression of the nerve can cause an increased distal latency
and a decreased conduction velocity. An increase in the threshold of the excitability
to stimulation is an early sign of compression neuropathy. However, absence of a
motor response suggests severe neuropathy. The first dorsal interosseous muscle is most
commonly affected. Parameters for testing include flexing the elbow between 70 and 90
degrees during the conduction testing. The American Association of Electrodiagnostic
Medicine have established criteria for a positive diagnosis of ulnar neuropathy and
must include one of the following: absolute slowing of nerve conduction at the elbow,
decreased conduction velocity of > 10 m/s across the elbow, decreased amplitude of >
20 %, absence of sensory responses or evidence of muscle atrophy.5 EMG can be falsely
negative in about 1 0% of the cases.

Staging
In 1950, McGowen proposed a staging system based on the motor symptoms of the
ulnar nerve. Dellon et al6 later expanded on the staging system utilizing a numeric
grading scale to categorise patients based on symptoms. A score of 0 indicated normal
results. Scores of 1 and 2 were awarded if the patient had intermittent paraesthesia
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and mild weakness observed during pinch and grip tests. Scores of 3 and 4 included
vibratory changes and moderate objective weakness. A score of 5 was consistent with
persistent paraesthesia and a score of 6 showed abnormal two-point discrimination.
Scores 7 through to 10 were indicative of muscle atrophy. The scoring system was found
to correlate with treatment outcomes with those patients mildly affected and able to
achieve a better outcome with conservative management. Surgery was often indicated
for those with higher scores.

Non-operative treatment – cubital tunnel syndrome
Based on the scoring system of Dellon, the authors found that excellent results were
achieved with non-operative management in 50 % of patients with a minimal degree of
nerve compression. Conservative management is usually indicated in patients with mild
to moderate symptoms. Patient education is important allowing activity modification and
avoidance of positions that aggravate the symptoms. Prolonged postural modification
over several months may be necessary for resolution of symptoms.
Splinting with activity modification has been demonstrated to improved symptoms in
cubital tunnel syndrome. Elbow pads can prevent direct trauma to the nerve. Studies
have demonstrated up to 90 % improvement by using conservative modalities. Dimond
and Lister utilised splinting to limit flexion to 45 - 70 degrees and reported an 86 %
improvement in symptom severity. A prospective study in 20047 instructed their patients
to avoid leaning on the elbow, avoid crossing the arms and keep the elbow extended as
much as possible. They reported that after six months, 35% of their patients undergoing
non-operative management improved with 11% achieving complete remission. A
nocturnal splint with restricted flexion and padding of the nerve is recommended in
cubital tunnel syndrome, although often poorly tolerated.
Seror (1993) utilised night splinting in 22 patients, restricting flexion from 15-60
degrees and worn regularly for six months. He reported 80-90 % subjective improvement
with 16 of 17 patients demonstrating improvement on electrodiagnostic studies. The
greatest improvement was noted in those patients who commenced splinting within
three weeks of onset of symptoms. While it is agreed that limiting flexion is what makes
splinting effective, there is no consensus on the best range for optimal improvement.
Non-steroidal anti-inflammatory medication can have a role in management.
However, steroid injections have not been demonstrated to be beneficial. Patients with
intermittent symptoms and mild compressive neuropathy by nerve conduction testing
should respond well to conservative management.

Operative treatment - cubital tunnel syndrome
Operative management of compression neuropathy of the ulnar nerve is indicated when
conservative management has failed or when the patient presents for the first time with
symptoms of severe or long-term compression. The principle of surgery is to release all
the points of compression: both dynamic and static, resulting in a tension free, stable
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nerve that has the ability to glide. There are many surgical options available and should
be tailored to the skill level of the surgeon and the needs of the patient. Current surgical
management varies from simple decompression, both open and endoscopic, medial
epicondylectomy to anterior transposition of the nerve; subcutaneous, intramuscular
or submuscular.
Surgery around the elbow can be performed either under a general anaesthetic or
regional arm block. Care should be taken to place the tourniquet as high as possible to
allow extension of the incision proximally. If this is not possible with a conventional
tourniquet, utilising a sterile tourniquet should be considered. The patient is placed
supine on the operating table with the arm extended along an arm table. The shoulder
is externally rotated to allow access to the medial side and the elbow may need to be
elevated on a sterile bump for support. The arm is prepped and free draped to allow the
elbow to be moved through the full range of motion intra-operatively to allow stability
testing of the nerve. An important anatomic consideration is the relationship of the
posterior branch of the medial antebrachial cutaneous nerve to the cubital tunnel. Due
to its position, it is prone to injury during ulnar nerve decompression. Recent anatomical
studies11 showed that the proximal medial antebrachial cutaneous nerve branches were
found to cross the surgical incision of cubital tunnel release at or proximal to the medial
epicondyle in 61 % of the cases (at an average distance of 1.8 cm proximal to the medial
epicondyle). The distal medial antebrachial cutaneous nerve crosses the incision about
3.5 cm distal to the medial epicondyle. Care must be taken to protect these nerves
during the procedure.
Decompression
Originally, Osborne described the technique of open in situ decompression. The midway
point between the medial epicondyle and the olecranon is identified and a longitudinal
incision is performed centred on this point. The ulnar nerve is identified proximally and
exposed. Using scissors, the cubital tunnel retinaculum (Osborne’s ligament) is carefully
divided proximal to distal. Care is taken to preserve the vascular supply to the nerve and
the motor branches to FCU. The ulnar nerve does not need to be mobilized from the
bed and it is not necessary for a neurolysis to be performed. Decompression can extend
proximally to the intermuscular septum, where the nerve can be entrapped, and distally
through the flexor - pronator aponeurosis. The nerve is assessed for stability and lack
of tension throughout the range of motion of the elbow looking for any compressive
points proximally and distally. Subluxation of the ulnar nerve is an indication to
proceed to a transposition. The wound is closed and the elbow is wrapped in a soft
compressive dressing. Postoperative therapy can commence immediately with a focus
on scar management and nerve gliding exercises to minimise adhesions. The dressing is
debulked on the third day and the sutures are removed after two weeks.
Clinical results are considered satisfactory in 89% of the patients postoperatively
with 79 % of the patients still having good to excellent results four years postoperatively.
A recent study of 69 extremities in 56 patients, who underwent in situ decompression of
the ulnar nerve, reported that 7 % had persistent symptoms postoperatively. Resolution
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was achieved after anterior submuscular transposition.8 This study suggests that in situ
decompression is a reliable operation with a low failure rate and has the advantages of being
a simple operation with a small incision and no need for postoperative immobilisation.
However, it often does not address all the potential pathology, including abnormal
bony anatomy and may not be a sufficient treatment if subluxation of the ulnar nerve is
observed. If the Tinel’s sign is positive over the Osborne’s ligament, a smaller incision
(two cm) can be used to decompress the nerve.
Medial epicondylectomy
First described in 1959 by King for the treatment of ulnar nerve palsy, a longer incision
of 12-15 cm is centred over the medial epicondyle. The medial antebrachial cutaneous
nerve is identified and protected. The ulnar nerve is identified proximally and released
in a similar manner to a simple decompression. The nerve is placed in a vascular loop
and gently moved posteriorly away from the epicondyle to improve exposure. The
periosteum is incised medially and longitudinally and a flap elevated anteriorly and
posteriorly off the epicondyle. An osteotomy of the epicondyle is performed using
sharp osteotomes or a small bone saw. The osteotomy is best performed proximal to
distal to prevent propagation of a split proximally up the humerus and angled between
the coronal and sagittal planes to avoid detachment of the anterior band of the ulnar
collateral ligament. O’Driscoll et al 1992 found that only 20% of the overall depth
of the medial epicondyle could be removed before compromising the integrity of the
anterior ulnar collateral ligament. Care is taken to avoid entering the elbow joint. Any
sharp edges at the site of the osteotomy are rasped and the periosteum is closed, thereby,
securing the flexor pronator origin. The nerve is replaced and checked again for tension
and subluxation. The wound is closed and a padded compressive dressing is utilised.
For adequate pain relief, an above elbow plaster, which crosses the wrist, is used until
the dressing is debulked at one week. Nerve gliding exercises and scan management are
commenced after removal of the plaster splint. Sutures are removed at two weeks.
Medial epicondylectomy is thought to require less nerve dissection than a
transposition and, therefore, minimises risk for an ulnar nerve injury. However, it
can lead to persistent bony tenderness, flexor-pronator weakness, heterotopic bone
formation and potential elbow instability.
In a study by Heithoff ,9 43 patients, who underwent medial epicondylectomy for
chronic ulnar neuropathy, were reviewed. The patients were followed up for an average
of 2.3 years. Eight patients had excellent results, 23 had good results, nine had fair and
three had poor results. There were no complications reported with respect to bony
tenderness or flexor pronator weakness suggesting that a medial epicondylectomy is a
safe form of decompression.
Nerve transposition
By placing the ulnar nerve anterior to the axis of rotation of the elbow joint, theoretically,
transposition of the ulnar nerve relieves the biomechanical mechanism of cyclic traction
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and compression. Care must be taken to ensure that new compression points are not
created proximally and distally. Transposition of the ulnar nerve requires a larger
incision and a greater degree of dissection of the nerve to allow mobilisation anteriorly.
Again, care must be taken to try to preserve the blood supply to the ulnar nerve and
preserve the motor branches to the FCU. A primate study from 199110 demonstrated
that an anterior transposition is associated with significant decrease in blood flow for
several days. This significant decrease was not seen in simple decompressions or after a
medial epicondylectomy.
Subcutaneous transposition
Subcutaneous ulnar nerve transposition is technically easier than either submuscular
or intramuscular transpositions. However, in thin subjects the nerve can be vulnerable
to repeated trauma due to the subcutaneous position. The procedure commences as a
standard decompression with a longer incision.
The procedure again begins as a simple decompression. After release, the nerve
is carefully elevated from the bed allowing segmental feeding vessels to be ligated.
Neurolysis is performed as necessary. Thorough inspection of the nerve proximally and
distally is performed to ensure a complete absence of compression points. Resection
of the distal intermuscular septum is mandatory as in every technique of transposition
to avoid creation of a new site of compression. The nerve is placed anteriorly and the
position is maintained by suturing the soft tissue of the anterior skin flap or the fascia
over the medial epicondyle. Similarly, one can elevate a 1-1.5 cm flap of flexor-pronator
fascia based on the medial epicondyle and secure it to the overlying dermis. This creates
a barrier to posterior displacement. A study by Richmond et al of 16 patients, in which
the epineurium was sutured to the fascia [18 transpositions], followed the patients for
an average of 23 months. The authors reported excellent results in 15 cases (83%),
satisfactory in one (6%) and unsatisfactory in two cases (11%). The patient with
unsatisfactory results had a double crush presentation. The authors concluded that this
technique was a safe and effective option for ulnar neuropathy. Eaton (1980) described
a technique in 16 cases in which they created a fasciodermal sling, which was placed
posterior to the transposed nerve at the level of the medial epicondyle. At follow-up at
18 months, 14 patients had improvement of symptoms.
Intramuscular transposition
First described by Adson in 1918, intramuscular nerve transposition can be considered
a mechanical improvement to subcutaneous transposition as it allows the nerve to lie in
a straighter position and is more protected than in a subcutaneous location. However, it
is also thought to create greater scarring due to a significantly higher degree of dissection
within the muscle. After mobilization of the nerve, a trough is made within the muscle
in the line of the nerve. Removing the fibrous septa within the pronator muscle forms a
soft vascularized bed. Similar to a subcutaneous transposition, a soft tissue or fascial flap
is used to maintain the nerve in its position. The elbow is immobilised for three weeks
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and resumption of full activity can be achieved ten weeks after the procedure. Kleinman
and Bishop utilized this technique in 45 cases. They reported excellent or good results
in 87 % at an average of 28 months of follow-up. Four % reported fair results and 9 %
had poor results.
Submuscular transposition
This is often advocated as the treatment of choice for throwing athletes and after previous
failed surgery. However, there have been concerns regarding the extensive dissection
and compromise of the longitudinal blood supply of the ulnar nerve. There is a risk of
developing new sites of compression and heterotopic bone formation under the flexorpronator mass. A longer incision is needed than for a subcutaneous transposition. After
the nerve is decompressed and transposed, a plane is identified and developed distal to
the medial epicondyle and beneath the flexor-pronator muscle mass. The muscle mass is
incised 1-2 cm distal to the medial epicondyle and a periosteal elevator is used to reflect
the muscle distally. The ulnar collateral ligament is preserved. The lacertus fibrosis is
divided to expose the median nerve as it lies on the brachialis muscle and the ulnar nerve
is transposed. It lies anteriorly, adjacent and parallel to the medial nerve. The muscle
mass is reattached with non-absorbable sutures. The elbow is dressed with a wellpadded dressing and after two weeks of immobilisation range of motion can commence,
although some authors advocate a longer immobilisation. To avoid the sutured muscle
to add compression on the nerve, Dellon reported the favour of a Z-plasty lengthening
of the pronator muscles. Clinical results are satisfactory in more than 85% of patients in
different series with a failure rate of 7.5%.

Endoscopic cubital tunnel release
Over the past ten years there has been an emergence of publications advocating an
endoscopic technique for cubital tunnel release. Proponents of these techniques agree
that the benefits include smaller incisions, significantly less dissection and therefore less
scarring around the nerve. However, as yet, there are a limited number of published data,
usually with low numbers of patients and no long-term follow-up. There are concerns
that the endoscopic release may result in further damage to the nerve by inserting the
instruments into an already compromised space and that it may result in incomplete
release. The role of endoscopic release in the management of cubital tunnel syndrome
will become clearer as long-term results are published.
Management of cubital tunnel syndrome is extremely controversial. To date, there
are not enough published trials to conclusively determine the gold standard. A Cochrane
review by Caliandro et al, updated as of February 2012 found that there was only one
randomized controlled trial of conservative treatment of 51 patients. This supported the
opinion that conservative treatment, consisting of education, and splinting, is effective
in mild to moderate ulnar neuropathy. There is no improvement in muscle strength
associated with conservative management. Based on this review, we believe that good
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to fair evidence exists (grade B, that is, consistent Level I and II evidence) to support a
simple decompression for cubital tunnel syndrome over transposition of the nerve. This
evidence is limited to patients in whom the cubital tunnel syndrome is not secondary to
trauma or an anatomic cause at the elbow.
The results of the meta-analysis suggested that there is no difference between
simple decompression and decompression with transposition in idiopathic ulnar nerve
compression at the elbow. Both were demonstrated as being equally effective, including
for severe nerve impairment. However, decompression with transposition results in
a higher number of deep and superficial wound infections. The clinical results are
considered worse if the patients wait longer before surgery in the more severe cases,
and in older patients although this is not always statistically significant in randomized
trials. The meta-analysis revealed that about 10 % to 20 % of the more severe stages had
unchanged symptoms or worsening of neurologic deficits.

Ulnar tunnel syndrome
Compression of the ulnar nerve at the level of the wrist is less frequent than compression
at the elbow. However, there is a higher prevalence in sports people, particularly in
cyclists, due to the superficial location of the nerve in this region.
In 1861, the French Urologist Guyon first described the space through which the
ulnar nerve traversed within the hypothenar eminence and suggested that ulnar nerve
compression could occur in this region. However, it wasn’t until 1908 that Hunt
reported for the first time paralysis of the motor branch in connection with repetitive
trauma at the level of the wrist. He described a series of patients with “an atrophic
paralysis of all the intrinsic muscles of the hand innervated by the ulnar nerve”.

Anatomy
The unique anatomy of Guyon’s canal can influence the presentation and subsequent
management of ulnar nerve compression. Shea and McLain’s clinical description in
1969 of three different types of compression syndromes was later found to correlate
with the three anatomical zones described by Gross and Gelberman12 16 years later.
The ulnar nerve passes anterior to the flexor retinaculum and divides into superficial
and deep branches. The superficial branch supplies the palmaris brevis muscle and then
provides sensation to the little finger and ulnar side of the ring finger. A separate nerve
branch arising before the ulnar nerve division frequently innervates the hypothenar
muscles and the motor branch carries up to 40 % of sensory fibers. Thus, the clinical
pictures of the compression condition may vary. At the level of the wrist, the ulnar nerve
enters Guyon’s canal. The canal is four cm long and the pisohamate ligament and the
transverse carpal ligament form the floor. The volar carpal ligament forms the roof and
the ulnar wall is formed by the pisiform. The radial wall consists of the adductor digiti
minimi muscle and the hook of hamate.
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Zone I
Zone I starts three cm proximal to the proximal margin of the volar carpal ligament and
extends until the bifurcation of the ulnar nerve. Within zone one lays both the sensory
and motor fascicles of the ulnar nerve. The two groups of fascicles are separated within
the same sheath with the sensory fascicles laying palmar to the motor fascicles.
Zone II
Zone II commences at the division of the ulnar nerve and contains purely motor fibres.
It continues beneath the palmaris brevis muscle to the fibrous arch of the hypothenar
eminence. The deep motor branch turns radially around the hook of hamate and passes
beneath the pisohamate ligament, which is another site of a possible compression.5 As the
deep motor branch passes beneath the fibrous arch of the hypothenar muscles, it travels
between the abductor digiti and flexor digiti minimi muscles and through the opponens
digiti minimi muscle and that branch supplies all three muscles. The deep motor branch
supplies all of the small muscles of the hand except the radial two lumbricals and the
muscles innervated by the median nerve. These include the hypothenar muscles, the
ulnar two lumbricals, the interosseous muscles, the adductor pollicis longus muscle and
half of the flexor pollicis brevis muscle.
Zone III
Zone III travels ulnarly distal to the bifurcation. The radial border is marked by the
superficial branch of the ulnar nerve. The ulnar nerve in Zone III initially supplies two
motor branches to the palmaris brevis muscle immediately after the bifurcation. It then
becomes completely sensory. It continues as the digital nerve to the ulnar border of the
little finger and the common digital nerve to the radial side of the small finger and ulnar
side of the ring finger.
Compression proximal to the bifurcation (zone I) can present with a mixture of motor
and sensory symptoms. After division of the nerve, compression of Zone II can manifest
in pure motor loss. It is difficult to clinically assess loss of innervation to the palmaris
brevis muscle. Therefore, compression in Zone III is characterized clinically by pure
sensory changes.

Aetiology
Ganglia
Ganglia have historically been considered the most common cause of compression
within the ulnar tunnel. They can be found in all zones of the ulnar tunnel and their
anatomical location can often be predicted by the presenting symptoms. Other benign
or malignant space occupying lesions (e.g. synovial cysts, lipofibromas) are less common
causes of compression.
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Anatomical abnormalities
Anomalous muscles have also been widely reported as the cause of up to 16 % of ulnar
tunnel syndrome. Those leading to compression of the nerve are usually found to be
hypertrophied or in an abnormal anatomical location, including flexor digiti minimi,
abductor digiti minimi, palmaris longus or brevis muscles. A recent report of two
cases identified anomalous muscle compression of the nerve and was found deep to
the palmaris brevis muscle named hypothenar adductor muscle. Likewise, compression
can be caused by vascular malformations, e.g. haemangioma or aneurysms. Other less
common anatomical abnormalities include carpal bone anomalies or an anomalous
course of the ulnar nerve.

Traumatic and occupational injuries
Specific to people in sports, compression of the ulnar nerve in Guyon’s canal can be
seen after direct trauma, with or without fracture. It can be more commonly seen after
fracture to the hamate or pisiform bones and less commonly after fractures of the distal
radius, trapezium bone, and dislocations of the carpal bones. Similarly, occupations
that require use of hand held equipment and sustain vibratory motion can develop a
Hypothenar Hammer Syndrome. First described in 1934,9 it results from direct trauma
to the ulnar artery, where it lies between the hook of hamate and the thin palmaris
brevis muscle and the overlying subcutaneous tissue. Damage sustained to the ulnar
artery secondary to repetitive “hammering” leads to thrombosis, occlusion, ischemia
and related ulnar nerve symptoms.

Examination
During examination of the hand and wrist, it is important to inspect for swelling,
a pulsatile mass or atrophy over the hypothenar muscles. Point tenderness over the
hook of hamate or the pisiform bones can be associated with a fracture. A vascular
examination should look for pulsatile masses, a bruit, and assessment of the radial pulse,
including an Allen’s test. A hand diagram, in which the patient marks out the area of
numbness, and Tinel’s test are the most specific tests for ulnar nerve compression, while
the Semmes-Weinstein monofilament, vibrametry and the direct compression test are
the most sensitive methods to detect compression in Guyon’s canal.As in a high ulnar
nerve lesion, Froment’s test and the Crossed finger test may be positive and there can be
a Wartenberg’s sign present.
Duchenne sign: Clawing of the ring and little finger. More severe clawing in the
little finger than the ring finger may be present. This is due to inherent increased laxity
in the volar plate of the metacarpophalangeal joint of the little finger. In approximately
50 % of the patients, there is cross innervation of the median nerve to the lumbrical
muscle of the ring finger, which can prevent claw deformity of the ring finger. Clawing
should never occur in the long or index fingers. Due to preservation of the long flexors
in higher nerve lesions, severe compression at the level of the wrist can lead to a greater
and paradoxical degree of clawing than in the cases of compression at the elbow.
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Radiographic diagnosis
Radiographs should include a carpal tunnel view, including the standard posterioranterior
and lateral views. In the settings of trauma, computed tomography can be of benefit
in screening for carpal fractures. To confirm a suspicion of a tumour or vascular lesion,
MRI can be a useful tool.

Non-surgical treatment - ulnar tunnel syndrome
Non-operative treatment of the ulnar tunnel syndrome has a role in acute cases with a
clear history of localized repetitive closed trauma. The patient is encouraged to modify
activity to avoid provocative actions. Non-steroid anti-inflammatory medication can
also be beneficial. Wrist splints can be utilised for a short period allowing rest of the soft
tissues and to prevent extension of the wrist. Electro-diagnostic studies can be employed
to monitor improvement.

Operative treatment - ulnar tunnel syndrome
Decompression of the Guyon’s canal is recommended in severe cases of compression and
when compression is caused by an identified external lesion. Simple open decompression
is the gold standard of treatment. This can be performed through a longitudinal incision
similar to the one made for a carpal tunnel release and should systematically involve
exposure of the nerve proximally from the level of the distal forearm extending distal to
the bifurcation. The procedure can be performed under a regional or general anaesthesia.
The patient lies supine with the arm extended over an arm table. An arm tourniquet is
applied and the limb is routinely prepared and draped. An incision is marked one cm
ulnar to the thenar crease and a curvilinear incision (or a zig-zag one) is made parallel to
the thenar crease approximately 3-4 cm long. As dissection is carried through the soft
tissues, care must be taken to preserve the cutaneous branch that extends from the ulnar
nerve to the skin in 15 % of people.
Guyon’s canal is opened, the hook of hamate is palpated and the ulnar nerve is
identified deep and medial to the ulnar vascular bundle. The neurovascular bundle is
retracted to identify the deep motor branch of the ulnar nerve. At the proximal leading
edge of the hypothenar muscles, 1-2 mm of the deep motor branch can be identified
as it curves around the hook of hamate. The muscle is then carefully divided to expose
the motor branch, releasing it completely around the hook of hamate. The ulnar nerve
is released in Guyon’s canal and the incision can be extended proximal to the wrist to
release the antebrachial fascia. The incision is closed with interrupted sutures and a nonstick dressing is applied with a fiberglass volar splint. The dressing is removed 2-5 days
after the surgery and the hand therapist, through exercises, guides the patient to full range
of motion. A night splint can be used for comfort for 2-3 weeks. Strengthening exercises
are commenced after four weeks. Sutures are removed 10-14 days postoperatively and
the patient can return to full duties 6-8 weeks after surgery.
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6-3
Rare Nerve Compression
Syndromes
Atakan Aydın*
Key points
• Hand surgeon should be aware about rare nerve compression syndromes around the
elbow.
• Patients can have combined nerve compression syndromes, including common carpal and ulnar tunnel nerve compression syndromes.
• A careful physical examination should always be done.
• Dynamic tests during pronation and supination and deep palpation can be used for
diagnosis.
• Neurography, electromyography and other diagnostic tools may not be helpful.

W

hile carpal tunnel syndrome is the most common of peripheral compression
lesion with relative good outcome of treatment, the diagnosis and treatment
of other sites of compression and involved nerves in the upper extremity
can be a challenge for the hand surgeon. Carpal tunnel syndrome (CTS; incidence
1-3.5/1000 inhabitants and year; men 0.9 and women 1.9/1000 inhabitants and year),
and ulnar nerve compression at cubital or wrist area (incidence 0.3/1000 inhabitants
and year; men 0.25 and women 0.19/ 1000 inhabitants and year) are more frequently
observed than a posterior interosseous nerve (PIN) or a superficial radial nerve (SRN)
lesion (incidence 0.03/1000 inhabitants and year; men 0.03 and women 0.014/1000
inhabitants and year),1 but still the latter are an important clinical problem.

*

Plastic and Reconstructive Surgery Department, Istanbul University Istanbul Medical Faculty, Istanbul, Turkey.
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In this chapter, other compression sites of the median (anterior interosseous nerve
syndrome, pronator syndrome) and radial (posterior interosseous nerve, radial tunnel
syndrome, and superficial radial nerve compression) nerve will be discussed.

Median nerve
The median nerve comprises of the terminal divisions of medial and lateral cords of
brachial plexus. Throughout its route, it gives off no branches at the arm level, but distally at medial epicondyle, an evolutionary remnant, the supracondylar process with the
attached ligament of Struthers, can be a possible site of median nerve compression. The
median nerve grossly branches into three main components: the anterior, the posterior
and the medial fascicular groups of branches (Figure 1).

Figure 1. The median nerve branches at the elbow level.

The anterior fascicular group of branches is the first group that emerges from the
median nerve trunk and they innervate the pronator teres and flexor carpi radialis muscles. The posterior fascicular group mainly comprises of the anterior interosseous nerve
(AIN), which innervates the flexor pollicis longus muscle (FPL), the flexor digitorum
profundus muscle to index and long fingers (FDP 2-3) and the pronator quadratus
muscle (PQ). The medial fascicular group continues its way to hand and innervates the
thenar muscles as we as providing sensation to the volar side of thumb, index and long
fingers and the radial half of the ring finger. At the proximal forearm level the median
nerve passes beneath the bicipital aponeurosis (i.e. lacertus fibrosus), between the two
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heads of the pronator teres muscle (PT). The nerve then travels deep to the proximal
fibrous arch of the flexor digitorum superficialis muscle (FDS) continuing between the
FDS and FDP muscles through the forearm. Before entering the carpal tunnel the palmar cutaneous nerve branches off to innervate the radial palmar skin area. Finally, the
median nerve innervates the thenar muscles through the thenar branch and then the
nerve provides the hand with skin innervation as described.
Anatomically, the possible sites of compression of the median nerve, except at the
carpal tunnel level, are: at the ligament of Struthers, at the bicipital aponeurosis, at
the passage through the pronator teres muscle and at the arch of the superficial flexor
muscle (Figure 2). The pronator syndrome and the selective affection of the anterior
interosseous nerve (i.e. AIN syndrome) will be discussed in details because they occur
more frequently than the other nerve disorders in the present chapter.

Pronator syndrome
A median nerve compression, while it passes between two heads of pronator teres muscle or at the proximal edge of FDS arch, is named a “pronator syndrome”. Patients with
the pronator syndrome complain about pain at proximal volar forearm level, usually
provoked with pro- and supination, with the pain radiating to the radial fingers in the
hand, and may mimic a carpal tunnel syndrome. Since these conditions may share the
same symptoms as pain and paraesthesia more or less in the same areas, it could be
difficult to differ two entities. However, there are some clues that lead to the correct
diagnosis. Since the palmar cutaneous branch of the median nerve is spared in CTS the
sensation at thenar region can be affected in pronator syndrome. Furthermore, wrist
flexion does not provoke finger pain or paraesthesia (no positive Phalen´s test) in pronator syndrome, but a forced pro- or supination with the elbow extended induce a median
nerve compression at pronator teres muscle level; thus, a careful clinical examination
may contribute to the diagnosis.2,3 Symptoms produced with resisted FDS flexion of
the third finger point towards compression at the FDS arch level,3 while symptoms
produced with resisted flexion of the forearm in full supination indicate a suspicion of
compression at a more proximal level (i.e. lacertus fibrosus).4 An electrophysiological
examination helps to exclude other nerve compression lesions, but has no definitive
diagnostic values for a pronator syndrome.
Treatment
Conservative treatment [stop aggravating activities, rest and non-steroid anti-inflammatory drugs (NSAID)] and steroid injection if needed will be effective in most of the
cases.3,5 Failure of conservative treatment for a long time period or a mass (e.g. lipoma,
fibroma) that cause compression may justify surgery.
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Figure 2. a) The median nerve (M) can
be compressed by the bicipital aponeurosis (i.e. lacertus fibrosus) indicated
by the forceps, b) by soft tissues and
fascial bands around the nerve. c) The
anterior interosseous nerve (AIN) can be
compressed by the proximal fascial edge
of FDS arch as indicated by the arrow.
d) and e) the pronator teres muscle can
induce compression with its tendinous
structure.

e
200

AIN syndrome
The anterior interosseous nerve (AIN) is the pure motor branch of median nerve. Thus,
a compression of AIN causes diminished motor function of the FDP (index and long
fingers), FPL and PQ muscles. Most commonly, patients with an AIN syndrome complain about weakness or absence of FPL function without sensory loss. A characteristic
sign is that the patient cannot make an “O” with the thumb and index finger, but rather
makes a triangle using the intrinsic muscles (Figure 3).

Figure 3. Loss of FPL and FDP (index finger) function makes it difficult to create an “O” with the thumb
and index finger (left), while the patient rather makes a triangle (right).

A viral neuritis (Parsonage-Turner syndrome) of the brachial plexus, traumatic or
inflammatory ruptures (e.g. in rheumatoid arthritis) of the tendon from the FPL muscle
must be considered in the differential diagnosis.6 An electrophysiological examination
and a magnetic resonance imaging are helpful tools in diagnosis.7
Treatment
Conservative treatment (rest, splinting and NSAID) relieves symptoms in most of the
cases, but space occupying lesions or lack of improvement for several months indicate
surgical intervention. Unfortunately, the answer to the question “how long should we
conservatively treat the patient until surgery?” is not stated in the literature.6
Surgical exploration in pronator syndrome and anterior interosseous
syndrome
The surgical exploration for the pronator and anterior interosseous syndromes is performed with a lazy-S incision at flexor side of the elbow which allows to examine the
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ligament of Struthers proximal to elbow joint, the bicipital aponeurosis (i.e. lacertus
fibrosus) at antecubital area, the median nerve and its course through pronator teres and
superficial flexor muscles. Possible compression aetiologies, like the lacertus fibrosus,
any aberrant vessels and muscles (Gantzer’s accessory FPL), the proximal facial edge of
FDS arch and the humeral head of the pronator teres muscle, are tested and released.
The surgeon’s little finger is placed between the pronator muscles, between FDS and
FDP muscles and during pro- and supination manoeuvres to detect any compression of
the median nerve. The AIN, which branches from the radial side of the median nerve, is
also explored and released. Meticulous haemostasis is essential to prevent postoperative
hematoma. Timing of the surgical intervention and duration of “wait and see” approach with conservative treatment is still controversial and discussed in the literature.5

Radial nerve
Compression neuropathies of the radial nerve, the posterior interosseous nerve (PIN)
and the superficial radial nerve (SRN) are much less frequent than the median and ulnar
nerve compression lesions.8
The radial nerve is the terminal branch of the posterior cord of the brachial plexus.
The nerve courses through the triangular space at the axilla and passes along the spiral
groove of the humerus. It passes through the posterior compartment and pierces the
lateral intermuscular septum and enters the anterior compartment of the arm. At the
elbow level it is located lateral to the biceps tendon, where it branches to the deep
(PIN) and superficial (SRN) components of the radial nerve before the PIN enters the
supinator muscle. Thus, the PIN is a pure motor nerve and the SRN is a pure sensory
nerve. The SRN, travelling beneath the surface of the brachioradialis muscle through
the middle third of the forearm, emerges superficially proximal to the wrist level and
innervates the dorsal side of the radial digits (mainly thumb, index, long and radial part
of the ring finger).

Ra dial tunnel and posterior interosseous nerve syndrome
The radial tunnel is 6-8 cm long, where the radiocapitellar joint capsule forms its floor.
The PIN can be theoretically compressed at five different sites through it s course in
the radial tunnel; anterior to radiocapitellar joint between brachialis and brachioradialis
muscles with fibrous bands, recurrent radial vessels that cross the PIN at the radial neck
level (”leash of Henry”), the medial edge of extensor carpi radialis brevis (ECRB), the
proximal edge of the superficial portion of the supinator (”arcade of Frohse”), and the
distal edge of supinator muscle8 (Figure 4).
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Figure 4. a) Exploration of the radial nerve and the PIN nerve is performed with an incision planned
between the brachioradialis (BR) and the extensor carpi radialis longus (ECRL) muscles. b) The SRN branches from the radial nerve and courses beneath the BR muscle distally. To explore the PIN the supinator
muscle (s) must be dissected. c) The hook is pulling the tendineous proximal part of the supinator (arch
of Frohse) and the star indicates the vessels (leash of Henry) extending over the nerve, d) the supinator
muscle is divided and the PIN is decompressed. Both the SRN and the PIN can be seen in the photo.

The arcade of Frohse, the most common site of PIN compression, is where the
lateral and medial portion of the supinator muscle meets and can be membranous or
tendinous. In patients with a tendinous type of arcade, the pressure on the PIN ranges
between 46 mm Hg (passive pronation) and 190 mmHg (active supination), which is
sufficient to cause neuropathy.9

PIN syndrome
The PIN innervates the extensor carpi radialis brevis (ECRB), the supinator, the extensor carpi ulnaris (ECU), extensor digitorum communis (EDC), extensor digiti minimi
(EDM), abductor pollicis longus (APL), extensor pollicis longus (EPL), extensor pollicis
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brevis (EPB) and extensor indicis proprius (EIP) muscles. However, it does not innervate the extensor carpi radialis longus (ECRL) muscle since this muscle is innervated
by proper radial nerve. Tumours that compress the nerve (e.g. lipoma, ganglia), tenosynovitis from the elbow joint and compression due to the above-described anatomical
structures can cause a PIN lesion.8,10
Clinically, the patients may have “drop fingers and thumb”, but not of the wrist
because the ECRL muscle is properly active in a PIN lesion. In a partial lesion, the
symptoms may vary according to the site of the affected nerve. Once the PIN lesions is
observed, a magnetic resonance imaging must be considered to rule out tumours lesions, particularly lipoma and ganglia10 (Figure 5). Electrophysiological examination (i.e.
electromyography; EMG) is always, in contrast to a radial tunnel syndrome, positive in
a PIN lesion.
As differential diagnoses, an extensor tendon rupture, brachial plexus lesions, cervical discopathies, and viral neuritis must be considered.8

Ra dial tunnel syndrome
More or less the same structures are compressed in radial tunnel syndrome and the
PIN syndrome, but patients with radial tunnel syndrome complain about vague lateral
proximal forearm pain rather than motor weakness or palsy of the extensor muscles.
Such symptoms make the diagnosis of a radial tunnel syndrome hard to distinguish
from a lateral epicondylitis and an electrophysiological examination is not helpful in
radial tunnel syndrome.
The physical examination reveals that pain and tenderness in a lateral epicondylitis
is in the lateral epicondylar area, while it is located rather more distally and on the radial
tunnel in radial tunnel syndrome. Extending the elbow, pronation and wrist flexion will
produce pain in compression of the PIN.
In the absence of a PIN syndrome, electrophysiological examination is not helpful
in radial tunnel syndrome and most of the time normal electrophysiological values are
recorded.11 In addition, magnetic resonance imaging is not meaningful to diagnose a
radial tunnel syndrome.12

Treatment
Conservative treatment, including rest, activity limitation, splinting, NSAID and steroid injections, is the first line management for both the PIN and radial tunnel syndrome,
but is even more appropriate for a radial tunnel syndrome since particularly rest improves symptoms dramatically. A local injection of corticosteroids and local anaesthetic
may be used with the purpose to diagnose and treat radial tunnel syndrome. Unless
compression of a tumour is not the cause, this combination may also be helpful in a
PIN syndrome. Conservative treatment for at least three months should be tried and if
no improvement is observed surgery may be indicated.
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Figure 5. Patient, with a mass at the antecubital area, complaining about pain at the dorsal part of the
thumb and index fingers and with a deficit of finger extension, had a cystic mass at proximal forearm
revealed at the ultrasonography examination. The magnetic resonance imaging showed a ganglion cyst,
originating from the radiocapitellar joint, that compressed the radial nerve. At surgery, a ganglion cyst
was removed and both the superficial radial and the posterior interosseous nerves were decompressed
successfully.
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Surgical exploration in posterior interosseous nerve and radial tunnel
syndromes
A surgical exploration for the PIN and radial tunnel syndrome is performed by a lazy-S
incision over the proximal dorso-radial area of the forearm. Between the brachioradialis
and extensor carpi radialis longus muscles dissection is continued to reach fatty area over
the radial nerve. The superficial radial nerve, traveling separately under the brachioradialis muscle, is checked. Aberrant vessels (i.e. leash of Henry) over the radial nerve,
the Frohse´s arcade and the supinator muscle are identified and released and the PIN is
followed distally. The decompression comprises also any proximal fascial bands between the brachioradialis and extensor carpi radialis carpi longus muscles or others bands.
However, it is thought that release of the Frohse´s arch is the most important step for
radial tunnel decompression.

Superficial radial nerve decompression
The superficial radial nerve (SRN) is the sensory branch of the radial nerve, which
travels beneath the brachioradialis muscle at upper forearm and then pass between the
tendons of the brachioradialis (BR) and extensor carpi radialis longus (ECRL) muscles
distally. It continues subcutaneously to innervate dorso-radial part of the hand and
fingers as described above. The compression neuropathy of the SRN is named after
Wartenberg, who described the entity in five patients in 1932.13
While there are other possible compression points, the most likely site of danger is
where the SRN becomes superficial between BR and ECRL.
The clinical symptom of SRN compression is pain at the dorso-radial wrist and
forearm and the symptoms radiate to the thumb and index finger. The symptoms can
be confused with a de Quervain tenosynovitis, but the pain continues at rest in SRN
compression, while it subsides in a de Quervain condition. Occasionally, both conditions can be observed in the same patient. In addition, osteoarthritic problems of the first
carpometacarpal joint may cause further confusion.
A Tinel´s sign over the course of the SRN is the main physical finding, where an
electrophysiological examination and a magnetic resonance imaging do not contribute
to the diagnosis.
Treatment
Like other compression syndromes, conservative treatment is the first option, which
commonly provides spontaneous recovery. Rest, splinting, NSAID, removal of the causes of any external compression (e.g. wrist watch, bracelet) provide relief in most cases.
Therapy with a local steroid injection is controversial.
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Surgical exploration
Surgical decompression is only offered to the patients who do not recover with conservative treatment. A longitudinal incision on the dorso-radial part of the wrist may help
better visualization in decompression of the SRN. A part of the BR and ERCL tendons
are excised, where SRN emerges superficially. The first extensor compartment is incised
at the same time if the patient has a de Quervain syndrome.
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Key points
•

Recurrent carpal tunnel syndrome is mainly attributed to the formation of adhesions around the median nerve.
Magnetic resonance imaging is a valuable adjunct in the diagnostic approach of
recurrent compression of the median nerve.
Conservative treatment with the use of a corticosteroid injection may serve as a
prognostic tool for the success of a secondary carpal tunnel exploration.
Coverage of the median nerve by a well-vascularised flap is the mainstay of revision
carpal tunnel release.
The ideal treatment method has not yet been identified.

•
•
•
•
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C

arpal tunnel release (CTR) is regarded as a highly successful procedure in hand
surgery. However, the reoperation rate for recurrent or persistent symptoms has
been reported to be from 3% to 19%.1 Stütz et al,2 who published their experience of 200 secondary carpal tunnel explorations, estimated that 23% of carpal tunnel
reoperations were the result of a thick scar tethering to the nerve. Such a scar tissue can
damage the nerve due to physical compression, disruption of the vascular supply, and/
or traction during the movement of the limb. They reported that persisting or recurrent
symptoms could have been prevented in 83% of the cases.2
Adequate diagnosis and treatment of recurrent carpal tunnel syndrome (CTS) can
be a real challenge for the young hand surgeon. There is a paucity of studies specifically
addressing this rare modality. The available clinical evidence is mainly based on small
retrospective case-series. In the present chapter, a short review that addresses the diagnostic approach and treatment of recurrent CTS is provided.

Risk factors
In the literature, the terms recurrence and persistence are used interchangeably. The
exact definition is very helpful for the understanding of the published data. Recurrence
is characterized by a transient relief of the original preoperative symptoms, which lasts
for a period of six months after the initial carpal tunnel release. Following this uneventful period, similar symptoms develop again. On the contrary, persistence is characterized by an incomplete relief of the patient’s pre-operative symptoms following the carpal
tunnel exploration. Persistence is usually related to incomplete release of the transverse
carpal ligament. A higher risk of this complication has been identified following endoscopic surgery as the initial treatment for CTS.3
An incorrect primary diagnosis can also be a cause of an apparent postoperative
persistence of CTS. Proximal nerve compression related to cervical disk disease, thoracic outlet syndrome, pronator syndrome, and double crush syndrome should be considered. Systemic diseases, such as diabetes mellitus, and multiple sclerosis may be the
original cause of symptoms similar to that of CTS. Lesions around the carpal tunnel,
like volar ganglion cysts, aberrant flexor muscles or median artery aneurysms also can
compress the median nerve preventing from relief of symptoms following a sole incision
of the flexor retinaculum.
Recurrence is commonly related to scarring of the median nerve following the initial CTR. A radial approach to the flexor retinaculum, during the initial release, is a
recognized risk factor for the formation of adhesions. Excessive scar and adherence of
the median nerve to the deep surface of the transverse carpal ligament are common findings during the secondary exploration of the tunnel. Due to the formation of cicatrix,
the normal gliding of the median nerve is impaired. The phenomenon of diminished
excursion of the median nerve secondary to scar has been characterized by Hunter et al
as neurodesis.4
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Diagnosis
The combination of a thorough history and careful physical examination is the essential
guide to the diagnosis of recurrent compression of the median nerve. Electrodiagnostic
studies are helpful as an objective measure of nerve dysfunction. Ancillary testing, such
as Magnetic Resonance Imaging (MRI) of the carpal tunnel, may provide additional
evidence before planning secondary exploration of the tunnel.
History
Commonly, a history of tingling, and nocturnal pain in the median nerve distribution
is reported. Patients with recurrent CTS complain of similar symptoms as in primary
CTS. Neuropathic or pillar pain due to iatrogenic injury to the nerve or hypertrophic
scar is usually distinct.
Clinical examination
In case of recurrent CTS, there is an exacerbation of scar hypersensitivity and a positive
Tinel´s sign at the level of the previous incision. Provocative tests, such as the Phalen´s
manoeuvre, and Durkan compression test, may reveal recurrent compression of the
median nerve. Physical examination findings, such as reduced grip strength or thenar
wasting can be observed. Sensibility of the median, ulnar, and radial nerves with the use
of static and moving 2-point discrimination also should be checked. The clinical examination of both upper extremities, as well as the cervical spine, to exclude proximal nerve
compression sites should be included in the standard evaluation protocol.
Electrodiagnostic studies
Commonly, the nerve conduction studies, both sensory and motor, are abnormal with
prolonged latency and decreased velocity compared to the contralateral side. An abnormal electromyogram is also present. It is well known that changes in nerve conduction
can persist for an unpredictable period of time even following a successful CTR. This
can make the interpretation of their results following the initial decompression a real
challenge. However, it is widely accepted that further work-up of patients with electrodiagnostic testing is able to improve an accurate diagnosis, and also to serve as an
objective follow-up parameter.
Imaging
Recently, MRI of the median nerve in the carpal tunnel has received attention in the
literature. The morphologic features of median nerve dysfunction in patients with recurrent carpal tunnel syndrome were identified in a retrospective study by Campagna
et al5 Axial 1.5-T magnetic resonance images with the use of intravenous gadolinium
were evaluated for retinacular regrowth, median nerve enhancement, presence of tenos210

ynovitis, and fibrosis. Previously, all 47 patients had undergone open surgical release
of the median nerve for carpal tunnel syndrome. Thirty-five patients had neurophysiologic evidence of recurrent carpal tunnel syndrome. The other 12 patients served as the
control group. A statistically significant difference between the two groups was found
for fibrosis, nerve enhancement, and median nerve flattening ratio at the pisiform level.
The authors concluded that MRI might be a useful adjunct in the diagnostic approach
of recurrent carpal tunnel syndrome. Especially, the detection of fibrosis might be helpful for planning the appropriate surgical re-intervention.5

Treatment
Non-operative
Non-operative measures, such as splinting, corticosteroid injection, and nerve gliding
exercises, can be used as the initial treatment approach before proceeding to secondary
exploration of the carpal tunnel. However, it is well known that the symptom relief following the use of these modalities in recurrent CTS is either incomplete or temporary.
Therefore, their use is not preferred. It should be noted that the application of a steroid
injection as an initial treatment measure might play an additional role. According to
the existing literature, the corticosteroid injection may serve as a prognostic tool for the
surgical success of a later CTR. Beck et al conducted a retrospective study of 23 patients
that underwent revision CTR in their institution.6 The result of pre-operative steroid
injection was evaluated as a prognostic factor for the outcome of secondary operation.
It was concluded that relief following corticosteroid injection in cases of recurrent CTS
has a positive predictive value for a good outcome following secondary exploration of
the tunnel.6
Operative
The surgical management of recurrent CTS is both challenging and difficult. Following
failure of non-operative treatment, a certain operative procedure should be utilized to
alleviate the patient’s symptoms. Various methods have been advocated.
Conventionally, a combination of secondary release of the flexor retinaculum with
external neurolysis was used (Figure 1). However, revision decompression and simple
neurolysis have been insufficient in relieving hand pain. In a retrospective study by
Hulsizer et al, an overall 60% success rate of revision surgery was reported.7 All patients
underwent standard open carpal tunnel decompression with excision of the scar. No
internal neurolysis was performed. The success rate was even lower in those patients
covered by workers’ compensation insurance.7
Current opinion dictates that coverage of the median nerve by a well-vascularised
flap is important following external neurolysis in the distal forearm and carpal tunnel.
Salvage techniques, with the use of vein wrapping or transfer of vascularised omentum,
are retained in case of a failure following the use of a local pedicle or free flap procedure.
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Figure 1. An incomplete release of the flexor retinaculum was the cause of the failed CTR. Secondary
surgery demonstrated mild scar tethering to median nerve. After complete exposure of the median nerve at the carpal tunnel external neurolysis was performed, which lead to resolution of her preoperative
symptoms.

Incision
Irrespective of the chosen method, the previous incision is used. It can be extended both
proximally and distally to facilitate complete exposure of the nerve proximal and distal
to scar tissue. A new incision placed 1.0 cm ulnar to the prior incision and dividing
the most ulnar part of the carpal ligament was described by Dellon.8 This alternative
incision was suggested for approaching recurrent median nerve compression through
unscarred soft tissue.8
Postoperative Regime
Depending on the technique used to treat recurrent CTS, a different postoperative
regime is recommended.
Hypothenar fat pa d flap - Vein wrapping
Postoperatively, the wrist is immobilized for one week in slight extension. The fingers
remain free for immediate postoperative motion. Active and passive wrist range of motion exercises are started immediately after the splint is removed.
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Free flap - omental transfer
The immobilization of the wrist is extended to three weeks with early mobilization of
the digits.
Biologic implant
On the contrary to the other techniques, full wrist-finger motion is allowed immediately
after the placement of the implant.

Covera ge - local pedicle flaps
Local pedicle flaps were proposed to improve results following secondary carpal tunnel surgery. The main goal of their use was the creation of a suitable environment to
restore the normal gliding of the median nerve. Adequate padding would also act as a
barrier between the nerve and surrounding tissues and prevent re-adherence. A number
of different surgical solutions have been proposed, among which are the palmaris brevis
muscle flap, the reverse radial artery fascial flap, and the hypothenar fat pad flap.9,10 Due
to lack of comparative studies, the ideal flap has not yet been identified.
Hypothenar fat pa d flap
The hypothenar fat pad flap provides the surgeon with locally available tissue of adequate size and thickness to cover the median nerve in the carpal tunnel. It can be performed
through the same incision used for the primary release of the carpal tunnel. The operative technique has been refined by Strickland et al.9 Following external neurolysis of the
median nerve, the vascularised fat pad is dissected from the hypothenar eminence. It is
elevated from its ulnar side to protect the radial perfusion from the ulnar artery perforators. Finally, the flap is interposed around the median nerve reaching across the radial
leaf of the transverse carpal ligament. Excellent outcome has been reported following
the use of this technique.9
Craft et al10 proposed a modification of the procedure, at which micro-neurolysis
of the median nerve throughout the entire zone of scarred adhesions with the use of an
operative microscope was added to the initial technique. Operative results of the modified technique also were encouraging. At average one-year follow-up, an improvement
of pain, paraesthesia, and grip strength was noted in the majority of patients.10

Coverage - free flaps
The use of a free flap is an alternative to the use of a local pedicle flap. Circumferential
coverage of the nerve can improve its vascularity and allow for normal gliding of the
nerve. In 1997, Jones et al introduced this demanding technique for circumferential
wrapping of the scarred median nerve as a salvage procedure for severe end-stage median
neuritis.11 Dahlin et al reported the use of free scapular or free lateral arm flaps to cover
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the median nerve following neurolysis in nine patients with severe recurrent CTS.12
The patients were followed up by a self-administered questionnaire at an average of 8.5
years. The reported results were encouraging. All the patients, but one, reported improvement of their subjective complaints. Post-operatively, four patients returned to their
previous work. Two patients retired, while the rest three were involved in a lighter duty.
No difference could be seen between the different flaps in this study. The donor-site
morbidity was an issue with this technique. Six patients experienced various problems
from the donor site, such as itching, wound dehiscence, and dysesthetic scars.12
Omental transfer
Local pedicle flaps are primarily used to decrease scar adherence of the re-operated median nerve following neurolysis. However, these techniques have certain limitations,
especially in the multiply operated carpal tunnel with diffuse fibrosis over an extended
length of the median nerve. Local muscle or fat flaps are unable to cover the nerve circumferentially, due to their limited size.
Free vascularized omental transfer has been reported to be a viable option for these
cases.13 The advantage of using omentum over a muscle to prevent perineural fibrosis is
supported by experimental data.14 Omentum is harvested through an open laparotomy
with the gastroepiploic artery and vein. It is then placed around the entire length of the
scarred median nerve. A microvascular anastomosis of the gastroepiploic vessels to the
radial artery and cephalic vein is performed. A partial thickness skin graft also is used
to cover the omentum over the entire forearm wound. Goitz et al reported long term
results following microvascular omental transfer for recalcitrant median neuropathy.13
Nine hands in six women were available for clinical and electrophysiological evaluation
at an average follow-up of 6.6 years. Numerous operations had been undertaken before
the omental transfer. At surgery, all median nerves were encased in fibrotic tissue, often
extending proximal to the wrist crease. Grip strength and sensibility were improved in
the majority of the extremities. Five of six patients were satisfied with their results and
reported improved quality of life. Four complications were reported; three related to
delayed wound healing, and one ventral hernia.13

Coverage - vein wrapping
The ideal tissue coverage of the median nerve for the multiply operated carpal tunnel
would be of adequate length, minimal width to adapt to the distal forearm, and with
minimal donor site morbidity. Based on this concept, the technique of autologous vein
wrapping of the scarred nerve for recalcitrant median neuritis was introduced by Sotereanos et al.15 The donor site was the greater saphenous vein of the ipsilateral or contralateral lower limb. The vein was wrapped around the entire length of the scarred nerve
beginning from distally to proximally. External or internal neurolysis preceded this procedure. Early results were promising; no complications were noted in the donor area.15
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Ruch et al performed an experimental study on rat sciatic nerves.16 Vein wrapping of the
nerve using inferior vena cava allograft was compared to vein wrapping of the nerve with
autologous femoral vein. According to the authors, epineurial scar formation increased
10 times when the vein allograft was used. Thus, the autologous vein grafts appeared to
protect the wrapped nerve from cicatrix formation and adherence to the intimal surface
of the vein.16
Varitimidis et al reported the long-term follow-up results using the autologous vein
wrapping technique for recurrent carpal tunnel syndrome.17 A total of 48 operations
had been performed on 15 patients before wrapping the median nerve with a saphenous
vein graft. The procedures included the use of a hypothenar fat pad flap. At a mean follow-up of 43 months all patients reported significant symptom relief. No complications
were noted. Nerve conduction findings also improved.17

Coverage - biologic implants
There are disadvantages associated with the use of autologous tissue, including donor
site morbidity, and limited availability of autologous material for wrapping. An off-theshelf material that could provide similar benefits as autologous tissue would have clinical
value. Kokkalis et al18 conducted an experimental study in a rabbit model to evaluate
a novel material for use as a nerve wrap. Extracellular matrix (ECM) derived from porcine small intestinal submucosa was used to cover the sciatic nerve. According to the
results of this study, the ECM material acted as a protective barrier for the nerve in a
scar-prone tissue bed. There was no evidence of harm to the nerve during visual observations at explantation, histopathologic assessment, and electrophysiological evaluation.
However, further studies are necessary to clarify the immune response elicited following
implantation of the biologic nerve wrap.
Recently, the Canaletto implant has been introduced as another choice for the treatment of recurrent CTS.19 The aim of using this biologic implant is to prevent the
contraction of the two edges of the flexor retinaculum following its incision. The Canaletto implant is applied with its siliconized deep surface in contact with the median
nerve, and its edges are sutured to the edges of the retinaculum; thus, a gliding plane
for the median nerve is enabled. Bilasy et al reported results from a retrospective series
of 20 patients treated with neurolysis and such implant interposition. Sensory, motor,
and functional criteria were evaluated. Nerve conduction studies of the median nerve
were also performed. With the exception of four patients, all parameters improved after
insertion of the Canaletto implant at 1-year average follow-up.19
In our practice, the commercially available NeuraWrap® nerve protector (Integra,
Plainsboro, NJ), which is an absorbable collagen implant, was used in patients with
recurrent CTS (Figure 2). Our results have been encouraging. The patients’ pain was
eradicated. The clinical improvement also was confirmed by the follow-up nerve conduction studies.20 However, future work is necessary to characterize the efficacy of this
material as a treatment method of recurrent CTS.
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Figure 2. a. Re-exploration (secondary surgery) in a patient that had two previous failed releases. The nerve was neurolysed carefully until completely freed of adhesions. b. The nerve wrap was implanted around
the nerve into the carpal tunnel.
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6-4-2
Miscellaneous Conditions
Henk Giele*

Charlotte Bendon*

Key points
•

Neurological symptoms may be caused by rare conditions and should not be dismissed without consideration.
Acute shoulder pain followed by patchy motor loss is consistent with Parsonage
Turner syndrome.
Consider Neuropathy with hereditable liability to pressure palsies (NHLPP) in
younger patients with multiple compressive nerve palsies following minor insults
with a family history of pressure palsies.
Isolated loss of extensor or flexor tendon function may be due to multifocal motor
neuropathy rather than tendon rupture.
Hand Arm Vibration syndrome (HAVS) may present with vascular symptoms, similar to Raynaud’s, and/or neurological symptoms with sensory disturbance, similar to carpal tunnel syndrome, but have in common a significant exposure to
vibration forces.

•
•

•
•

H

and surgeons are commonly called upon to see and diagnose patients with vague inexplicable hand symptoms. Miscellaneous uncommon neural conditions
that affect the upper limb, of which hand surgeons should be aware, so as to
enable their diagnosis and timely treatment are presented. The chapter covers Parsonage
Turner syndrome, Neuropathy with hereditable liability to pressure palsies (NHLPP),
Charcot Marie Tooth (Hereditary motor and sensory neuropathy HMSN), Hereditary
sensory and autonomic neuropathy (HSAN), Hand –arm vibration syndrome (HAVS),
Multi-focal motor neuropathy, and Infectious neuropathy. The key symptoms and
*
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signs that help diagnose these conditions are the main points to be learnt, as once the
diagnosis is reached, the current or optimal treatment can always be searched for.

Parsonage -Turner syndrome
The Parsonage-Turner syndrome is also called neuralgic amyotrophy, idiopathic brachial neuritis or brachial plexus neuritis. It is predominantly a self-limiting motor palsy of
sudden onset affecting one or more nerves of the brachial plexus of unknown aetiology,
preceded by severe pain.12
The syndrome has a classic presentation of a history of some (often minor) trauma,
in a previously well patient of any age with no systemic symptoms, who develops acute
unilateral constant excruciating pain around the shoulder girdle or arm (Table 1). The
pain passes after a few days to weeks. Weakness is then noted in one or more muscles
of the upper limb. The weakness may have been present earlier, but due to pain and
disuse of the limb it may not have been noticed. The most frequently involved nerves
are those of the upper trunk of the brachial plexus although any brachial plexus branch
or distal nerve can be affected. The most commonly involved muscles and nerves are the
serratus anterior muscle/the long thoracic nerve, the deltoid muscle/the axillary nerve,
the supraspinatus muscle/ the suprascapular nerve or the flexor pollicis longus and flexor
digitorum profundus of index and long finger/the anterior interosseous nerve. Occasionally, nerves outside of the brachial plexus can be involved, including the accessory
nerve, the phrenic nerve and facial nerves.
Sensory changes may be noted in some patients, though such changes are not a main
feature of the affected nerves. In one third of the cases, there is some sensory disturbance
in the lateral cutaneous nerve of the forearm. The involved nerve and muscles slowly
recover over 12 to 36 months or more. Recovery is usually close to completely normal
function, though not on detailed examination or electrophysiological testing.7
The cause is unknown, but the history of trauma, and association with events, such
as immunisation, suggest an inflammatory or auto-immune phenomenon. This is yet
to be proven by Magnetic Resonance Imaging (MRI), biopsy or other investigations.
Nerve conduction studies show multi-focal axonal lesions in the brachial plexus and
slowing of conduction in the clinically affected nerves. On electromyography (EMG),
denervation of the affected muscles is recorded. Apparently unaffected nerves on the
same side may also show some conduction anomalies, but usually the distal nerves show
normal conduction.7
The diagnosis is made clinically by the classic history and the examination finding
of motor palsy and wasting either in an isolated nerve or occurring in a distribution that
may not be consistent with a single site of injury. Exclusion of differential diagnoses,
such as a cervical disk prolapse and radiculopathy, frozen shoulder, calcific tendonitis,
bursitis, shingles, and thoracic outlet syndrome, may necessitate careful clinical examination and imaging.
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Treatment is initially analgesics, and conservative therapies to prevent contractures
or stiffness. Initially, passive exercises to preserve the range of motion are important.
Once muscle activity recovers, strengthening exercises can commence, but must be carefully instituted to avoid the development of maladaptive functioning. If the diagnosis
is made very early in the painful phase, systemic cortico-steroids have been suggested
to ameliorate the density and duration of the paralysis. In the rare event of recurrence,
the patient should be given a short course of steroids to attempt to limit the severity or
duration of the paralysis.
There is a rare hereditary autosomal dominant form of Parsonage-Turner syndrome,
called hereditary neuralgic amyotrophy. It is associated with a mutation on chromosome
17q, but is distinct from the other 17q syndromes described below. In this condition the
classic pattern of acute short-lived pain followed by palsy occurs, and recovers, but recurs.
Table 1. Key Diagnostic features of Parsonage -Turner Syndrome
•
•
•
•
•
•

Acute shoulder pain lasting days to weeks
Weakness or paralysis of muscles relating to specific nerve(s).
Does not follow a pattern consistent with a single site of injury.
Systemically well.
Joints passively mobile.
Limited sensory signs.

Hereditary neuropathy with liability to pressure palsies
(HNLPP)
Hereditary neuropathy with liability to pressure palsies should be considered in patients
with a strong family history of multiple pressure palsies, such as carpal and cubital
tunnel syndrome, and a common peroneal palsy. These patients suffer peripheral nerve
palsies following only minor compression or traction insults, such as common peroneal
palsies following sitting crossed legged, or an ulnar nerve palsy after leaning on the elbows. Occasionally, the entire brachial plexus is involved following a minor traction,
such as carrying a bag. The cause of the condition is a deletion of the chromosome
17p11.2-12 that includes the peripheral myelin protein gene PMP22. This gene seems
important as a triplication of this gene produces Hereditary motor and sensory neuropathy (HMSN1).
HNLPP is also termed tomaculous neuropathy. Tomaculous means sausage shaped
swellings. These can be seen on the affected nerves microscopically if they are biopsied,
and are thickenings of the myelin sheath. Demyelination is also seen.5
The diagnosis should be suspected in patients whom present earlier than expected
in life, with recurrent mild episodes of pressure neuropathies, such as carpal tunnel syndrome. These palsies may become severe and unremitting. Pain is not a feature. There
may be a family history of pressure palsies. The pattern of inheritance is autosomal
dominant. Clinically, the features are exactly similar to pressure palsies of an idiopathic
origin. Electrophysiologically, a conduction block is seen at the usual sites. There may
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be conduction blocks seen in other non-clinically affected nerves, and there may be
evidence of a mild polyneuropathy.5,10
Once suspected, the deletion in PMP22 can be detected by laboratory testing, and
is found in 80% of cases, wile the remainder require more detailed sequence analysis to
find point mutations in PMP22. HNLPP is not a common cause of idiopathic carpal
tunnel syndrome. A study looking for PMP22 deletions in 50 patients with CTS found
none had HNLPP.13
Mostly, these nerve palsies rapidly recover following the insult to near normal or
leaving only minor deficit. As such the treatment is conservative by avoiding postures
or avoiding situations causing undue traction or compression, such as sitting crossed
legged, wearing backpacks, or leaning on the elbows. Surgery is vehemently opposed by
the neurologists. However, in the case of persistent compression and palsy, which may
occur in carpal or cubital tunnel syndrome, surgical decompression is of benefit, and
should not be denied from these patients.10 During surgery itself, special care must be
taken to avoid pressure points. Naturally, tendon transfers can help severe motor deficits
in the hand.

Charcot-Marie-Tooth hereditary neuropathy (hereditary motor
sensory neuropathy- HMSN)
Charcot-Marie-Tooth or hereditary motor sensory neuropathy (HMSN) is a group of
conditions characterised by a symmetrical polyneuropathy affecting the small muscles of
the hands and feet and associated with only mild sensory loss. As a group of conditions,
the inheritance is variable depending on the type or genetic defect. As a group, they are
the most common genetic cause of neuropathy with an incidence of 1:3000. HMSN
Type 1 that accounts for 50% of cases is related to a myelination problem and mostly
due to a triplication of the PMP22 gene, though other defects have been identified
producing 6 sub-types.3,11
Onset is within the first 30 years, and is usually painless, though neuropathic and
mechanical pain secondary to the muscle atrophy and dysfunction can occur. The presentation is with atrophy and weakness of the small muscles of the hands and feet, with
variable pre-dominance of one or the other depending on the exact type of HMSN. The
weakness is accompanied by variable sensory loss in a glove and stocking type distribution. There are usually no central symptoms or signs. HMSN should be suspected in patients with bilateral signs of intrinsic wasting, including abductor pollicis brevis muscle,
some sensory loss, foot signs and a family history. Peripheral nerves may feel palpably
enlarged in type 1. Electrophysiologically, there are signs of demyelination in the demyelinating types with slowing of conduction, or axonal loss in the rare axonal types.3
As HMSN is slowly progressive, and patients adapt to and accommodate for their
functional losses they may not present for treatment until a late stage. The muscle loss
cannot be restored, but tendon transfers and selective joint fusions can usefully assist
function. Commonly, the most disabling loss is that of intrinsic pinch strength. This
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can be restored by tendon transfers [such as extensor carpi radialis longus (ECRL),
lengthened by palmaris longus to adductor pollicis (AP) and extensor indicis proprius
(EIP) to first dorsal interosseous muscle). Nerve decompression may help the pain, but
is unlikely to assist dysfunction.11

Hereditable sensory and autonomic neuropathy (HSAN)
There are five types of hereditary sensory and autonomic neuropathy and all except type
III are characterized by loss or reduction in perception of pain. This leads to secondary
injuries that may require the services of a hand surgeon. Type IV is also known as congenital insensitivity to pain with anhidrosis (CIPA) and causes patients to feel neither
pain nor temperature and fail to sweat. It is caused by a defect in the NTRK1 gene and
is autosomal recessive. HSAN becomes apparent early in infancy or childhood due to
the constant injuries, especially bone and joint trauma and self-mutilation of lips, fingertips and tongue.
Clinically, the skin of the hand and fingers is dry and lichenified. The fingers may
be shortened and stiff, or amputated. Ulcers or wounds may be present. Osteomyelitis
and infections are common. Radiographs show Charcot joints, acral-osteolysis, previous
fractures and dislocations.
Treatment involves avoidance of injury. Daily careful observation must be performed for any areas of pressure contact, abrasion or injury. Prompt treatment is instituted for wounds or infections. Surgical treatment comprises completion of amputations,
excision of osteomyelitis, closure of wounds and fusion of joints all with the aim of
improving function and delaying progression of loss.

Hand–Arm Vibration Syndrome (HAVS)
Hand –arm vibration syndrome is a modern condition of neurological, musculoskeletal and vascular symptoms thought to be due to prolonged exposure to mechanical
vibration. The vascular symptoms are similar to Raynaud’s and include vibration white
finger, and the neurological symptoms are similar to carpal tunnel syndrome. The pain
is non-specific.
There are no defining symptoms, but any neurological and vascular symptoms are
scored using the Stockholm Workshop Scale SWS (SN, sensorineural symptoms; V,
vascular symptoms. SN0, no numbness; SN1, intermittent numbness; SN2, reduced
sensory perception; SN3, reduced tactile discrimination; V0, no vasospastic attacks; V1,
intermittent vasospasm involving distal phalanges; V2, intermittent vasospasm extending to middle phalanges; V3, intermittent vasospasm extending to proximal phalanges;
V4, skin atrophy/necrosis).2
Symptoms are often described as numbness and clumsiness during or after using
vibrating tools. Pain or paraesthesia may be present. The pain may be sited anywhere in
the upper limb, but commonly involve the hands and wrists, shoulders and elbows. The
hand is often described as clumsy, lacking dexterity and weak. The fingers may go white
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during exposure to the tools or on exposure to cold and wet environments, followed by
erythema and pain on recovery (vibration white finger). This is probably a secondary
Raynaud’s phenomenon. The pain and neurological symptoms are most likely to cause
disability and time off work. There is poor correlation between symptoms and clinical
signs or objective tests or investigations, including thermometry or plethysmography.
Prolonged exposure to vibrating tools can worsen the symptoms or make them permanent. Employers should ensure that the daily amount of vibration exposure (Exposure
Action Value EAV) is less than 5m/s2. The exact relationship or pathogenesis of vibration-induced symptoms is unclear. Though, there is a relationship between symptoms
and duration and intensity of exposure, the force, frequency and direction of vibration and the area and force of contact between the tool and operator are not clarified.
Treatment involves ergonomic aids, such as modified tools or anti-vibration gloves,
avoidance of vibrating tools, and change in work patterns. Calcium channel blockers,
pentoxphyline or aspirin have been used to improve blood flow in the peripheries. If
HAVS is complicated by compressive components, surgical release of the carpal tunnel
or ulnar nerve may assist symptoms where indicated.2,8

Multi-focal motor neuropathy (MMN)
Multi-focal motor neuropathy is a slowly progressive motor disorder that manifests with
weakness of muscles in a peripheral nerve pattern of the upper limb. Though initially
unilateral, it may become bilateral, but it will be asymmetric with different weakened
muscles on either side. It is an autoimmune disorder and associated with a conduction
block of the nerve supplying the affected muscle(s). It may be a variant of chronic inflammatory demyelinating polyneuropathy.4,6
To hand surgeons, it often presents with hand weakness or an inability to extend
one or more of the fingers, and is misdiagnosed as an extensor tendon rupture or distal
posterior interosseous nerve palsy. However, imaging or surgical exploration demonstrate that the tendons are intact. Later, other muscles become inactive on the same or
contra-lateral limb, or the lower limbs become involved. Muscle tone is normal or reduced. Tendon reflexes are diminished in the affected muscles and perhaps other muscle
groups as well, but can be normal. Atrophy of the muscles may appear some time after
loss of function. Mild sensory abnormalities, such as altered sensibility or paraesthesia,
can occur late in untreated cases. Clinically, enlargement of the nerve may be palpable.
Electrophysiology may detect multi-level motor conduction block anywhere along the
affected nerve, but most commonly in the forearm, with preservation of sensory conduction. Electromyography shows denervation of clinically affected muscles only. MRI
may detect focal swelling of the nerve.9 There may be a positive blood test for antibodies
to ganglioside GM1, but absence of this does not exclude multi-focal motor neuropathy. The differential diagnosis includes motor neurone disease, multiple sclerosis, and
amyotrophic lateral sclerosis.
The treatment is intravenous immunoglobulin, which is effective in reducing or
resolving symptoms in more than 80% of patients. The effect commences within hours
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of treatment, peaks at two weeks and lasts weeks to months. Periodic doses need to be
administered at frequencies determined by patient response. Intravenous immunoglobulin treatment is effective even in delayed diagnosis and advanced debility, but is more
effective in resolving symptoms if administered early in the course of the disease.4,6

Infectious neuropathies
Infectious neuropathies, including leprosy, are a miscellaneous group of peripheral
neuropathies resulting from direct infiltration of the nerve by the infectious agent or as
a consequence of systemic infection.
Leprosy, tuberculosis, syphilis, HIV, and Herpes are the obvious culprits, but leprosy
is the only infection that pre-dominantly affects the upper limb and hand and is discussed here.
Leprosy is caused by infection by Mycobacterium leprae with 700,000 new cases
per year worldwide. The incubation period is longer than three years. The organism
selectively infects cutaneous small sensory nerve endings causing oedema and thickening
of the affected nerves with granulomatous swellings. This leads to loss of sensation and
analgesia in the territory of the affected nerve, often, but not always, associated with patchy depigmentation. There is both a localised tuberculoid and a systemic lepromatous
form of the disease. In the tuberculoid form of the disease, the infection spreads proximally and eventually affects the motor component of the nerve. Commonly, the median
and ulnar nerves and the common peroneal and posterior tibial nerves are involved,
perhaps related to the cooler temperatures found in the peripheries. In the lepromatous
form there is much more extensive, widespread and infective involvement. The condition may be confused with entrapment or compressive neuropathies. Leprosy is rare
in Europe, but should be considered in any recent immigrants from tropical countries
where it is endemic.
Clinically, one should suspect leprosy when patients present with sensory loss or
analgesia in a peripheral nerve distribution, particularly when associated with hypopigmentation of the skin. There may be painless ulcerations. The involved peripheral nerve
may have tender palpable localised thickening. Later in the course of the disease, the
motor paralysis causes median and ulnar nerve palsy.1
Diagnosis is confirmed by skin or nerve biopsy demonstrating acid-fast bacilli. Treatment is a prolonged medication with rifampicin, dapsone and clofazimine. This treatment stops progression of the disease, but it does not reverse established loss of function.
When diagnosis or treatment is delayed and motor palsy becomes debilitating, then
treatment should include tendon transfers to restore lost function, especially lost intrinsic function. However, reconstructive surgery should not be performed until the infection has been cleared, and surgery should be preceded by hand therapy to correct clawing
and other contractures. Nerve surgery is rarely indicated as multilevel disease precludes
effective nerve excision and grafting. Nerve surgery may be helpful in cases of abscess
formation, or nerve pain related to compression from the enlarged nerve in confined
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spaces, such as the carpal tunnel. Persistent ulceration from anaesthesia is treated by
transferring sensate flaps to these areas.
In conclusion, the main clinical and diagnostic features of uncommon miscellaneous neuropathies that may present to the hand surgeon before a diagnosis is made are
highlighted. Hopefully, awareness of these conditions will allow earlier diagnosis and
intervention limiting debilitating functional loss.
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Key points
• Thoracic outlet syndrome (TOS) can be categorized as vascular or neurogenic, where vascular TOS can be subcategorized as either arterial or venous, and neurogenic
TOS can subcategorized as either true or disputed.
• The thoracic outlet anatomical container presents with several key regional components, each capable of compromising the neurovascular structures that course within
that region.
• Making a diagnosis of TOS can be challenging since the symptoms vary greatly
among the affected patients, thus lending to other conditions, including a double
crush syndrome.
• History and clinical examination are the most important components in establishing
the diagnosis of TOS and specific clinical tests can be used to support a clinical diagnosis.
• Surgical treatment should be considered only if a well-conducted rehabilitation for a
period of at least six months has failed.
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T

he thoracic outlet syndrome (TOS) is a quite controversial entity both from the
diagnostic and therapeutic point of view. In the most recent literature, especially
in the North American, there are even arguments against the surgical treatment,
due to the lack of safe and consistent clinical tests. It is interesting to know, for example,
that TOS causes the highest frequency of medical legal procedures concerning thoracic
surgery. These different opinions argue partially to the fact that different specialists,
such as vascular surgeons, thoracic surgeons, orthopaedic surgeons, and neurosurgeons, treat this syndrome. Confusion is also increased by the different ways it is called,
such as cervical rib syndrome, scalenus anticus syndrome, costoclavicular syndrome,
hyperabduction syndrome, pectoralis minor syndrome, brachiocephalic syndrome, nocturnal paresthetic brachialgia, fractured clavicle-rib syndrome, effort vein thrombosis
(Paget-Schroetter syndrome), superior outlet syndrome, Naffziger syndrome, subcoracoid pectoralis minor syndrome, first thoracic rib syndrome, costoclavicular compression syndrome, cervical rib and band syndrome.

Historical background
Even if William Harvey was the first one in 1627 to describe, at an autopsy specimen,
an aneurysm of the subclavian artery caused by a TOS, the first clinical description was
done by Ashley Cooper (1821), while Mayo (1835) made the first symptomatic description. Willshire (1860) did the first description of a cervical rib anomaly, while the first
description of the role played by the anterior scalenus muscle in the nerve compression
by a cervical rib was done by Murphy (1906). The term “thoracic outlet syndrome” was
originally coined in 1956 by Peet1 to indicate compression of the neurovascular structures
in the interscalene triangle corresponding to the possible aetiology of the symptoms.

Anatomy and pathophysiology
From the pathophysiological point of view, TOS is not different from any other peripheral canalicular neuropathy. There is a presence of a narrow anatomic space crossed by
a neurovascular bundle. There are different physiological and anthropomorphic factors
that might reduce these spaces. Furthermore, structural anomalies, related to the skeleton or to the soft tissues around, can play a main role.
The regions in which the neurovascular bundles (brachial plexus and subclavian
vessels) can be narrowed are mainly three: the prescalene area, the interscalene triangle and the costoclavicular space. Furthermore, there are two more distal regions, such
as the clavipectoral region and the subarachnoidal space, in which, even if much less
frequently, compression may occur. Poitevin2, during his extremely precise anatomical
dissections, bring again the attention to the prescalene space: the latter has already been
described by Sebileau,3 who talked about a series of fibrotic structures connected to the
pleural cupola, and created the term “suspension pleural system”. Three are the structures that form it:
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1) the transverse septo-costal ligament (from the C7 transverse apophysis it inserts
close to the anterior scalene muscle insertion).
2) the costo-septo-costal ligament (it inserts in two different point of the first rib creating a real boutonniere for the T1 root).
3) the vertebra-septo-costal ligament (the equivalent of a scalene minimus and might
compress selectively the primary inferior trunk).
The interscalene space is a triangle formed by the posterior margin of the anterior
scalene muscle, the anterior margin of the middle scalene and the first rib. This space
has a variable geometry considering the changes that occur during shoulder movements.
The most involved structures considering their position are the inferior primary trunk
and the subclavian artery; the T1 root, after exiting its intervertebral foramen, proceeds
from the bottom to the top, to reach C8 root and create the primary inferior trunk.
Considering this anatomical path together with anatomical anomalies, it is easy to understand how T1 and C8 are the most involved roots in the compression.
The third area of conflict is the costoclavicular space that has a wide range of dimensions considering the movements the shoulder is related to. Even if more rarely, proceeding from proximal to distal, another possible compression site is the subarachnoidal
space; in our experience only one case on 300 treated patients. Not only anatomical
reasons can lead to a compression but also physiological and anthropomorphic ones due
to an unbalance between the content and the container. Among these the progressive
drop of the acromioclavicular region plays a main role joint in female due to the increase
in load of the mammary gland with the age. Another condition is related to those asthenic patients with long neck and hypotrophic muscles of the scapular girdle that favour
the closure of the anatomical spaces. Finally, we would like to remember those dynamic
conditions, such as certain kind of jobs or sports that facilitate hyperabduction or weight
lifting: this leads to a compensatory hypertrophy of the scalene muscles and to a decrease
of the interscalene space. In such a complex anatomical and physiological condition, the
structural anomalies that cause a further tightening of these spaces have to be considered
as well. These anomalies could be related either to the skeleton or to soft tissues. Costal
anomalies are described in literature with a frequency of 0.002 - 0.5%, but only 10%
of these cases seem to be symptomatic.4 According to the Mayo Clinic experience the
frequency of costal anomalies in TOS is 57%, while in our series it is 35%.
Usually, the presence of a cervical rib leads to a compression at the level of the thoracic outlet. Cervical ribs are classified according to Gruber5 scale in four types: type I:
a rib that appears as a short bar of bone that not exceed more than 2.5 cm from the VII
cervical vertebra; type II: more than 2.5 cm, but it does not reach the first rib; type III:
it reaches and touches the first rib; type IV: it is a real supernumerary rib that might
have a joint with the first rib and sometimes with the sternum as well. The transverse
mega-apophysis of C7 may play a pathological role, especially if its lateral end has a
pointed shape. The presence of an anomaly of the scalene muscle could be the cause of
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the compression. In a similar way, the presence of a cervical rib type I or II could be a
contributory cause of the condition; this because the muscle inserted into it, obliges the
inferior trunk to a very angulate path right in front of the inferior margin of the middle
scalene.
In our experience, muscular anomalies are the most frequent cause of compression. Among them, a hypertrophic anterior scalene muscle, the presence of an accessory
scalene muscle, or hypertrophy of the middle scalene muscle is presented. The anterior
scalene muscle is for sure the most involved structure in the compression of the subclavian artery, but there is a wide agreement that this is just part of the problem. A main
role played in the compression is performed by the middle scalene muscle. Sometimes
this muscle has a sharp anterior margin that interferes with the inferior primary trunk
of the brachial plexus. Especially in the presence of a transverse C7 mega-apophysis, the
insertion of the middle scalene muscle is projected anteriorly; this causes the primary
inferior trunk to create an angle sometimes larger than 30 degrees.
Another cause of compression is related to the presence of anomalous fibrous bands:
these structures are often seen during the surgical dissection of the outlet, especially at
the level of the inferior primary trunk. No instrumental examination is able to show
them. Pang and Wessel4 classify them according to the insertion site. These fibrous
structures are the ones that have to be searched for carefully as to definitely eliminate the
neurological compression without an associated vascular compression.

Diagnosis
The majority of compressions are located at the level of C8 and T1 roots. To make a
proper diagnosis it is mandatory to evaluate the patient´s “shape” (asthenic, long-limbed
type, hypotrophy of the shoulder’s muscles), working or sport activity, and past cervical
trauma. As for the subjective symptomatology, the patient (mainly female) complains
of pain in the posterior infrascapular and laterothoracic areas with an irradiation to all
the medial part of the upper limb. The pain irradiation does not reflect the C8 and T1
involvement, while hypoesthesia involves the ulnar nerve (ring and little finger). The
patient refers the upper limb to be heavy with less ability to perform daily live activities.
Symptoms usually get worse when elevating the arm, and in the so-called amyotrophic form there might be a hand intrinsic muscles involvement. It is not rare as well to
have sensitive disorders related to the ulnar nerve territory and intrinsic thenar muscle
deficit. Vasospastic disorders, such as white and cold fingers and change of colour (mainly thumb and index) for sympathetic changes, may occur. Because of the chance to
have an associated vascular compression during the clinical examination, signs of vascular obstruction should to be investigated. Tinel’s sign has always to be performed to help
locate the compression level. Before proceed to instrumental evaluation the so-called
stress tests have to be performed.
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Stress tests
There are different tests that lead to the compression of the neurovascular bundle at its
thoracic outlet. Among these, one of the most known is the Adson’s test: The patient’s
head is rotated to face the tested shoulder. The patient then extends the head, while the
examiner laterally rotates and extends the patient’s shoulder. The examiner locates the
radial pulse, and the patient is instructed to take a deep breath and hold it. A disappearance of the pulse is indicative of a positive test.
Other tests are described such as the Roos test (both upper limb abducted at 90
degrees and externally rotated: a series of 30-40 opening and closure of the hand are
performed as to provoke symptoms). The authors use the shoulder abduction and external rotation test with the head rotated on the opposite site of the compression. In this
position both the interscalene and costoclavicular space are compressed. When both
the plexus’ artery and the primary inferior trunk are compressed, the patient describes
at the beginning paraesthesia on the ulnar side of the hand and fingers. If paraesthesia
is present without pulse decrease, a pure neurological form is present. In a complete
examination of the patient, peripheral compression syndromes, such as carpal tunnel
and ulnar nerve compression, has to be excluded as well. In our experience carpal tunnel
syndrome was associated with TOS in 20% of the cases, while ulnar nerve compression
at the elbow are present in 8%.
Complementary examinations
A radiological evaluation of the cervical spine will be able to give us indication concerning the presence of cervical ribs, first rib anomalies, hypertrophy of the transverse
apophysis of the 7th cervical vertebra. A straightening of the cervical column may help
as well in a diagnosis of post-traumatic outlet syndrome. Computerized tomography
(CT) scan maybe useful to exclude radiculopathy related to herniation or tumour; it
may be an indirect sign of the middle scalene insertion. MRI is potentially the best
examination to determine which structures are involved in the compression, but still a
lot of improvements have to be done. Concerning vascular compressions we suggest to
perform an ultrasound evaluation as routine evaluation: if some anomalies are detected
an arteriography should follow. The latter may show a stenosis of the subclavian artery,
a poststenotic dilatation, as well as an intrinsic alteration of the inner vascular wall that
may lead to an aneurysm. If signs of affection of the subclavian vein are present (e.g.
oedema of the hand, superficial circle dilatation), a phlebography should be performed
after the ultrasound. Electrodiagnostic evaluation should include electromyography by
an expert, since the supra- and subclavicular areas are the difficult ones to be studied.
Median nerve and ulnar nerves peripheral compression have to be studied as well. We
would like to underline tat there are not a certain clinical or instrumental diagnosis of
TOS and in most of the case it is an exclusion diagnosis.
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Conservative treatment
Once the aetiology of the compression is known, it is mandatory to start a rehabilitative
protocol consisting of:
• a proper postural education.
• respiratory re-education addressed to rehabilitate the diaphragmatic muscle.
• reinforce the muscles that favour the opening of the interscalene and costoclavicular
space.
Massage therapy to relax neck and scapular muscles and to mobilise the cervical
spine are suggested as well. Carrying heavy weights is not recommended. The conservative treatment has to be carried on at least for six months: in literature good results are
reported from 40% up to 90%.6

Surgical treatment
In the presence of a symptomatic cervical rib or in those with neurological patterns with
clear sings of intrinsic muscle amyotrophy, the surgical treatment is the gold standard.
There are mainly two different surgical approaches: the cervical and the axillary one.
Cervical approach
It is the surgical approach of choice for pure neurologic conditions or for the removal
of a cervical rib. We prefer this approach because it allows a better and safer exposition
of the brachial plexus as far as the foramina and a better visualization of the structures
involved in the compression. The axillary approach has the disadvantage not to be able
to visualise the inferior roots of the brachial plexus as well as eventual bleeding.
The patient is supine with the head rotated towards the opposite site: a paraclavicular incision is performed about 1 cm cranially to the clavicle, which allow us to easily
reach the interscalene space. The external jugular vein is isolated and ligated with its
branches. The phrenic nerve is isolated from the anterior scalene. This allows a safe
dissection of the scalene muscle. It is important to take away about 2-3 cm of the muscle
to minimize the formation of any fibrotic tissue in the space. This allows the subclavian
artery to be well visible. These manoeuvres also allow a safe isolation of the inferior root
of the brachial plexus as far as the foramina. This is the surgical step during which the
compression sites are identified. Extreme care has to be given to avoid stretching the
roots and the primary trunks. When approaching the left side care has to be given to the
thoracic duct, which is located medially to the insertion of the anterior scalene muscle.
If a section of the sharp edge of the middle scalene muscle is needed, attention has to be
given to the long thoracic nerve that runs into the muscle. If a clear cause of compression is not found during the dissection, the costoclavicular space has to be considered as
the compression site. In these cases the surgeon has to be ready to remove the first rib.
The axillary approach can be associated.
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Another interesting and safe surgical approach for the removal of the first rib is the
subclavicular one; parallel to the first cervical-supraclavicular incision. The disadvantage
is to add a scar, especially in female patients.
Axillary approach
The patient is placed in lateral position (Roos)7 with the upper limb in vertical traction:
the surgeon is located posteriorly to the patient and a medial axillary S-shape incision
is performed. The first rib is followed to locate the scalene muscle insertion, which is
detached and dissected from the first rib. This step avoids the proximal stretching of the
nervous trunks. Medially the costo-septo-costal septum is identified that might compress the T1. The rib is then freed as far as its posterior insertion and cut with an osteotome. In this approach, attention has to be given to the subclavian and axillary arteries.

Postoperative regime
Both the upper limb and the cervical spine are left free and mild movements are allowed.
Mobilisation exercises start at one week. Usually, the patient refers an improvement of
pain right after surgery, while it takes longer, usually weeks, to notice a decrease of the
neurological symptoms.

Results
The authors experience is based on more than 300 cases that were treated during a
period of 20 years. It was possible to review 144 patients with a follow up longer than
2 years. According to the Narakas8 classification, there were excellent, good and poor
results. Eighty % excellent or good results were achieved in 80 % and in 20% of the patients the result was poor. Among the patients with poor results, there were five patients
with an incorrect diagnosis, 21 cases that we could define as technical mistakes and they
were related to a non-elimination of the real compression (especially at the beginning of
the learning curve), and finally three cases, which was related to fibrotic formation after
bleeding and infection.
Recurrences might have different aetiologies: among all a formation of fibrotic tissue
was related to the surgical dissection. Another cause might be “fibrotic scarring” of the
scalene muscle when not an enough part of the muscle is removed. A cause of recurrence
related to the Roos approach is an incomplete removal of the first rib. One has also to
mention the so-called pseudo recurrences: they are related to a incorrect diagnosis or to
an insufficient removal of the cause of the compression.
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Conclusion
The main keys to minimize the poor results of the thoracic outlet syndrome are:
• development of the conservative treatment
• advancement of both the clinical and instrumental diagnosis
• improvement of the surgical technique that has to be addressed to the removal of
the real cause of the compression and an extremely gentle technique to minimize the
formation of scar tissue after surgery.
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Key points
• About 5% of the tumours in the upper extremity are located in a peripheral nerve
trunk, where most of them are benign with a slow growth and few symptoms.
• The most common solitary tumours are schwannomas (incidence 0.62/100 000/
year) and neurofibromas.
• The diagnosis of a peripheral nerve tumour is based on a thorough clinical examination
by a clinician, imaging (either magnetic resonance imaging [MRI] or ultrasound [US])
interpreted by an experienced neuroradiologist as well as microscopic examination
by a qualified neuropathologist - thus, a true multidisciplinary team collaboration.
• MRI may not always reveal the type of nerve tumour. Fibrolipomatous hamartomas
and intraneural ganglion cysts have characteristic appearances on MRI.
• Surgery, when indicated, is necessary to excise the tumour.
chemotherapy may be adjuncts for malignant lesions.

T

Radiation and

umours in the arm and hand are common, but less than 5% of the tumours in the
upper limb are located in a peripheral nerve trunk.1-3 Confusion still exists related
to the classification, terminology, and origin of nerve tumours. Most often the
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tumours arise from the cellular portions of the nerve sheath, such as the Schwann cells,
and not from the axons themselves.4 Fortunately, most nerve tumours are benign and
grow slowly with few symptoms. In contrast, malignant nerve tumours grow faster and
tend to be larger (often > 5 cm) and more painful.5
It is difficult to calculate the correct incidence of a specific tumour in the upper
extremity. However, the most common solitary tumours in nerve trunks are the
schwannoma and neurofibroma.5-8 Nerve sheath tumours can occur as solitary lesions
or multiply in syndromes (e.g., Neurofibromatosis Type 1 (NF-1), Neurofibromatosis
Type 2 (NF-2), and schwannomatosis). The incidence of schwannomas is estimated
to 0.62 per 100.000 inhabitants and year.9 Less frequent nerve tumours are granular
cell tumours, neurothekeomas, lipofibromatous hamartomas and intraneural
perineuriomas9-12 as well as the malignant nerve tumours (e.g. malignant peripheral
nerve sheath tumours, MPNSTs).13
In the present chapter, we focus on true nerve tumours14 and tumour-like conditions.
We do not discuss other lesions, such as traumatic or amputation neuromas.

Benign nerve sheath tumours
Schwannoma
A solitary schwannoma (also previously called a neurilemmoma, neurinoma, or
encapsulated neurilemmoma) is the most common tumour of a peripheral nerve and
it is benign. Schwannomas typically present in patients in the middle decades of life,
though young patients also can present with these lesions. Patients with presentation
of multiple tumours may occasionally be found, especially schwannomatosis and NF-2
[see for example5]. Fifty % of patients with a sporadic vestibular schwannoma have a
mutation in chromosome,22 which is similar to NF-2 (see below); a gene that is called
schwannomin. Malignant transformation is exceedingly rare.5
A patient with schwannoma usually presents with a tumour of a variable size, which
is eccentric within the nerve trunk (i.e. why it is easily palpable). Many schwannomas
are less than 2-3 cm. The tumour is usually painless and is slowly growing and rarely
results in motor deficit. At palpation it could be a rather firm and round soft tissue mass,
which may cause discomfort and paraesthesia. Interestingly, such a tumour is more
frequently found on the flexor surface, which may depend on the presence of the large
nerves in the volar forearm and palm.
A thorough clinical assessment of the patient, including neurologic examination,
should be done. Particularly, magnetic resonance imaging (MRI) is useful as a support
for an accurate diagnose and to plan the surgical intervention; ultrasound is also being
used increasingly for imaging nerves. We believe that imaging is a necessary component
of the work-up. MRI can localize and contribute to the diagnosis of a nerve tumour
in the upper extremity in at least 3/4 of the cases, but it is difficult to specify the type
of tumour (e.g. schwannoma or neurofibroma; benign nerve sheath tumour versus
malignant peripheral nerve sheath tumour [MPNST]). Certain key imaging findings
(Figure 1), including a round, well-encapsulated lesion with a “target sign” helps to
predict a benign nerve sheath tumour, but do not always allow the distinction of
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subtype. In contrast, the appearance of lipofibromatous hamartomas and intraneural
ganglia is characteristic on MRI.15,16

).
Figure 1. MR images of a patient with a later histopathologically verified diagnosis of schwannoma in
a common digital nerve in the palm. Note the bi-lobular tumour in the palm that was preoperatively
interpreted as schwannoma. Reproduced by kind permission of Scandinavian Journal Plastic and
Reconstructive Surgery (Nilsson et al Scand J Plast Reconstr Surg Hand Surg. 2009;43(3):153-9).

The indications for surgery are symptomatic tumour, or concern for potential
malignancy. Steadily enlarging tumours in young patients may also lead to surgery to
diminish risks associated with resecting larger lesions. It is possible to do an incisional
biopsy, but usually schwannomas can be “shelled out” without causing damage to the
underlying fascicle; i.e. excisional biopsy9 (Figure 2). During surgery, there is a possibility
that the surgeon may find a non-encapsulated tumour or a tumour that is very adherent
to the adjacent soft tissue. Therefore, an incisional biopsy can be performed with a later
radical excision depending on the histological diagnosis.
The “shelled out” procedure should carefully be done. A suitable incision is done
by an experienced surgeon to explore the nerve. The fascia is opened up to explore the
tumour. Proximal and distal control of the nerve is obtained in normal tissue planes
(Figure 2). The tumour and adjacent parts of the nerve are freed and secured with vessel
loops. The “bare area” of the schwannoma is identified wherein the tumour is apparent,
away from nerve fascicles. Locating the bare area can be facilitated by gentle rotation of
the nerve. Additionally, the nerve fascicles can be mapped either by visualizing them on
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the capsule, or by stimulation with electrical current. A longitudinal incision is made
over the tumour in the bare area. This minimizes injury to the nerve fascicles. The
dissection is performed using microsurgical instruments. Good lighting facilitates the
dissection. The pseudocapsule around the tumour is maintained. Typically, a single
entering and exiting fascicle is identified at the poles of the tumour from which the
schwannoma has arisen. This fascicle is not functioning and can be sacrificed safely at
the end of the tumour dissection. Other fascicles on the tumour surface can and should
be maintained (Figure 2). By blunt and careful dissection it is usually easy to “shell
out” the whole tumour, which should be done with extreme caution. The tumour is
removed completely. The bed is inspected and haemostasis is obtained. Generally, it is
not necessary to do any further procedure, except just to “adjust” the remaining part of
the intact nerve trunk and secure that it is safely located in its bed. No further sutures are
necessarily applied. The overlying fascia is sutured with resorbable sutures and the skin
closed. A soft tissue dressing is applied and the patient is encouraged to mobilise fingers
and joints. Following the excision, transient paraesthesia may occur, but permanent
symptoms are rather rare. Recurrence of these tumours is unusual.5,9

Figure 2. Operative photographs showing the steps of excision of schwannoma. The nerve tumour
(arrow) with the adjacent proximal and distal nerve, with identifiable nerve fascicles (arrowheads in a,
b, c and e) is exposed (a) and a suitable part, where few nerve fascicles are present (b), is exposed. A
longitudinal incision is done in the bare area of the nerve, after which the tumour can be “shelled out”
(c). The nerve fascicle approaching the nerve tumour is marked with arrow. The specimen (d) was taken
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for histopathological identification (i.e. schwannoma). The intact, non-affected and non-injured, fascicles
are placed in an optimal position (e, f).

A more rare form of the solitary schwannoma is a plexiform schwannoma. These
lesions differ from the conventional schwannoma. Unless they are on a purely cutaneous
nerve that can be resected with minimal sequelae, plexiform schwannomas in major
nerves should be operated on with extreme care. Their multifascicular involvement
often precludes complete removal. Symptomatic or growing lesions can be debulked if
necessary.17
The macroscopical appearance of the nerve reveals often a multi-lobulated shaped
structure with homogenous and whorling pattern of grey-yellow or grey-white striae
observed on the cut surface. The microscopical examination shows interlacing fascicles
of spindle cells with large oval nuclei giving a pallisade-like appearance (Antoni type
A), while less cellular regions with more abundant extra-cellular substance and a less
defined pattern may also be observed (Antoni type B). Nerve fibres can be found, but
usually not within the lesion itself. The tumour usually stains strongly for S-100 and
moderately for Leu-7.5
Neurofibroma
In our experience, solitary neurofibromas are relative rare compared to schwannomas in
patients without neurofibromatosis (see below). Patients with (benign) neurofibromas
present similarly to those with schwannomas – typically with a mass lesion and
paraesthesia or dysesthesia, especially with contact to it, without motor deficit. On
palpation, they tend to me rather dense.
At surgery neurofibromas may be located centrally, often expanding the nerve
in a fusiform fashion. Surgical excision with the same technique as pointed out for
schwannoma may be possible (Figure 3). However, it should be stressed that specialists
should manage such cases. Several entering and exiting fascicles may be identified.
This may explain the slightly lower rates of neurological preservation after resection of
these lesions compared to schwannomas. On occasion, nerve grafts should be used to
reconstruct any defect in the nerve.
At the microscopical examination, nerve fibres transverse through the tumour and
such nerve fibres can be stained for neurofilaments by immunohistochemistry. They
also poorly stain for S-100 and Leu-7 compared to conventional schwannomas.
Malignant peripheral nerve sheath tumours (MPNSTs)
As the current term suggests this is the malignant form of nerve sheath tumors. Previous
names in the literature include malignant schwannoma and neurofibrosarcoma.
MPNSTs occur in 3 groups of individuals: NF-1, radiation, or sporadic (de novo).
Patients with NF-1 have about 10% lifetime risk of developing an MPNST, mostly
observed in the second or third decade. Such tumours arise from pre-existing
subcutaneous neurofibromas or from plexiform neurofibromas, indicating that patients
with NF-1 should be regularly followed up clinically and with imaging. Individuals
who have been radiated may develop MPNSTs, on average 10 years later. De novo
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Figure 3. Excision of a neurofibroma in a case where the neurofibroma could be “shelled out” out in the
same technique utilized for schwannoma. The tumour (arrow) was exposed (b) and identifiable nerve
fascicles (arrowhead in b) were protected (b). The nerve was “shelled out” (c and d) where a small
nerve fascicle was seen approaching the nerve tumour (d). The specimen (diagnosis at microscopical
examination later was neurofibroma) is seen in e. The intact and non-affected nerve fascicles are marked
with arrowheads (f) with the previous location of the tumour marked with arrow in f.

cases also exist representing about 50% of MPNSTs in many series. Percutaneous
image-guided biopsy or open incisional biopsy via a limited incision is recommended
of suspicious lesions. Staging studies including CT chest, abdomen, and pelvis or
positive emission tomography (PET scan) should be done preoperatively to rule out
metastatic disease. In contrast to the benign neurogenic lesions, treatment for MPNSTs
is typically not nerve preserving. MPNSTs should be completely removed with clear
margins by an experienced surgeon only after an experienced neuropathologist has
confirmed histological diagnosis. A multidisciplinary approach is preferred composed of
medical and radiation oncologists and sarcoma surgeons. Preoperative (neo-adjuvant),
postoperative or combined treatment may be recommended.18 Five-year survival rates
in large series are approximately 50%.
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Syndromes associated with nerve sheath tumours
Neurofibromatoses
NF-1 (also called von Recklinghausen’s disease) and NF-2 are clinically and genetically
different disorders. Schwannomatosis is a variant of NF-2 usually included in the
heading of neurofibromatosis. The various diagnoses can be established by a geneticist,
sometimes solely based on history (and family history), physical examination, imaging
and histology; in other cases the diagnoses can be established by testing serum or tumour
specimens. The reader can be directed to standard textbooks in neurology, paediatrics,
oncology or genetics for the criteria for these disorders and recommendations for follow
up. Because of their association with benign and malignant tumours arising in peripheral
nerves, these syndromes are relevant for hand surgeons.
NF-1
NF-1 is a common autosomal dominant neurocutaneous disease (1:3500) in which
50% of the patients have inherited their NF1 mutation and the other half is caused
by a de novo NF1 mutation.19 The mutation in the NF1 gene (located on gene
17) encodes and orchestrates the formation of the tumour suppressor protein are
neurofibromin.19
Numerous lesions are connected to NF1 [see reviews18,20]. Café-au-lait spots, of
different sizes (5 mm to 10 cm), are often the first symptoms and are caused by an
increased amount of melanin. Another benign skin manifestation of the increased amount
of melanin is freckling (size 1-3 mm) usually located in the axilla, groins and other skin
folds. Lisch nodules (iris hamartoma) are minor pigment spots on the iris occurring
in most of the patients and do not affect sight; thus, are not treated. Optic glioma are
benign and occur in a few per cent of the patients, sometimes related to impaired visual
acuity and colour vision, but the present opinion is that they should not be treated due
to their limited growth. Other brain tumours, such as astrocytomas, can be present and
are more aggressive. Other manifestations include a special osseous condition with risk
for pseudarthrosis (of tibia or ulna), neurogenic scoliosis, other skeletal malformations
(e.g. bone cysts), large head, short body length, a slightly increased risk for epilepsy
and other tumour diseases (e.g. pheochromocytoma and sarcoma), cardiovascular
complications, cognitive impairment and even psychiatric disorders (mild depressions).
Hand surgeons should be aware of the recent association with glomus tumours in finger
pulps with NF1.21 NF-1 patients may also rarely develop a polyneuropathy22 or axonal
symmetrical neurofibromatous neuropathy.
Patients with NF-1 characteristically have multiple neurofibromas, though the
degree of tumour burden may variably considerably among individuals, even affected
family members.
Neurofibromas in the soft tissues can be treated as previously discussed. Because
of the sheer number of tumours in some patients with NF-1, resection should be
performed on symptomatic, large or steadily enlarging lesions or those concerning for
malignancy. Surgical series have shown that these tumours can be resected safely in
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many cases, even in patients with NF-1. Plexiform neurofibromas may be observed in
30- 60% of NF-1 patients (Figure 4). They may occasionally result in the finding of
a mild or moderate neurological deficit at the time patients present. Again, similar to
the previous discussion on plexiform schwannomas, plexiform neurofibromas, because
of their multifascicular involvement, are impossible to remove completely from major
mixed peripheral nerves without neurological loss. The plexiform neurofibromas have a
more expanded extracellular matrix with observed nodules of tortuous nerve branches.

Figure 4. Operative photographs showing excision of multiple plexiform neurofibromas from a median
and an ulnar nerve in the forearm. At exploration (a and b) multiple neurofibromas were observed
(arrowheads) arising from the median and the ulnar (arrow) nerve. The neurofibroma were excised (c),
and the intact nerves (arrows in d) are observed after excision of the nerve tumours.

The lifetime risk of an MPNST in patients with NF-1 estimated to be 10-13%23
highlights the need for hand surgeons to be familiar with this condition. Since MPSNTs
are difficult to diagnose and that they arise in individuals who are accustomed to
develop lumps as well as that symptoms may overlap with benign tumours, patients
should be urgently referred to a specialist in NF if the following symptoms and signs are
observed: 1) persistent or nocturnal pain associated with plexiform or a subcutaneous
neurofibroma; 2) a rapid increase in the size of a neurofibroma; 3) a new and unexplained
neurological deficit; and, 4) a neurofibroma that changes its texture to hard. MRI can
show the site and extent of the tumour, but not definitively establish a diagnosis. PETCT with delayed imaging and a targeted biopsy is a sensitive and specific diagnostic
strategy if an MPNST is suspected.18 PET scans by themselves may be falsely positive
and occasionally falsely-negative in nerve sheath tumours.
Cutaneous neurofibromas are located on the trunk and less commonly on the neck
or in the face. They exhibit different appearance, often pedunculated, with a variation
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in numbers (a few up to several hundreds) and size (a few millimetres up to 1-2 cm or
even larger). The cutaneous neurofibromas usually do no cause symptoms, but can be
resected in adults if causing local symptoms. These cutaneous lesions differ from the
deeper ones in that they do not have a malignant potential.
NF-2
NF2 is a rare autosomal dominant disorder and with a high rate of sporadic occurrence
and includes bilateral vestibular schwannomas (so-called acoustic neuromas) with
additional manifestations, such as various central nervous system tumours (particularly
meningiomas and ependymomas).24 These patients may also have peripheral nerve
tumours (either conventional or plexiform schwannomas). The condition is caused by a
mutation in the tumour suppressor gene coding for the protein schwannomin or merlin
on chromosome.22 Polyneuropathy is described and probably underestimated, in NF2,
where sural nerve biopsies may show “coreless onion bulb formations”.24

Schwannomatosis
Schwannomatosis is related to NF-2. It also occurs in 1/30,000 individuals. Patients
with schwannomatosis have multiple schwannomas (conventional or plexiform lesions)
affecting peripheral nerves. Occasionally these occur intracranially, though usually not
resulting in (bilateral) vestibular schwannomas as in NF-2. In general, these nerve sheath
tumours are benign, unless they have been previously radiated.17

Other nerve tumours/lesions
Granular cell tumours
Granular cell tumours, originating also from Schwann cells, are very rare and occur most
commonly on the trunk, but may do arise in nerve trunks of the upper extremity.25 They
consist of a yellow mass with the nerve fascicles diffusely interspersed by tumour tissue.
Thus, they are usually impossible to completely excise without damaging the axons
since the nerve fascicles are diffusely interspersed by tumour tissue. The patient should
be provided with the information about the risk for excision and nerve reconstruction
before surgery as well as the existence of malignant granular nerve tumours.

Fibrolipomatous hamartoma
Fibrolipomatous hamartoma is also known as lipofibromatous hamartoma or lipomatosis
of nerve. It refers to a tumour-like condition with adipose and fibrous infiltration
intraneurally. It has a characteristic appearance on MRI16 (Figure 5), thus obviating
the need for open biopsy. It is associated with nerve-territory bony (macrodactyly)
and soft tissue overgrowth (lipomas). In extreme cases, it may result in macrodactyly
lipomatosa. Most commonly it occurs in the median nerve (particularly in the carpal
tunnel region).9 Rarely it affects other nerves or multiple nerves in one limb or occurs
bilaterally. Fibrolipomatous hamartoma cannot be treated by surgical resection without
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causing substantial harm to the axons. Decompression of the carpal tunnel may provide
additional space resulting in symptomatic improvement in those cases where the lesion
is located in the median nerve in the palm.5 Overgrowth phenomena can be treated
separately as necessary.

Figure 5. MR images of a patient with a fibrolipomatous hamartoma in the median nerve at the elbow
showing specific characteristics of such a nerve lesion (arrows) in sagittal sections (T1 weighted in a and
b) and axial sections (T1-weighted in c and d; T2-weighted in e and f) at the elbow region. Reproduced
by kind permission of Journal of Brachial Plexus and Peripheral Nerve Injury (Nilsson et al, J Brach Plex
Peripher Nerve Inj, 2010 Jan 12;5:1).
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Neurothekeomas and myxomas
Other tumours presenting within or close to nerve trunks26 may include neurothekeomas
(more cellular) and nerve sheath myxomas (myxoid), which belong to a benign
and cutaneous group of a Schwann cell or perineurial cell origin. These tumours are
cutaneously located also in the upper extremity. Excision is curative in these tumours.
They have no tendency for malignant transformation.
Perineuriomas
Perineurioma may be observed as either a soft tissue or an intraneural form. They do not
stain for S-100, indicating a perineurial cell origin. They are more common in young
adults and less frequently seen in children.5,13 The former usually grow slowly without
any association with a nerve trunk, while the latter arises in the nerve trunk causing
motor loss predominantly with less sensory dysfunction.27 The treatment of the soft
tissue variant is with simple excision, which does not induce and residual symptoms. In
contrast, no consensus exists concerning the treatment of the intraneural variant. The
diagnosis can be established histologically. MRI patterns have been identified which
may preclude open biopsy.27 Some have recommended observation, while others have
recommended surgical resection. Reconstruction can be performed with nerve grafting,
or nerve or tendon transfer. While the natural history of this entity is not fully known,
it has not been associated with malignant transformation.
Intraneural ganglia
Intraneural ganglia are cysts that are located within nerves. These rare lesions are related
to the extraneural, globular cysts, which are well known to hand surgeons. Although
they occur most common in the peroneal nerve near the fibular neck,13,28 they may
occur in many peripheral nerves. In the upper limb, they occur most commonly in the
ulnar and median nerves in the wrist and elbow region but also in the suprascapular
nerve near the shoulder. Patients experience paraesthesia, pain and motor loss in the
distributional area of the nerve and may become aware of a tender mass in the nerve.
MRI or ultrasound can contribute to the diagnosis demonstrating a characteristic
cystic, tubular, intraneural lesion that has a joint connection via an articular branch.
Recent evidence supports careful identification and resection of the articular branch
and drainage rather than excision of the cyst. Outcomes are quite favourable with this
approach. In contrast, recurrence rate is high if the articular branch is not disconnected.

Extraneural lesions
A wide variety of bony or soft tissue (benign or malignant) lesions may occur near nerve,
occasionally resulting in extrinsic compression. The key is to identify the neighbouring
nerve early in the dissection and protect it and then remove the tumour. Common
benign examples are lipomas or ganglia. Nerve-related complications can often be
avoided.
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Postoperative regimen
In general, after treatment of peripheral nerve tumours, where the nerve has been
preserved, it is sufficient to place a soft tissue dressing for two weeks until skin sutures
are removed. Gentle exercises to preserve range of motion can be initiated immediately.
However, if other procedures, such as nerve resection and nerve grafting, are performed,
a period of immobilization is typically recommended.
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7-1
Primary Nerve Repair

Aydın Yücetürk*

Key points
• Nerve repair should be done as soon as possible after the diagnosis of a transected
nerve is set if the conditions of the wound and patient are suitable.
• The time interval between the injury and the nerve repair and the severity of the
injury are important prognostic factors.
• If electrodiagnostic tests are used during the surgical reconstruction of a peripheral
nerve, muscle relaxants and a longer duration of tourniquet than 30 minutes should
be avoided.
• The ideal nerve repair is an end-to-end adaptation without tension and minimal
flexion of the adjacent joint and with only a minimal mobilization of the nerve ends.
• Transected median or ulnar nerves at the wrist level are ideal cases for a primary
fascicular nerve repair.

P
*

eripheral nerve injuries are common. A nerve injury results in disability if the
injury is not or well treated. Successful surgery can be done with good knowledge of the anatomy of the extremity. Experience and microsurgical skill of the

Acıbadem University, Department of Orthopaedics and  Traumatology- Hand Surgery, Istanbul,
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surgeon and of the surgical team is important. Besides surgical technique, anaesthesia, instruments, equipment and operating room conditions must be complete and
perfect. Careful information must be given to the patient and to the family before and
after the surgery as well as during the rehabilitation period. Postoperative care and
physical therapy is as important as the surgical treatment. The prognosis depends on
aetiology, age of the patient, general factors of the patient, type and severity of the
injury, type of the nerve (motor, sensory or mixed), site of injury (proximal or distal),
indication for treatment, tissue loss, type and timing of the surgical repair.1,5,6,8,10 The
recovery of sensory and motor function has been influenced by the advances in microsurgical techniques in 1960 ‘s as well as recent work in peripheral nerve biology.1,5
A peripheral nerve suture can be done more precisely and atraumatically by using
microscopes and microsurgical techniques, where the epineurial and the fascicular
(funicular) suture techniques are well defined. The diagnosis and the outcome have
also been improved by the use of electrophysiological examination, new radiological
and imaging techniques, strategies in rehabilitation, new biofeedback therapies, in
introduction of re-education of sensation.6

General principles
Indications for operating on a nerve after an injury
• Complete loss of function after a wound across or along the course of a major nerve
• Complete loss of function affecting a nerve after surgery or after an injection near the
nerve
• Complete loss of function after a closed injury, especially high energy injuries with
suspicion or confirmed severe damage to soft tissues and the skeleton
• A nerve lesion associated with an arterial injury
• A nerve lesion associated with a fracture or a dislocation that require urgent open
reduction and internal fixation
• Worsening of nerve function during a follow up
• Failure to recover in the expected time after a closed injury
• Failure to recover from a conduction block within six weeks of injury
• Persistent pain
• Treatment of painful neuroma.4
Recovery after primary end-to-end nerve repair
The quality of the nerve repair and outcome is directly correlated with the number of
axons that reach the correct target. Other factors that influence the regeneration are 4:
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• Delay between injury and nerve repair
• Quality of the injured nerve ends
• Quality of the fascicular matching
• Degree of damage to the nerve end during repair
• The length of the gap
• The extent of the fibroblast migration to the site of repair
• The rate of axonal outgrowth (estimated 1mm/day)
Timing of the operation
The timing of surgery, as in a case with an open wound, when the nerve injury is associated with an unstable orthopaedic trauma or with vascular or tendon injuries, is
not always as easy to decide and the subject is debatable.4 However, as a general rule,
a nerve repair should be done, if the conditions of the wound or patient are suitable,
as soon as the diagnosis of a transected nerve has been done.8 The interval between
the time of injury and the nerve repair is important. As the time passes, changes that
occur in the distal nerve and in the end organ may risk that the repair will be a failure
and any attempt to perform a nerve repair or reconstruction 12 - 18 months after
the injury may lead to a bad outcome. Most of the studies show that a primary nerve
repair gives the best clinical outcome, but there is some discussion about the time
of repair. Immediate primary nerve repair, carried out in the first 6 to 8 hours, or
delayed primary repair can be done in the first 7 to 18 days are appropriate when the
injury is caused by a sharp object and the wound is clean4,8 but some authors claim
that a delayed repair can be done three weeks to two months, especially in complex
injuries. However, when three weeks have passed a proximal neuroma and a distal
glioma must be resected and a reconstruction with grafts is needed.4 The definition of
the time for an early secondary repair ranges from one to three months according to
some authors, and that the local conditions surrounding the nerve injury should be
considered. Shrinkage of the distal nerve stump is maximal at about four months after
injury and distal fascicular cross sectional area is at that time diminished to 30-40 %
of the normal size.8 However, it should be stressed that the time interval between the
trauma and the repair is a critical factor.1,4,8,10
The problem of primary nerve repair
There are circumstances where a primary nerve repair is difficult or even impossible to perform. Examples are complex injuries with loss of soft tissues, high velocity missile injuries,
high velocity gunshot injuries, nerve injuries with ragged or contused nerve ends, traction
injuries and multitrauma patients with critical multiorgan injuries.1 Therefore, the general
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condition of the patient, the skills of the operating team and availability of specialized
equipment, the risk for local or systemic sepsis, degree of local tissue damage, contamination from an open fracture, the viability and state of the nerve trunks and wounds are
reasons to delay a nerve repair or reconstruction. If the nerve ends are ragged or contused,
a delayed surgical repair can be a choice after proper debridement of the ends, but other
reconstruction techniques must be considered if one suspects that an end-to-end nerve
repair will fail. A delayed technique can be of help in some circumstances to repair a transected nerve, but generally an end-to-end repair is difficult or even impossible.1,4,8,10 If a
late repair or reconstruction will be a choice, retraction of the nerve ends can be prevented
by suturing the ends to the nearest muscle or to other structures.4 When the nerve is nonrepairable, a rapid restoration of function can be maintained by early tendon transfers or
with nerve transfers if possible.4 When a nerve injury is associated with a fracture one may
wait for nerve regeneration, but if the nerve injury occurred after reduction of the fracture
early exploration is advised. However, if the fracture needs open reduction and internal
fixation the nerve is explored at the same time.8
Prognosis
Age is an important prognostic factor for outcome after nerve injury and repair. At an
age of below 20 years outcome is always better after a nerve injury. If one uses two-point
discrimination as an outcome the value is 30 mm if the patient has an age of 20-40
years, 15 mm if the age of the patient is 10-20 years and only <10 mm if the patient
is below 10 years. It has been reported that the results after a digital nerve repair are
nearly the same in all age groups.8 Again, one should stress that the severity of the injury
and the time interval between injury and nerve repair are important for recovery, where
even relief of pain is better if the early repair is done. An associated long-bone fracture,
an arterial injury, hematoma or fibrosis are other factors that have been emphasized for
an impaired outcome.4
Suture materials
Sutures or alternative materials, such as fibrin glue, and techniques, like laser nerve
welding, can be used to repair nerves. Most microsurgeons prefer monofilament sutures,
which are non-inflammatory, where locally applied single stitches give a possibility to
adapt fascicles.4,5,10
According to Hwang and Kim, the microsuture technique has some significant
problems: 1. the needle can traumatize the nerve, 2. the reaction to the applied sutures
causes formation of a scar and a neuroma that impede the growth of regenerating axons
from proximal to distal segment, 3. the microsurgical repair inevitably leaves small gaps
that fibroblasts and scar tissue enter into the epineurium and the regenerating axons
grow outside in the epineurium, 4. the microsurgical procedure is time consuming and
difficult to perform in some restricted areas.7
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The requirements on a sutureless technique are that: 1. such a method should have
a sufficient tensile strength, 2. should not compress or traumatize the nerve, 3. the early
and late tissue reactions should be minor and not impair axonal regeneration. The use
of fibrin glue and laser nerve welding has all these requirements, where the mechanisms
of the laser nerve repair involve protein denaturation and subsequent fusion of the collagenous portion of the epineurium in the proximal and distal ends by a low level of
thermal coagulation. The laser technique is considered to be atraumatic, avoid a foreign
body reaction, induce a watertight seal of the epineurium that prevent misdirection of
axons and invasion of fibroblasts and reduce the time for surgery. The technique has so
far had a limited clinical application, except in the head and neck area.7 Dehiscence of
the site of repair is the major problem with the laser nerve welding.7
Fibrin glue
For the end-to-end primary nerve repair, the use of fibrin glue is a simple and fast technique, which decreases the time for surgery. It is reported that the outcome is similar to
the classical suture technique. One of the other advantages is that autologous fibrin glue
can also be prepared except in emergency cases.4,5
Nerve repair – the surgical technique
An early surgical procedure has the advantage of a clear diagnose, an easier matching of
the fascicles, and no intraneural scarring. During the procedure it is advisable to use an
electrical stimulator, magnification loupes or a microscope, microsurgical instruments,
fine sutures (e.g. 6-0 to 11-0 nylon), fine skin hooks, plastic slings, malleable retractors,
a bipolar coagulator and, if possible, fibrin glue and nerve conduits.2,3,4,6
Alcohol should be avoided when the open wound is prepared for surgery due to the
risk for an ischemic effect on the nerve and soft tissues.2 Antibiotic and tetanus prophylaxis should be provided based on the severity of the wound and the cause of injury.4
All open injuries, where neurological symptoms are present, must be explored as soon
as possible. Stabilization of any fractures is done primarily and a careful debridement of
the local soft tissue is important to have a healthy bed for the nerve repair.3 The distal
nerve end is still responsive to electrical stimulation if the exploration is done within 72
hours and muscle relaxants should be avoided. However, a tourniquet should be used
to facilitate the dissection, but it is crucial to control its duration since nerve conduction is blocked after 30 minutes of ischemia.3,4 In complex injuries, it is advised to the
repair the nerve in the end and the tourniquet must be released during the repair.4 The
fascicles can be properly oriented by inspection of the epineurial blood vessels, marked
by methylene blue, detected by intraoperative electrical stimulation and by histochemistry, although the latter technique is time consuming and not applicable in emergency
cases.1,2,4,6,8,11
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The nerve ends must be healthy. Crushed nerve ends may develop a fibrous reaction
inside the nerve and even after a good nerve repair if not a proper resection of necrotic
nerve tissue is done.1 Meticulous attention should be directed on the primary end-toend repair to achieve anatomical alignment of the proximal and distal ends.2,4,5,9,10 If
the nerve is completely transected and the defect is short an end-to-end nerve repair is
possible. The ends must be resected, with a fresh scalpel blade over a firm surface, until
a healthy epineurium and well-looking fascicular structures are observed. The bleeding
from the ends must be controlled and irrigated. To provide as mild tension as possible
the proximal and distal nerve ends can be mobilized. 2,3,4,8
For repair of the ulnar nerve at the elbow region an anterior transposition can be
done to achieve and end-to-end repair. The radial nerve can be mobilized beneath the
biceps and brachialis muscles at the arm level to avoid tension. Anterior transposition
of the ulnar or the radial nerves gain at most three cm. Mild flexion of the elbow may
help to gain some length for the nerve repair. For nerve injuries at the level of the wrist
joint a nerve repair should not be performed if the wrist has to be flexed more than
30 degrees.4,8  However, if excessive flexion of any joint has to be arranged to adapt
the proximal and distal nerve ends, the nerve repair should be avoided since tension
to the nerve ends may be deleterious for nerve regeneration.2 If a tension-less nerve
repair cannot be achieved other reconstruction techniques, like nerve grafting or nerve
conduits, are more suitable. In replantation, even bone shortening may help to gain
additional length during a nerve repair. Generally, the ideal nerve repair is an end-toend adaptation without tension and minimal flexion of the adjacent joint and with
only a minimal mobilization of the nerve ends.1,2,4,8,10 If the first nerve suture with
size 8-0 holds the two nerve ends together an end-to-end nerve suture is safe. During the approximation of the nerve the ends “accordion” and any rotation must be
avoided.4,11 Coaptation should be maintained with a minimal number of sutures since
extra sutures cause a risk for additional scarring. The leading cause for failure after a
nerve repair is inadequate resection up to fresh and healthy ends and a postoperative
disruption of nerve ends.4 Personally, I use titanium mini hemoclips one cm from
the each nerve end, where the clips are applied in the epineurium. Postoperatively,
a plain radiograph can be used as a follow up to detect any disruption of the nerve
ends (Figure 1). Finally, it should be stressed that an end-to-end nerve repair gives a
better outcome than reconstruction with nerve grafts. Alternatives, if an end-to-end
nerve repair without tension cannot be done, are other reconstruction techniques, like
nerve grafting, nerve conduits, nerve allografts and other substitutes.1,2,4,8,10 A careful
closure of the tissues over the nerve and the repair is important,4 since good coverage
with soft tissue and a vascularized bed is needed for the nerve repair and optimal nerve
regeneration.1
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Figure 1. Titanium mini hemoclips.

Fascicular nerve repair
The purpose of a fascicular (funicular) or a perineurial nerve suture is to reduce the misdirection of the outgrowing axons from the fascicles at the site of the nerve repair. The
disadvantages are the risk for coaptation of incorrect fascicles, a long time for the surgery, an increased tissue reaction, and disturbances of the intraneural blood flow in the
nerve ends.4 Transected median or ulnar nerves injuries at the wrist level are ideal cases
for primary fascicular nerve repairs4,6,10, since the fascicular branches are well defined.5
Sutures, monofilament thread with atraumatic needle, in size 9-0 to 10-0 are ideal for a
fascicular nerve repair. Generally, two sutures, applied superficially in the perineurium,
are enough for coaptation of each fascicle.2 Thus, in direct fascicular nerve repair, 18
- 25 sutures are applied in a median nerve repair in adults. Some authors prefer a fascicular nerve repair for acute nerve repairs and group fascicular repairs when the repair
is done as a delayed procedure. If a fascicular nerve repair is chosen, additional sutures
applied in the epineurium add additional strength to the nerve repair, seal the direct site
of repair off from adjacent tissue and may offer a plane of gliding.4 If an arterial repair
also is needed at the wrist level it is advised to open the carpal tunnel at the same time
to prevent later symptoms of compression of the median nerve.4 It is also suggested that
the synovium of repaired tendons also should be adapted to prevent direct adhesions
between the tendon and the median nerve.4 At the wrist level after an end-to-end nerve
repair I prefer to use an additional nerve conduit wrapped around the site of the median
nerve repair to prevent adhesions.
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Epineurial nerve repair
In epineurial nerve repair, the most common nerve repair technique, the nerve ends
are correctly oriented and two lateral 8-0 nylon sutures are applied in the epineurium.
Thereafter, 8 - 10 sutures are used to repair a main nerve trunk, like a median or ulnar
nerve, but it is important that healthy bundles of fascicles are observed before adaptation.2 Advantages of an epineurial nerve repair are: 1. easy technique, 2. minor damage
to the fascicles, 3. fewer sutures used compared to a fascicular nerve repair, 4. minor tension, and 5. limited reaction to the sutures deeper in the nerve trunk. The disadvantage
is a higher risk of misdirection of the regenerating nerve fibers.6
Split nerve repair
Split nerve repair is defined as a procedure where individual non-functioning fascicles,
defined by intraoperative electrical stimulation, are resected. The healthy fascicles are
preserved and the injured fascicles are repaired end-to-end or the defect is bridged by
nerve grafts (Figure 2).3

Figure 2. Selective repair of the injured fascicles.

Selection of suture technique
Generally, in acute nerve repairs the epineurial suture technique is preferred. Application of fascicular sutures is advised for the median or particularly for the ulnar nerves at
the wrist level to achieve a better motor and sensory function.6
Delayed nerve repair
Delayed nerve repair is done when the nerve has a contusion injury and when there is
risk of infection or soft tissue loss.5 When the nerve repair is performed with a delay of
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1-3 weeks after the injury some conditions may have improved such as: 1. the patients´
general condition has recovered, 2. the haemorrhage around the nerve has been absorbed, 3. oedema has disappeared, 4. inflammation has subsided, and 5. the extent of
the nerve injury can be clarified.6 When such an injury is explored with a delay it is recommended that it is better to raise a flap rather than to reopen the old scar to get access
to the nerve. At exploration it is often found that the epineurium and the perifascicular
epineurium are thickened and the fascicles are much less mobile; thereby, the sutures
may be easier to apply compared to a primary nerve repair. It is important to trim the
nerve ends down to a healthy fascicular pattern.4,6 After coaptation of the nerve ends
with a few sutures fibrin glue can be added to fulfil the delayed nerve repair. The fibrin
glue should be added around the site of repair avoiding adding it into the gap between
the nerve ends. Local anaesthesia can be added proximal to the site of repair before closure to diminish any postoperative pain. It is recommended that antibiotic prophylaxis
is used in long lasting operations or when an arterial repair is done.4 Generally, the
extremity is immobilized for 6 weeks with the elbow in 90 degrees flexion and the wrist
in 30 degrees flexion.4
Complications
Loss of function and sensation after a partial nerve injury can be even further decreased
after a surgical exploration, which may require re-exploration if motor function is below
M3 on the Medical Research Council (MRC) scale or if the injury causes severe pain.
Neuropathic pain may occur or even increase after the surgery.4 Formation of a hematoma, a seroma and wound infection are other complications after nerve repair, but can
be avoided if a careful haemostasis is done, antibiotic is provided as prophylaxis and if a
careful postoperative care is provided by the surgeon.4
There may also be complications related to the end-to-end repair of the nerves, of
the tendons or of the blood vessels.
The median nerve
A median nerve injury impairs important functions of the hand, like the grip and the
pinch function, but the loss of sensation is a great problem.8 Even if sensation recovers
the stereognosis is still severely affected. A median nerve injury above the elbow results
in muscle atrophy of the forearm, decrease in pronation, a reduced pinch and grasp
function, and functional loss of thumb and index finger flexion and some of intrinsic
muscles. In injuries at the level of elbow or in the proximal forearm, the pronation of the
forearm is spared because of preserved function of the pronator teres muscle. An anterior interosseous nerve injury results in a partial or complete paralysis of the flexor pollicis longus, the long flexor digitorum profundus to index and the pronator quadratus
muscles. An injury at the wrist level to the median nerve results in a partial or complete
paralysis of the first and second lumbricals, the opponens pollicis, the abductor pollicis
brevis and the flexor pollicis brevis muscles. The sensation is reduced on the volar thenar
255

eminence and in the medial part of the hand. As pointed out earlier, an early repair of a
transected median nerve gives always a better outcome than a delayed nerve repair.4,8,10
Although some tendon transfers is available for a median nerve palsy, they are much less
effective than those done in other patients with radial and ulnar palsies.10
Lacerations and gunshot wounds are common injuries to the median nerve, usually
located to the forearm and wrist.8,10 An injury at the arm level often results in S3 and
M3 function after repair and few patients gain M5 function. In some series, the nerve
repair after lacerations and gunshot wounds results in that 78 % of the patients achieve
M3 or higher.10 If a gunshot wound leaves the nerve in continuity there may be a good
function by conservative treatment, but if no recovery is detected at three months exploration is indicated. Volkmann’s ischemic contracture may further impair the outcome.
The results after a median nerve injury in connection with fractures may be better.
Median nerve repairs at a proximal level are always unsuccessful, but are still important
to perform since 35 % of the patients have will get some sensation and 20 % function
of the abductor pollicis brevis muscle.11
Transection or laceration of the median nerve is the predominant injury at the wrist
level. Patients with a complete median nerve injury at wrist level after sharp transection,
which is repaired within 72 hours with a primary end-to-end technique, usually achieve
M 3 motor function or better outcome in 91 % of the cases. After a median nerve repair
at wrist level, the strength of opposition recovers to 71% and the grip strength regains
to 70% of the normal side. The recovery of sensation is more than S3 in 50% cases.11
When combined injuries of the median and the ulnar nerves are present at the wrist
level the outcome is worse. Some function may return if the median nerve is repaired
within six months, but if the nerve is repaired > 18 months after the injury the recovery
of the thenar muscles are rare and the loss of sensation is a major problem.8,10
Gunshot wounds at the wrist level with a median injury usually induce an incomplete injury and such injuries should be explored if no signs of recovery are present
during the first months. At the wrist level, median or ulnar nerve injuries, or combined
such injuries, are in 75% associated with an arterial injury and on an average transection
of 4.25 tendons.9 The brachial artery and vein are at risk at the elbow level both in connection with trauma and in relation to dissection for other reasons.
Digital nerves
Transected digital nerves should be repaired with the same principles as outlined above
and, generally, such a nerve repair results in a recovery of S4 or better.
Postoperative care
The tensile strength of a repaired median nerve is sufficient for mobilization at three
weeks after surgery, but if there is some tension during wrist motion a careful mo-
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bilization should be performed supervised by professional hand therapists. A careful
haemostasis should be done during surgery to prevent hematoma and seroma collection
prevention must be done during surgery with good haemostasis and soft tissue repair
and the patient should be followed carefully with changes of dressings to observe any
signs of infection, eventually the patients can be treated with antibiotic prophylaxis.
The patients must be informed about cold intolerance and that the estimated return of
function may take a long time.10
Radial nerve
Functional recovery is usually good after a radial nerve injury and nerve repair,8,10 with
an achieved motor function of M4 or M5; a statement which is true both for an endto-end nerve repair and a nerve graft procedure.10 These severe nerve injuries are often
seen in connection with fractures of the humerus and gunshot wounds.2 The favourable outcome is related to several factors: 1. The radial nerve innervates muscles at the
proximal part of the forearm, 2. no hand muscles are innervated by the radial nerve, 3.
the sensory innervation of the radial nerve does not influence hand function.10 Generally, 75 % of the patients gain useful function after a radial nerve repair.8 Furthermore,
if unsatisfactory outcome is seen, the results of tendon transfers for radial nerve injuries
are favourable, but still it is important to perform a nerve repair.4,8,10 Repair of the radial
nerve should not be done if the delay after injury exceeds 15 months, but if the posterior
interosseous nerve is injured the corresponding time is 9 months. End-to-end nerve
repair of the superficial branch of the radial nerve is a good choice for treatment of acute
transection injuries or resection of neuromas in that nerve, but problems, like impaired
sensation, allodynia and neuroma problem, may still continue.10
Injuries of the radial nerve at the elbow level
A primary repair of the radial nerve at the elbow level end-to-end results always in nearly
a good or excellent outcome, but injuries should be explored as soon as possible before
the nerve ends are retracted (Figure 3a and b). Sometimes, even tendon transfers can be
added at the same time if an insufficient outcome was at risk.10
Posterior interosseous nerve injuries
Posterior interosseous nerve injuries occur after lacerations and proximal radius fractures. Even at the forearm level, early exploration is advised for posterior interosseous
nerve injuries.11 Again, early exploration and end-to-end suture of the nerve and its
branches, before retraction of the ends, results in a favourable functional outcome.4,8,10
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Figure 3a and 3b. Primary repair of the radial nerve at the elbow level

The ulnar nerve
The intrinsic muscles of the hand, innervated by the ulnar nerve, are important for the
hand function; therefore, it is necessary to repair the nerve after any ulnar nerve injury.
Even if the ulnar nerve is unprotected at the elbow level the most common site of injury
is at the wrist level.8 If associated injuries are present in tendons, bones, blood vessels
or other nerves the outcome may be worse. Few patients recover an independent function of the interossei after nerve repair, but still a large number of patients regain useful
recovery of motor function and some patients show even independent finger motion.8
However, a rather extensive rehabilitation, than the other upper extremity nerve injuries, is required after ulnar nerve repair. The time for which a high ulnar nerve repair is
not recommended is nine months and 15 months if the injury is located at a lower level;
still, recovery of sensory function may take more than two years.8
Elbow and forearm level
The most common types of injuries are lacerations, contusion and fracture-associated
injuries at this level, where the latter two types often show a partial injury to the nerve.
Gunshot wounds may need a waiting period of 3 - 4 months to evaluate any reinnervation, but if no reinnervation is observed exploration is mandatory.
Wrist level
The most frequent injury is laceration of the ulnar nerve at this level and after nerve
repair even outcome at M4 with protective sensation can be achieved.10 If an anterior
transposition, as a way to shorten the gap between the nerve ends, is done too aggressive the function of the flexor digitorum profundus muscle to the ring and little fingers
may be lost. During the exploration of the ulnar nerve at the arm and forearm levels one
should be cautious not to injure the median nerve and the ulnar artery, respectively.10
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Combined injuries
Combination of various injuries to the main nerve trunks in the upper extremity can
be seen at different levels, e.g. median/ulnar, median/ulnar/ radial or median/radial
nerve injuries. Generally, such combined injuries have a severe impact on the individual
patient, where only the radial nerve injury has a reasonable good prognosis. A severe
combination is a median and an ulnar nerve injury resulting in a clawing deformity of
the hand and thereby repair and restoration of function is important. Intensive physical
and occupational therapy is important in combined nerve injuries, where tendon transfer sand other reconstructive procedures, if indicated, should be done early.10,11

References
1. Battiston B, Conforti L G, Mosetto F, Tos P. Update in management of nerve defect. Primary Care of Complex Injuries of the Hand & Wrist. Ed. Dubert T P Konstantaras med.
Pub. Athens. 2010; Nerve repair in complex injuries. Sec III. P: 255.
2. Bindra R R, Johnson J W. Primary repair and nerve grafting following complete nerve transection in the hand, wrist, and forearm.  Operative Techniques in Hand, Wrist and Forearm
Surgery . Ed: Hunt T.R. Wolters Kluwer Lippincott Williams&Wilkins, Philadelphia 2011;
Ch:72, P. 599-606.
3.  Bindra R. R., Johnson J. W. Surgical Treatment of Nerve Injuries in Continuity.  Operative
Techniques in Hand, Wrist and Forearm Surgery . Ed: Hunt T.R. Wolters Kluwer Lippincott Williams&Wilkins, Philadelphia 2011; Ch:73, P. 607-613.
4. Birch R. Nerve repair. Green’s Operative Hand Surgery VI. Ed. Wolfe, Hotchkiss, Pederson,
Kozin. Elsevier Churchill Livingstone. Philadelphia 2011; Ch. 32: P 1035- 1092.
5. Facca S, Nectoux E, Liverneaux P. State of the art in end-to-end microsurgical nerve suture.
Primary care of complex injuries of the hand & wrist. Ed. Dubert T. P. Konstantaras med.
Pub. Athens. 2010; Nerve repair in complex injuries. Sec III. P: 245.
6. Hirasawa Y. Peripheral nerve suture instructional lectures. J Ortop Sci (1996) 1:214-229.
7. Hwang K,  Kim SG, Hwang K, Kim SG.  Laser nerve welding, Laser welding, Xiaodong
Na, Stone (Ed.), (2010)ISBN: 978-953-307-129-9, InTech, Available from: http://www.
intechopen.com/books/laser-welding/laser-nerve-welding.
8. Jobe MT, Martinez SF. Peripheral nerve injuries. Campell’s Operative Orthopaedics. 10 th
ed., Ed. Canale T. Mosby Philadelphia 2003; 3221.
9. Kim DH, Kam AC, Chandika P, Tiel RL, Kline DG. Surgical management and outcomes in
patients with median nerve lesions. J Neurosurg. 2001;95(4):584-94.
10. Kline D.G., Hudson A.R.. Nerve Injuries. Operative results for major nerve injuries, entertrapments, and tumors. W.B Saunders Company Philadephia, 1995;Ch6-10. 117- 289
11. Roganovic Z. Missile-caused different level median nerve injuries: result of 81 repairs. Surg
Neurol. 2005;63(5):410-8.

259

7-2

Nerve Reconstruction with
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Key points
•		In secondary nerve reconstructions, the nerve trunk is approached by a dissection
from normal to pathological and scarred tissue.
•		A neat trimming of the scar tissue of the two nerve ends, or of the injured nerve
trunk in-continuity, is carefully accomplished with a fresh n° 11 scalpel or with the
“guillotine clamp” of Meyer up to normal appearance of the content of the fascicles.
•		A nerve graft procedure of a nerve defect is necessary if a 9-0 nylon epineurial suture
cannot approximate the two nerve ends without rupture.
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•		The gap of the nerve defect is measured with maximal nerve elongation and the graft
should be about one centimetre longer than the gap.
•		The interfascicular graft technique is performed by a careful dissection of the groups
of fascicles in the nerve defect and by application of sutures under the microscope.
•		The nerve graft is applied in a well-covered and vascularized bed.
•		 The interfascicular autologous nerve grafting technique is still considered as the “gold
standard” for the reconstruction of traumatic nerve defects. It is well known that any
degree of tension at the site of suture may decrease the possibility of nerve healing;
the tension diminishes the extrinsic vascular supply and predisposes to failure of the
repair or reconstruction by increasing the scar formation between the nerve stumps.

T

he interfascicular autologous nerve grafting technique, firstly described experimentally by Philipeaux in 1868 and clinically by Albert in 1876, became, after
Millesi popularized the technique in 1966, the most common and accepted technique to bridge a nerve gap.1 The nerve graft acts to provide a source of viable Schwann
cells and empty endoneurial tubes through which the regenerating axons can cross the
site of injury. The Schwann cells produce an immediate source of nerve growth factor, which helps to support the growth cone in the proximal stump. The graft must
acquire a blood supply from the surrounding tissues to be effective. It has been shown
that Schwann cells can survive seven days, depending purely on diffusion. At three days
after application of the graft, endothelial buds from the surrounding tissue bed get into
the nerve graft with evidence of nerve blood flows in one week. Small-diameter grafts
spontaneously revascularize, but large-diameter grafts do so incompletely; thick grafts
undergo central necrosis with subsequent endoneurial fibrosis that is negative for the
advancement of ingrowing axons. This is the reason why cable nerve grafts, which are
sutured or glued together to match the calibre of the recipient nerve, is not the best
option for bridging a nerve defect. A better functional recovery occurs with and endto-end nerve repair than with nerve grafting; a single nerve repair results in a better
outcome than a nerve repair with two coaptation sites. On the other hand, it is better
to have two suture sites under favourable conditions than a single nerve repair under
unfavourable ones.2
No consensus exists on the maximal length that may be bridged with a nerve graft.
Many successful cases are reported even with 20 cm and longer nerve grafts. For longer
distances, the literature suggests that free vascularized nerve graft should be used. In
emergency cases, the use of nerve grafts should be carefully considered: first of all, one
should be sure of the extent of the damaged nerve to be substituted, and secondly, it is
important to make a safe reconstruction (well covered and in a vascularized bed) with
the purpose not to loose the autologous nerve grafts. Generally, it’s in cases of secondary
nerve reconstruction procedures that grafts are mostly needed. In an open injury, when
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the nerve repair immediately is not carried out because of the type of injury (blunt or
crush injuries), the lack of microsurgical expertise, or because of an iatrogenic lesion,
the nerve ends retract and secondary grafting is required. In closed injuries, stretching or
blunt trauma often produce a neuroma-in-continuity that require secondary resection
and nerve grafting.

Technique of nerve grafting
The surgical procedure can be carried out with regional anaesthesia alone; general anaesthesia is necessary if the nerve graft is taken from the leg. The nerve grafting procedure
is carried out in a bloodless field under tourniquet control when possible; sometimes
it is better judge the conditions of the two ends and the surrounding tissue when the
tourniquet is removed. In secondary nerve reconstruction, the Tinel´s sign, if evident,
shows the site of the nerve lesion and should be marked on the skin of the patient before
surgery.
The nerve trunk is explored with an approach going from the normal to the altered
tissue. The proximal (neuroma) and distal (glioma) nerve ends are exposed and trimmed
with a sharp blade until a normal fascicular structure is revealed that allows the surgeon to
achieve an appropriate realignment (Figure 1). In case of neuroma-in-continuity, a 3-4
cm nerve graft is typically needed to ensure that the graft replaces completely the zone of
injury, and to minimize tension on the reconstruction throughout a full range of motion.
The scarred nerve is trimmed with a sharp blade or a fresh n° 11 scalpel (progressive slicing at 2 to 3 mm intervals - “bread-loafing”) and removed up to the normal fascicles. To
precisely trim the nerve, the “guillotine clamp” of Meyer can be also used. To understand
if nerve grafts or a direct suture are needed, a simple test should be performed to help
the surgeon in his decision making: if a 9-0 nylon epineurial suture can approximate two
nerve ends without rupture, a direct nerve suture repair can be used: otherwise, the nerve
grafting procedure is necessary.
A thorough understanding and knowledge of nerve topography is an important
point for any successful nerve repair. When the gap (i.e. the distance between the nerve
ends) has been evaluated and the two nerve ends are ready for grafting, two different
techniques of nerve grafting are possible: the cable graft technique popularized by Narakas3 and the interfascicular graft technique described by Millesi.
The cable grafts technique consists of numerous nerve grafts, which are sutured or
glued together before the interposition in the nerve gap. This technique, if it is used for
bridging large nerves, has a risk of producing a poor vascularity in the central portions
of the cable graft (i.e. this problem has lead to that the trunk graft technique has been
abandoned because the centre of the graft is not revascularized and becomes fibrotic before the regenerating axons have approached the graft). Thus, if a nerve trunk is planned
in nerve reconstruction as a spare part in a complex case, it is suggested to separate fascicles with an intraneural dissection of the trunk to have thinner material to use as a graft.
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Figure 1. Reconstruction of an ulnar nerve lesion in the right arm (lesion from glass unrecognized three
months before) a) The two nerve ends are prepared and exposed. The neuroma in the proximal stump is
bigger than the glioma in the distal end. b) The neuroma is trimmed and no fascicles are present at the
first cut. c) The scar tissue is further resected exposing healthy fascicles and the stumps are ready for the
positioning of the graft d) The defect is bridged by several pieces of a sural nerve graft and nerve coaptation performed with a 9-0 nylon suture - 1 or 2 stitches per graft to the perineurium of the fascicles.
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The interfascicular graft technique is performed by carefully suturing the dissected
groups of fascicles within the nerve gap (Figure 1d). The advantage is that each graft has
an optimal contact on the total surface area with the surrounding tissues. Therefore a
better revascularization of the graft is permitted. The technique is preferable, especially
in large-diameter recipient nerves.
Some authors, as described by Millesi, remove the epineurium under microscope
magnification, recognize groups of fascicles and transect the fascicles at different levels
to minimize the transverse fibrosis at the site of suture (Figure 2a). Other authors suggest that the fascicles should be sutured at the same level because the regenerating nerve
fibres will have the opportunity to be “captured” by adjacent nerve grafts (Figure 2b).

Figure 2. a) Epineurium is removed and fascicular groups can be sutured in a staggered position or b) at
the same level. c) The fibrin glue can be used alone or after application of some “positioning” stitches.

The epineurium should be excised from the resection borders over a distance of 0.5
- 1 cm. The number and length of the nerve grafts depend on the dimensions of the involved nerve and the entity of the lesion. The gap is measured with maximal nerve elongation and the graft is taken about one cm longer than the gap. The graft is accurately
cleaned from fat and connective tissue. In the interfascicular graft technique, the graft is
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reversed 180° before the interposition into the gap, which minimizes the dispersion of
the regenerating axons and attract a maximal number of axons into the distal nerve end.
In nerves with fascicles arranged in groups, the corresponding group of fascicles should
be united by individual nerve grafts. The graft is sutured with 9-0 or 10-0 nylon under
microscope or in high magnification. Each suture incorporates the perineurium of the
fascicles in the proximal and distal ends and the epineurium of a single nerve graft.
Some authors use the fibrin glue to strengthen the suture line to reduce postoperative
stretching (Figure 2c). Other authors use exclusively the fibrin glue to ensure the graft to
the nerve ends. These authors advise to use the fibrin glue to reduce the operating time
and they also advocate the procedure since the outcome is similar to the more anatomically directed nerve grafts attached and sutured by single stitches.3
A too abundant use of glue or the use of glue along the fascicular nerve graft should
be avoided, because it can act as a barrier to the revascularization process. The nerve
grafts should be placed in very well vascularized bed. The ability to accurately match
proximal with distal fascicles is much more reliable in distal nerve injuries, where the
intraneural plexus formation is less evident (Figure 3). If the internal topography of
the proximal and distal nerve ends is understood, the corresponding nerve fascicles are
grouped together and precisely grafted (methylene blue can help to “paint” the fascicles
and to create a map of the nerve ends). No suction drainage is used because of the risk
of disruption of the suture site at drainage removal.

Figure 3. Plexus formation between fascicles is more prominent proximally (a) than distally (b) along a
nerve trunk. A schematic representation is shown here in a) a median nerve at the axilla and in b) a median nerve at the wrist.
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Neuroma in continuity with residual function and avulsion of
the “neural” part of one or more muscles
There are two particular situations, i.e. neuroma-in-continuity and an avulsion of the
“neural” part of one or more muscles, which can be solved with application of nerve
grafts, but with special techniques. An in-continuity nerve injury with total loss of function (e.g. grade IV of Sunderland classification) has simply to be treated as earlier described with resection if the neuroma and reconstruction with nerve grafts.
In contrast, an in-continuity nerve injury with some residual function represents
one of the greatest challenges in peripheral nerve surgery. Such a partial loss of function may result from a subtotal nerve transection, a blunt nerve trauma or a traction
injury. In such situations, some axons are transected and trapped without any possibility to regenerate due to an intraneural scar, while other axons have a normal function.
The surgeon can perform an intraneural neurolysis, under high magnification, starting
proximally from the normal nerve and going distally to the site of injury. The surgeon
should try, also with the help of electrophysiological recording techniques, to separate
the fourth and fifth degree Sunderland injury from those fascicles that have sustained
a lesser degree of injury. The non-functioning fascicles should be resected and grafted
as previously described, while the intact fascicles with normal function are only neurolysed. Intraoperative electrical stimulation of the nerve is useful to determine if there
are intact fascicles in a neuroma-in-continuity. Bipolar hook electrodes are used with
the stimulating and recording electrodes separated by at least 4-5 cm. The stimulus
frequency is two or three times/second with pulse duration less than 0.1millisecond;
the intensity is progressively increased to the range, where a response is expected (e.g. 3
to 15 V). The recorder sensitivity is increased to a maximum of 20 V/cm.4 If the nerve
action potential (NAP) is recorded to pass through the neuroma a neurolysis of the
fascicle with function is performed; otherwise the non-conducting fascicles are excised
and grafted as described.

Figure 4. Scheme of direct muscular neurotization by means of two nerve grafts. The graft is divided in as
many small splits as possible. Each fascicle is inserted under the epimysium in the muscle. The epineurium
is then sutured to the muscle fascia.
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In other situations when there is a loss of the distal nerve end of a motor nerve close
to a muscle or an avulsion of the “neural” part of one or more muscles are found the
technique described by Brunelli may be utilized;5 i.e. direct muscular neurotisation,
and is performed by application of nerve grafts that connect to the proximal nerve ends
directly into the muscle with the grafts inserted in the muscle (Figure 4). Thus, the
technique permits a new neuromuscular junction since a denervated muscle accepts a
new innervation by a foreign nerve even in an a-neural are because of its sensitivity to
acetylcholine is spread throughout the muscle.

Site of nerve withdrawal
Donor site morbidity is a significant factor when selecting an autologous nerve for grafting. The resulting functional deficit must be acceptable and limited to non-critical sensation areas. The choice of nerve graft is dictated by the length of the nerve gap, the
cross-sectional area of the recipient nerve, the available expendable donor nerves for that
particular nerve injury, the surgeon’s and the patient’s preference. Although the sural
nerve is the most commonly used autologous nerve grafts, there are many other suitable
nerves that can be used as interposition grafts including the medial and lateral cutaneous nerves of the forearm, the dorsal cutaneous branch of the ulnar nerve, the terminal
branches of posterior and anterior interosseous nerve.
The sural nerve is the most frequently used one because it is the length of the graft
may be 35 - 40 cm long and the nerve releases few branches between the popliteal fossa
and the ankle. Moreover, the residual deficit is minimal, the area of numbness is located
in the lateral aspect of the foot and that are diminishes with time. The sural nerve is a
branch of the tibial nerve and it descends between the two heads of gastrocnemius muscle. It is subfascial up to the musculotendineus junction of the gastrocnemius muscle,
i.e. about 16 cm from the lateral malleolus, then pierces the fascia and runs superficially
close to the lesser saphenous vein. The nerve is in 20 % of the cases represented by the
medial sural cutaneous nerve coming from the tibial nerve; in the other 75 % of cases
the sural nerve is formed by the union of the medial sural cutaneous nerve with the peroneal communicating branch at a point 11 to 20 cm proximal to the lateral malleolus.
In 5 % of the cases6 the peroneal communicating branch is predominant.
Two different techniques are described for the sural nerve harvesting. The classical
one is with one long longitudinal incision starting between the lateral malleolus and the
Achilles tendon up to the middle part of the calf; the nerve is close to the lesser saphenous vein in the subcutaneous tissue in the distal leg and it pierces beneath the fascia
at the middle part of the calf. The less invasive procedure is performed with multiple
transverse incisions (a gentle traction on the distal nerve is done to understand where it
is passing in the calf and where the other cutaneous incisions are needed). Some authors
suggest that the second method produces unfavourable conditions, due to the stretching
of the nerve created during the withdrawal. The residual painful neuroma represents
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one of the main problems after harvesting the sural nerve. To avoid this complication,
it is suggested to always resect the nerve beneath the fascia, leaving the transected nerve
between the muscles, even if a short piece of nerve is needed.
The medial antebrachial cutaneous nerve lies medially in the arm adjacent to the
basilic vein and it arises from either the medial cord or the lower trunk of the brachial
plexus. The nerve lies beneath the fascia up to the middle and distal third of the arm.
In the middle part of the arm the medial cutaneous nerve divides into an anterior and a
posterior branch. It perforates the deep fascia shortly after this division. Both divisions
can be used and traced down to the level of the elbow. About 20 - 25 cm of the nerve
can be obtained if it is harvested from the axilla to the elbow. If a smaller nerve is needed
for the reconstruction of a digital nerve, only the anterior branch can be used and a less
important residual numbness will be present. If the entire length of the nerve is harvested, the remaining numbness at the contact area of the forearm is not well tolerated.
The anterior branch, 20 cm long, crosses the elbow between the medial epicondyle and
the biceps tendon and then goes superficial to the flexor carpi ulnaris muscle ending 10
cm from the wrist. This branch is an ideal donor for upper extremity reconstruction
leaving the posterior branch of the medial antebrachial cutaneous nerve intact with the
sensibility in the ulnar border of the forearm.
The lateral antebrachial cutaneous nerve is the cutaneous continuation of the musculocutaneous nerve and is mainly used if the musculocutaneous nerve is irreparably
damaged. The nerve passes just lateral to the biceps tendon, and it can be displayed in
the plane between the biceps and brachialis muscles in the lower part of the arm. About
10 cm of useful nerve can be retrieved.
The terminal portion of the posterior interosseous nerve provides proprioception
of the wrist joint capsule. The harvest of this small nerve doesn’t leave any motor or
sensory deficit. The nerve lies near the posterior interosseous artery deep to the fourth
extensor compartment on the dorsal surface of the interosseous membrane close to the
Lister´s tubercle. For its harvest it is necessary to open up the extensor retinaculum. It
contains 1 - 4 fascicles and its maximal length is 5-7 cm up to the motor branch for the
extensor pollicis longus muscle. The biggest problem with the use of that nerve (useful
to reconstruct small nerves) is the cosmetic appearance of a scar on the dorsal part of
the forearm.
The terminal portion of the anterior interosseous nerve also provides the proprioception of the wrist joint capsule. The nerve is located next to the anterior interosseous artery on the anterior surface of the interosseous membrane, deep to the pronator
quadratus muscle.
The dorsal cutaneous branch of the ulnar nerve is an uncommon source of a nerve
graft. It has an appropriate size and length to be used as a digital nerve graft. It comes
from the main ulnar nerve five cm proximal to the wrist and passes distally covered by
the flexor carpi ulnaris muscle. Then, it runs along the dorsomedial aspect of the wrist
and hand before dividing into two or three dorsal digital branches. The area of sensory
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loss corresponds to the dorsal ulnar aspect of the carpus and proximal parts of the ring
and small fingers providing a graft of 4 to 6 cm.
Many other sites to harvest grafts have been described, but the above-mentioned are
the most frequently used.

Postoperative regimen
No consensus exists on the duration of immobilization after a nerve graft procedure.
Generally, the length of immobilization is from one to three weeks after a nerve reconstruction, but many authors even start gentle protected motion 2-3 days postoperatively. After immobilization, rehabilitation is initiated not only to achieve full passive and
active range of motion, but also regarding the support for target organs.

Timing of nerve repair
The timing of intervention depends on the type of injury and is a major issue in nerve
repair.
It is well known that an acute open injury of a peripheral nerve should be explored
and in most cases immediately repaired or reconstructed. In this way, the results obtained are better than in cases where a secondary nerve repair or reconstruction is done.
An exploration within 72 hours permits also intraoperative stimulation of the distal
nerves to identify motor fascicles (neurotransmitters are still present in the distal nerve
at that time). Technically, a primary repair or reconstruction of a sharp injury is easier
and the orientation of the nerve ends is easily judged since the epineurial blood vessels
can be identified on the surface of the nerve trunk. The nerve stumps can also be cleaned
easily that facilitate coaptation.
As a general rule, an open nerve injury should be early treated and repaired or reconstructed directly when optimal conditions are present; such as a) a clean-uncontaminated wound and b) a sharp cut injury. In blunt or mangled injuries, the proximal and distal nerve ends of the nerve can be marked and approximated initially. In crush injuries, a
primary nerve reconstruction with nerve grafts may be performed, but it is risky because
the extent of the resection may be difficult to judge in cases where a nerve laceration and
a contusion are present. Furthermore, sometimes it is better to avoid a primary reconstruction because of the conditions of the surrounding tissues. In these circumstances,
it may be advisable to identify and suture the nerve ends to avoid retraction, and then
plan for a secondary nerve reconstruction. Once the scar tissue has formed and the full
extent of the injury is clear approximately three weeks later, a secondary nerve grafting
procedure may be performed. Some authors, in cases with short nerve defects, suggest
a tubulisation technique in the emergency situation to restore continuity of the nerve,
which allows an immediate repair avoiding the sacrifice of an autologous nerve graft.
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In cases with developing local complications or when a regeneration failure is present,
a secondary procedure with a standard autologous nerve graft would be accomplished
with anatomical restoration.8 On the other hand, extremely severe injuries, involving
multiple tissues (i.e. subtotal amputations), may occasionally require the acute application of a nerve graft, if the surgeon consider it is difficult or dangerous to get back
into the wound or scar at a later date. In such cases, since the injury has not had sufficient time to fully declare its true extent, it is imperative that nerve ends are generously trimmed back proximally and distally to ensure that the nerve graft will be placed
between healthy ends. The nerve grafts are then interposed with the proximal fascicular
pattern as an initial guide.
In closed nerve injuries, it is absolutely essential to understand the classification of
the nerve damage to decide the proper treatment. The first, the second and sometimes
the third degree of the Sunderland classification of nerve injuries will recover without
any need for surgery, but the fourth and the fifth, and sometimes the third degrees, require surgical intervention. However, this is often difficult to judge the extent. In closed
nerve injuries, a delayed reconstruction is the most common approach when the nerve
discontinuity is uncertain or when the spontaneous recovery is initially considered as
possible (for example in low-energy traumas). If clinical (distal progress of Tinel´s sign
an or motor/sensor recovery) or electrical evidence of recovery is not seen in a tentative
recovery time of 1 mm/day after the injury (2-3 cm per month), surgery may be recommended and most probably a nerve reconstruction procedure with grafts is needed.
Exploration of gunshot wounds may be delayed until four months, since these injuries rarely involve actual transection of the neural elements. The initial injury is often
secondary to heat and stretch from the projectile and it’s difficult in the acute situation
to evaluate how much of the nerve ends that needs to be resected. In such injuries, at
the emergency surgery, it is more important to tidy up the wound and remove all other
necrotic tissues to avoid infection. However one should consider the changes that occur in the distal nerve trunk and in the target organs in relation to the maximal time
in which a nerve can be repaired. Irreversible changes take place in the nerve trunk and
the distal end organs (i.e. muscles and sensory receptors). In the nerve, after the wellknown Wallerian degeneration, Schwann cells gradually disappear and the nerve trunk
becomes fibrous and axonal regeneration is impaired. Muscle fibres, if denervated for
a long period, degenerate and, even if nerve ingrowth is later induced, their function
is jeopardized. The type of muscle involved is also important; small intrinsic muscles
in the hand need a quick reinnervation for an optimal recovery. The conclusion may
then be that at 12 to 18 months after a nerve lesion any attempt to surgically repair or
reconstruct, more often than not, leads to failure. On the other side, sensory fibres and
sensory receptors survive for a much longer period, and surgery may be done much later,
even years later, to restore protective sensation to an insensate part.9,10
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7-3
Nerve Allografts and Vein Grafts in
Nerve Reconstruction
Esther Vögelin*

Bettina Juon*

Key points
• The gold standard in nerve grafting is to use autologous nerve grafts, but alternatives,
such as acellular nerve grafts, vein grafts and nerve conduits, are available for nerve
gaps up to 30 mm.
• The advantages of acellular nerve grafts are that they retain their structural and neurotrophic components, cause no immunogenicity and have no foreign body reaction.
• Acellular nerve grafts can bridge nerve defects and in sensory nerve defects < 30 mm
the results are equal to autografts.
• The results of bridging sensory nerve defects with acellular nerve grafts are better
than when they are used to bridge defects in mixed or motor nerves.
• In the future, improvements include doping of acellular nerve grafts by growth factors and or stem cells
Acellular nerve grafts

I

n a situation when a nerve gap must be bridged, autologous nerve grafts are still the
gold standard for reconstruction. There are several alternatives that can be used, such
as an acellular nerve graft or vein grafts. The acellular nerve graft is a processed allograft, which retains the biologic scaffold of nerve tissue, but is non-immunogenic due
to lyophilisation and detergent-based processing methods. The cellular components,
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associated with a risk of tissue rejection, are removed, while structural and neurotropic
components are maintained to support nerve regeneration. Thus, the processed allograft
retains the endoneurial scaffold of nerve tissue. An intact extracellular matrix with laminin and collagen encourages axonal growth. Chondroitin sulphate proteoglycans (CSPGs) inhibit nerve regeneration and are washed from the allograft during processing. The
Avance® processed nerve graft is cadaveric neural tissue that has been processed with
a combination of detergent decellularization, chondroitinase CSPG degradation, and
gamma-irradiation sterilization.
In rendering the grafts acellular, one potential downside is that the processing disturbs the neural microenvironment, eliminating the neurotrophic factors and other cellular conditions that normally promote optimal nerve regeneration. Strategic modifications to these acellular allografts may enhance peripheral nerve regeneration. The axonpromoting activity in Schwann cells is inactivated in the intact nerve by chondroitin
sulphate proteoglycans (CSPGs). CSPGs are composed of a protein core and a varying
number of covalently attached chondroitin sulphate (CS) and glycosaminoglycans side
chains known to affect neural activity and deemed as axon growing inhibitors. However, during Wallerian degeneration, matrix metalloproteinases, expressed by Schwann
cells and macrophages, degrade the CSPGs. Experimental application of chondroitinase
ABC (ChABC), an enzyme that removes CSPGs, has been shown to markedly enhance
axonal regeneration in acellular nerve grafts as well as significantly increase the effective
length of graft that may be used. Degradation of the growth-inhibiting CSPGs with
chondroitinase, thus, represents an important strategy in acellular allograft nerve graft
therapy.1
AxoGen Inc. (Alachua, FL) is the only medical device manufacturing company that
offer acellular human nerve allografts (Avance® Nerve Graft) in lengths between 15
and 70 mm, and diameters between 1 and 5 mm. Avance® is a decellularized and
cleansed extracellular matrix (ECM) derived from donated human peripheral nerve tissue and is processed and distributed in accordance with FDA requirements for Human Cellular and Tissue-based Products (HCT/P) (21 CFR Part 1271), requisite state
regulations and the guidelines of the American Association of Tissue Banks (AATB).
The cleaning process for this material preserves the inherent and relevant structural
characteristics of the tissue. The graft is produced by processing human nerve tissue
with a combination of detergent decellularization, chondroitinase CSPG degradation
and gamma-irradiation sterilization. The processing technique is indicated to render the
tissue non-immunogenic. However, processing does impact performance.2 Multiple
animal studies,3,5 one case series6 and one multicentre study7,9 have shown the efficacy of
processed allografts for short nerve gap repair and their superiority over nerve conduits.
In our Department we have used acellular nerve grafts in 24 patients [17 men and
7 women; mean age 35.9 years (range 18-60 years)] and achieved clinical results, using
Avance®, with a follow-up of at least one year. Surgery was immediately performed after the accident and admission to the hospital in 16 patients (22 nerve reconstructions)
and a delayed nerve reconstruction was done in 8 patients [10 nerve reconstructions;
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mean 10 months (range 3-35 months)]. The majority of the involved nerves were digital
nerve defects (n=24). Of the 32 nerve gaps, gap length was 22.2 mm (range 10-70 mm).

Surgical technique
Surgery is performed under 3.5 loupe or microscopic magnification. Using microsurgical techniques injured nerves are freed from scar tissue or hematoma. The proximal and
distal ends of the injured nerve are identified until healthy fascicles are present and the
size of the defect is measured. Nerves are carefully cut without crushing them and bulging fascicles are trimmed back before repair. A tension free reconstruction implicates
the length of the desired graft. According to the manufacturer, the chosen graft is unthawed with sterile saline. An epineurial nerve suture repair with 9/0 nylon is performed
by gently apposing the ends. Additionally, coaptation is secured with a Tissucol® wrap
(Baxter, Switzerland). The length and thickness of the used graft are documented (Figure 1). The after care is adapted according to the injury. After isolated nerve reconstructions, a splint is used for two weeks to avoid stress on the reconstruction site. In case of
complex injuries, such as fracture or flexor tendon repair, the mobilisation regimen is
adapted accordingly. In all patients, sensibility training by experienced hand therapists
is started after repair. The patients should be followed regularly to exclude graft related
complications (e.g. infection, rejection, graft extrusion).
Our patients were followed for at least 12 months [mean 16.5 months (range 12-28
months)] and sixteen out of 24 patients were pain-free after the reconstruction, while
seven patients complained of light pain, including cold intolerance. We have not found
any implant complications, tissue rejections, or adverse events related to the use of the
processed nerve allografts and no revision surgery has been performed in due course.
The mean static 2-point discrimination reported in 13 digital nerve reconstructions
was < 6 mm (average 5.2 mm). In the remaining 11 digital nerve reconstructions, a
mean static 2-point discrimination was 10.2 mm (range 7-12 mm) (Table 1), which
is, according to the Mackinnon Classification, good and excellent results.8 There was
no patient without a measured 2-point discrimination. Ultrasonographic examination
revealed in one digital nerve reconstruction a neuroma in continuity. There were no
perineurial changes, such as increased oedema or enhanced scar formation indicating
an inflammatory response to the allograft. However, in one of the digital nerve reconstructions there was a thickening at the site of repair even observed a year after the nerve
reconstruction.
In our hands, processed allograft nerves demonstrate a good regeneration in sensory
nerve defects and integration potential, which is comparable to the reported results of
autologous nerve grafts, while circumventing any donor site morbidity. Our results are
comparable to the literature regarding digital nerve reconstructions, while mixed or motor nerve lesions show satisfactory results in the literature.7,9
In experimental studies, processed allografts support regeneration with a statistically
superior number of myelinated fibres at the midgraft and distal nerve in a rat sciatic
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Figure 1. 75% tibial nerve defect at the ankle (a) and reconstruction with Avance® nerve graft (b). Typical
digital nerve lesion (c) and reconstruction with Avance® nerve graft (d).

nerve model with 14- and 28-mm nerve gaps,4 In a subsequent study, examining nerve
fibre density, processed nerve allograft and isograft had nerve fibres evenly distributed
across the cross section of the nerve,5 which is superior to collagen nerve conduits, where
regeneration is sparse and irregularly clustered through-out the cross section.
Early clinical studies have shown that processed nerve allografts are safe and effective in sensory nerves up to 30 mm,6,7 where two-point discrimination can be 6 mm or
better.6 The upper extremity-specific population within the RANGER study (American
multicentre study 2007), with 35 sensory, 13 mixed, and 3 motor nerves in 51 subjects
treated with processed nerve allograft for nerve gap lengths from 5 mm to 50 mm, show
meaningful recovery of S3 and M4 in 86% of the subjects reporting quantitative data.
When examined by type of nerve, meaningful level of functional recovery is achieved
in 89% of digital nerve repairs 75% of median and 67% of ulnar nerve injuries with no
reported graft related adverse effects and a revision rate of 5% revision rate. These data
suggest that processed nerve allografts offer a safe and effective method of reconstructing
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peripheral nerve gaps from 5 to 50 mm in length. The reported outcomes are favourably compared to those reported in the literature for autologous nerve grafts, and exceed
those reported for tube conduits.7,9
In the future, further research is needed to better characterize the growth of different types of axons and the potential use of neurotrophic factors to augment the axonal
growth and improve the specificity into these grafts. A simple technique of doping
commercially available acellular, chondroitinase-treated nerve grafts with NGF has a
potential clinical application.1 These acellular nerve grafts remove the immunoreactive
Schwann cells (SCs) and myelin but preserve the internal structure of the native nerve
and contain important extracellular matrix (ECM) components, such as collagen I and
laminin and growth factors related to nerve repair and regeneration. Additions of differentiated bone marrow derived mesenchymal cells or adipose tissue derived mesenchymal cells may also be a promising cell source for tissue-engineered nerve grafts and may
in the future promote functional recovery after peripheral nerve injury.10
Vein grafts
The use of autologous vein grafts is another alternative. It provides a protective environment, serves as a physical barrier to isolate the nerve from the surrounding tissue and
to contain the fluid that seeps from the cut nerve ends. The fluid creates a provisional
fibrin matrix that serves as a substrate or rudimentary bridge for the cells and regenerating axons. The mechanism of action results in a relatively disorganized regeneration and
has limited the application of conduits to short-gap, noncritical sensory nerve defects
or as a coaptation aide for alignment of the nerve. However, these vein grafts may be
reasonable choices for noncritical sensory nerve repair, but do not support regeneration
of motor nerve adequately.11
Wrapping scarred nerves with autologous vein grafts (like a sleeve) has also been
used effectively for the treatment of recurrent compression or posttraumatic neuropathy
in both experimental and clinical settings. In the clinical situation, the results of these
studies have shown improvement of the nerve function and the symptoms associated
with recurrent peripheral nerve compression lesions, carpal tunnel syndrome, tarsal tunnel syndrome, cubital tunnel syndrome, prevention of scar formation, and alleviation
of painful neuroma. The concept that the walls of blood vessels are a reservoir of some
adult multipotent cells necessary for tissue regeneration potentially explains the clinical
success of vein wrapping for functional repair of nerve damage. It has been suggested
that the usefulness of vein wrapping is mediated by cells migrating from the implanted
venous grafts into the nerve bundle.12
Another alternative in vein grafting is to fill the veins with fresh muscle fibers that
may allow nerve regeneration to a similar extent as observed with autologous nerve
grafting. The task of the muscle fibres is to avoid that the conduit collapse and promote axonal regeneration and Schwann cell migration by providing basal lamina scaf276

folds. However, a further element that may explain the positive effects of grafted skeletal
muscle fibres on the regenerating nerve fibers arises from the recent demonstration that
muscle fibres and Schwann cells share a common autotrophic loop based on the neuregulin/ErbB receptor signalling pathway.13 Furthermore, these muscle-vein grafts contain
satellite cells (and other muscle progenitor cells), myoendothelial cells, and pericytes.
Such cells may then differentiate toward a glial lineage and/or secrete exogenous trophic
factors that reinforce the myelination and regeneration in a paracrine manner.12
Vein grafting has been used as an easily available conduit to bridge defects in a rat
sciatic nerve transection model. These grafts can be loaded with neuroprotective and
neurotrophic agents. FK506-loaded vein grafts, as an in situ delivery system of FK506,
have demonstrated improved nerve regeneration, including functional recovery and
quantitative morphometric indices of sciatic nerve.14 Finally, in another experimental
study, vein grafts filled with bone marrow stromal cells result in a significantly better
nerve regeneration across a nerve defect compared to controls, where the functional
recovery is measured by somatosensory evoked potentials, toe spread, pin prick, and
gastrocnemius muscle index.15
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7-4
Nerve Conduits in Nerve
Reconstruction
David Warwick*
Key points
• In nerve repair and reconstruction there are viable alternatives to nerve grafts
• Nerve conduits can provide a tensionless repair without the use of autologous nerve
grafts
• Nerve conduits take advantage of nerve biology to regenerate the nerve
• In the literature there is evidence of the clinical effectiveness of nerve conduits, but
they are not better than autologous nerve grafts
• The correct choice of nerve conduit material is important.

A

defect in a nerve may occur for many reasons, such as loss of substance in trauma, excision of a nerve lesion or after debridement of scar tissue flowing delayed presentation of a nerve injury. Restoration of nerve continuity presents
a technical challenge. Direct apposition without tension is not usually possible and so
filling of the gap with a nerve graft is the traditional solution. However, nerve grafting is
compromised by donor site morbidity, surgical time to harvest, extra anaesthetic techniques (beyond local or regional anaesthesia), complex repair techniques and fascicular
mismatching.
The interposition of a nerve substitute is therefore intrinsically appealing. The substitute may be autologous nerve grafts or acellular nerve allografts. An alternative would
be an artificial material, which is readily available, easy-to-use, malleable, bio-inert and,
most of all, biologically effective. Nerve conduits offer this alternative.

*

Chairman FESSH training Committee, Consultant Hand Surgeon, University Hospital, Southampton, UK.
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History
The history of nerve conduits has been elegantly reviewed by Ijpma and colleagues.14
Themistocles Gluck12 was the first to consider using conduits, such as decalcified bone,
catgut or leather. Vanlair23 in 1882 first comprehensively reported the use of a decalcified bone tube in a dog with histological proof of nerve regeneration. However, the
search for suitable materials, supported by histological, neurophysiological and clinical
evidence, means that only over the past 15 years or so have nerve conduits become more
generally accepted as part of the surgical armamentarium.
Biology and physiology
The principles behind nerve conduits, still perfectly valid today, were expounded in
1904 by Foramitti10: “To provide a guiding frame for the divided nerves, on which the
newly emerging nerve substance can grow in the shortest way from the central to the peripheral stump without much resistance, and to protect the junction against embedding in callus
and scar tissues and to keep the nerve gap open for regeneration from the central into the
peripheral stump”
Essentially, nerve fibres from the proximal stump are able to regenerate across a gap
and reattach to the distal stump, so long as scar tissue does not form in the space. As
mentioned by Lundborg17, Fu and Gordon11, bioactive substances are secreted by the
distal Schwann cells, which attract the regenerating axons towards the appropriate channel in the distal stump . With nerve conduits, two concepts are combined:
• neurotropism, whereby the growth factors secreted by the distal stump attract the
regenerating proximal axons;
• contact guidance, whereby the conduit directs regrowth towards the distal stump
without intrusion from external scar,
This offers the intriguing potential for better apposition of regenerated proximal
fibres into distal receptors. Within hours, the conduit is filled with fluid secreted by
severed vessels in the nerve and the Schwann cells. The fluid is highly bioactive, containing important growth factors, such as Nerve Growth Factor (NGF) and Ciliary NeuroTrophic Factor (CNTF). During the first week, a longitudinal matrix of fibrin is laid
down. Then in the second week, Schwann cells, fibroblasts, capillaries and macrophages
invade the space. As stated by Williams25, nerve fibres sprout from the proximal stump
and start to grow distally reaching the distal stump, depending on the defect, within
four weeks . Myelination now commences and the axons continue to elongate along the
endoneurial tubes beyond the repair towards the end organ.
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Materials used for nerve conduits
Xenograft
Materials derived from animals have been considered, such as laminin, hyaluronic acid,
and collagen. Expense and immunological concerns may limit this source.

Synthetic materials
Various materials have been investigated – silicon, silk, vinyl, cellulose ester, acrylic,
stainless steel, bioglass, polyurethane, and polyorthoester. Concerns include toxicity,
and expense.

Silicon
Lundborg and colleagues17 used silicon tubes to repair transections (i.e. not to replace
grafting) in the ulnar and median nerves in the human forearm. In a randomised study17,
they found that silicon tubes (2-5 mm defects) were at least as good as conventional
microsurgical repair, with less cold intolerance; functional sensibility and neurophysiological assessment continued to improve for at least five years. However, eight tubes
required removal due to local discomfort (although no inflammatory signs were found).
With concerns about bio-tolerance, silicon tubes are not available commercially.

Collagen
It has been shown by Archibald1 in monkey studies that a 5 mm defect develops a similar histological nerve whether managed by a nerve graft, direct repair or a collagen tube.
This biological potential appears to provide clinical benefit.
• Bushnell et al6 used a bovine type I collagen tube in nine patients to bridge a 10 to
20 mm defect. At one year follow up, 8/9 had good or excellent 2-point discrimination, Semmes Weinstein monofilaments showed full in 5/9 and diminished light
touch in 2/9, while no protective sensation in one.
• Lohmeyer and colleagues15 used collagen tubes to bridge 12 digital nerve injuries
with an average 13 mm defect; 33% achieved an excellent result (S4), 42% Good
(S3+) and 8% poor.
• Taras and colleagues22 bridged 22 digital nerve defects with an average length of the
defect of 12 mm with collagen tubes. At a mean follow up of 20 months, the average
moving two point discrimination was 5 mm, static 2-point discrimination 5 mm,
Visual Analogue Pain rating 0/10; functional recovery was reported as 13/22 Excellent, 3/22 Good, 6/22 Fair, 0/22 Poor.
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• Wolfe and colleagues26 used a collagen conduit in 10 nerve-to-nerve transfers in
brachial plexus reconstruction; all 10 achieved some clinical and electromyographic
recovery.

Polyglycolic acid (PGA; Neurotube®)
This is an alternative soluble material for which there is some clinical evidence:
• Mackinnon and Dellon18 wrapped a Polyglycolic Acid (PGA) membrane around
16 digital nerve defects (average 17 mm) with 33% excellent (MRC S4), 53% good
(MRC s3+) and 14% poor results.  One tube extruded.
• In a randomized study of 98 patients with 136 digital nerve injuries, Weber et al24
found no difference when comparing autologous nerve grafts, direct repair or polyglycolic acid tubes for small (< 4 mm) defects.

Poly-DL-lactide-epsilon-caprolactone (Neurolac™)
This is a synthetic soluble compound, which is gradually resorbed over about 16 months;
degradation products are cleared renally. There is some clinical evidence:
• Bertleff and colleagues4 randomised 34 digital nerve injuries with an average defect
of 7 mm to either Neurolac™ or direct repair. Operating times and 2-point discrimination were similar in each group. One patient needed removal of the conduit.
• Chiriac and colleagues8 reported on 28 peripheral nerve defects in the arm; average
length 11mm. There were 17 clinical failures with no worthwhile recovery. Two
conduits extruded.
Comparative data and effect on motor function
The clinical data for commercially available nerve conduits reflect digital nerve sensory
recovery. Shin and colleagues20 compared motor recovery in three commercially available conduits and autologous nerve grafts in a 10 mm segmental nerve defect in a rat.
With outcome measures of compound action potential, maximum isometric tetanic
force and issue histomorphometry, they demonstrated that poly-DL-lactide-epsiloncaprolactone was equivalent to autologous nerve grafts and better than type I collagen
conduits, which were itself better than polyglycolic acid conduits.
For further details about nerve conduits the reader is referred to review articles by
Babu et al2; Bell et al3 ; Cheng et al7; Ijpma et al14; Meek et al19; Taras et al22, and the
individual papers from clinical studies.
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Table 1. Requirements of an ideal nerve conduit
Ideal Nerve Conduit
• Pliable
• Collapse-resistant
• Sterilisable
• Biodegradable
• Minimal inflammatory or foreign body reaction
• Various sizes
• Readily available with long shelf life
• Inexpensive
• Simple and reliable suture placement
Table 2. Advantages and disadvantages of using nerve conduits
Advantages of nerve conduits
• Unlimited supply
• No donor site morbidity
• Not limited by size of graft fascicle
• Allow unimpeded regeneration enhanced by neurotropism
Disadvantages
• Cost
• Limited half life
• Risk of extrusion
• No evidence of superiority to autologous nerve grafts
• Limited to (probably) 20 mm defects

Techniques
The surgical technique for nerve conduits is simple. The nerve ends are prepared with
very sharp transection (unless the injury is very recent) to expose clear fascicles. A conduit of appropriate internal diameter is selected; just slightly larger than the external
diameter of the nerve to allow for insertion and for swelling after tourniquet deflation.
The conduit is cut to length to allow about five mm excess either end of the nerve. An
8-0 suture is passed through the wall of the conduit about five mm from the end, then
across the epineurium and back through the wall of the conduit. The suture is tied after
the nerve end is gently coaxed into the space. The suture is repeated through the other
end of the conduit and nerve. The insertion of saline into the defect prior to securing
the second suture can help lubrication of the tube and avoidance of air bubbles.
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Future
Whilst the above review has shown that a simple conduit, made from suitable material,
has favourable characteristics to encourage nerve regeneration, as mentioned by Bell
and Haycock3, experimental studies suggest that there is scope to improve the quality
of nerve regeneration through a conduit . Potential avenues include bioactive coating
inside of the tube, internal scaffolding within the tube, and filling the tube with support
cells. As stated by Hoyng13, gene therapy, to introduce overexpressed neurotrophic factors with sensory or motor specificity into the lumen, is another theoretical approach
that could improve regeneration through the conduit .
The use of stem cells is encouraging. For example, Braga-Silva and colleagues5 studied 44 patients with median nerve and ulnar nerve defects (mean 2.7 cm) treated by
either an empty silicon tube or one filled with autogenous iliac crest bone marrow cells.
The purpose was to introduce mesenchymal progenitor cells. There were eight good
results in the empty silicon tube and eight very good, two good results in the filled tube
(p=0.003). Ten silicone tubes needed removal. As mentioned by di Summo9, an alternative to bone-marrow derived stem cells is adipose-derived stem cells, which significantly
enhance axonal fibre size and muscle function when compared with empty conduits in
a rat model . The disadvantage of conduits incorporating support cells is the logistics
of providing the cells at the time of surgery; off-the-shelf technology is more appealing.
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7-5

Peripheral Nerve Transfers
Maurizio Calcagni*

Pietro Giovanoli**

Key points
• The main advantage of nerve transfers is to move the nerve coaptation close to the
target organ and to reduce the time of reinnervation.
• Nerve transfers need a careful diagnosis of the lost functions and an accurate planning to minimise the donor site morbidity and optimize the outcome.
• The main indications for nerve transfers are proximal nerve injuries (i.e. brachial
plexus to injuries above the elbow).
• Additional indications are extensive scarring, loss of substances or the lack of a good
proximal end that would negatively affect regeneration.

*
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D

uring the last 50 years, the technical advancements in the field of microsurgery
and better knowledge about the pathophysiology of nerve regeneration allowed
for a quantum leap in the treatment of peripheral nerve injuries. However, the
functional recovery remains in many cases disappointing, especially in proximal nerve
injuries or in cases with larger nerve defects. One of the key problems in these cases
is the distance the regenerating nerve fibres have to cover before reaching the target
organs. The resistance to denervation of muscles is limited (12-18 months) and any
relevant function can be expected after muscle fibre degeneration. Many efforts has been
undertaken to enhance the speed of the growing fibres with different strategies, but until
now no treatment is available without major side effects.
The concept of nerve transfer is not new and a great number of surgeons have contributed with different nerve transfer techniques for the reconstruction of the brachial
plexus. However, its use distal to the brachial plexus was re-popularized only in the 90’s
by Oberlin with the neurotisation of the motor branch to the biceps muscle through fascicles of the ulnar nerve.1 Basically, the technique of nerve transfer consists of diverting
part of or a whole intact nerve to an injured one as close as possible to the target organ
reducing the time of reinnervation to a minimum with an expected improved outcome.
This field of peripheral nerve surgery is still developing along with the description of
new potential donor nerves in a number of anatomical and clinical papers published
every year.

Nomenclature
Many configurations are possible with motor or sensory nerves and using different coaptation techniques, with or without nerve grafts, and it is important to have clear
definitions. Intraplexal nerve transfers are nerve transfer in which the donor nerve arises
from one of the branches of the brachial plexus, including the most distal (e.g. branches
of the radial nerve to the axillary nerve or ulnar nerve to the musculocutaneous nerve,
etc.). Extraplexal transfers are performed with nerves originating outside the plexus (e.g.
spinal accessory nerve or intercostal nerves, etc.). Distal nerve transfers are defined as all
nerve transfer distal to the elbow. Single transfers are those procedures where one nerve
is transferred to achieve one function. Dual transfers are when two different nerves are
transferred to restore one function (fascicles of the ulnar nerve to the motor branch to
the biceps muscle and fascicles of the median nerve to the motor branch to the brachioradialis muscle for elbow flexion). Other definitions include direct versus indirect (i.e.
without or with interposition of a nerve graft) or end-to-end versus end-to-side; the
end-to-end coaptation is the most favourable and should be preferred. Especially for
sensory transfers the side-to-end (i.e. reverse end-to-side) coaptation is a good solution
to reduce the donor side morbidity.
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General indications and contraindications
Despite the growing number of articles about nerve transfers and their functional results, there are no strong guidelines about indications.
The following conditions can profit from this strategy:
• Brachial plexus injuries with root avulsion (unsuitable proximal stump).
• Proximal nerve lesions with a long distance to the target organ.
• Nerve lesions with a poor record of motor recovery because of the distance to target
muscles or gaps requiring long nerve grafts (above 7-10 cm).
• Long interval from injury to surgery (it depends also on the level of injury).
• Heavily scarred area with higher risk of damaging other vital structures (e.g. vessel
grafts in complex brachial plexus injuries or complex extremity injuries).
• Previously failed proximal nerve reconstruction.2
• In some cases of neuralgic amyotrophy (Parsonage-Turner Syndrome).3
The indication for this type of procedures is based also on other factors related to the
donor nerve. It should be a donor available near the target muscle, expendable and with
a low morbidity, better if pure motor or sensory according to the needs, adequate size
and, if possible, agonist to facilitate the re-education.
Contraindications are the presence of better surgical solutions (direct nerve reconstruction), degeneration of target muscles due to excessive time from injury and strength
of the donor nerve below M4. The use of nerve transfers has also some potential disadvantages. One major concern is that the diffusion of these peripheral procedures might
reduce the number of injury site explorations and therefore missing the potential of direct reconstruction (e.g. partial injury to the brachial plexus). This attitude can eventually reduce the exposure to brachial plexus exploration among younger trainees resulting
in a future loss of knowledge and expertise in this demanding anatomical region. Donor
site morbidity is also a possible drawback when donor nerve fascicles are harvested from
muscles with already reduced function (M3 or M4). Moreover, it should be kept in
mind that muscles whose nerves have been used for a nerve transfer will not be available
any muscle transfers in case of a bad functional result or for other purposes (e.g. motor
branches of the thoracodorsalis or pectoralis major nerves).

Techniques
In this chapter we will address mainly the intraplexal neurotisation distal to the brachial
plexus (Tables 1 and 2).
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Table 1. Common Intraplexual Distal Motor Transfers
Motor Deficit

Recipient Nerve

Donor Nerve

Shoulder stabilization/
abduction/external
rotation

Suprascapular nerve and
axillary nerve dual transfer

Spinal accessory nerve and triceps branches

Elbow flexion

Musculocutaneous nerve

Thoracodorsal nerve

Elbow flexion

Musculocutaneous nerve:
biceps and brachialis
branches dual transfer

Ulnar nerve fascicle and median nerve
fascicle

Elbow extension

Triceps branch of radial
nerve

Ulnar nerve fascicle to flexor carpi ulnaris
muscle or median nerve fascicle to flexor
digitorum superficialis muscle

Intrinsic hand

Ulnar nerve motor branch

Distal anterior interosseous nerve

Thumb and index finger
flexion

Posterior fascicle of the
median nerve in the arm
which corresponds to the
anterior interosseous nerve

Brachialis branch of musculocutaneous
nerve or extensor carpi radialis brevis/
supinator branches of radial nerve

Wrist, finger extension

Radial nerve branch to
extensor carpi radialis
brevis muscle and posterior
interosseous nerve

Median nerve fascicles to flexor digitorum
superficialis muscle and median nerve
fascicles to flexor carpi radialis muscle

Thumb, finger extension

Posterior interosseous nerve
branches of radial nerve

Nerve to supinator muscle

Thumb, finger flexion

Anterior interosseous nerve

Radial nerve branch to the brachioradialis
muscle

Table 2. Potential Sensory Transfers
Sensibility Deficit

Recipient Nerve

Thumb and index finger

Common digital nerve to first web space,
radial digital nerve to thumb

Superficial radial nerve

Donor Nerve

Digital nerves of the ulnar aspect of the
thumb and radial aspect of the index
finger

Digital branches of superficial
radial nerve

Common digital nerve to first web space,
radial digital nerve to thumb

Common digital nerve to third
or forth web space

Ring and small fingers

Common digital nerve to fourth web
space, ulnar digital nerve to small finger

Common digital nerve to third
web space

Ulnar border of hand

Dorsal branch of the ulnar nerve

Median nerve at distal forearm
(end to side)
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The general rules of peripheral nerve surgery apply also for nerve transfer. Accurate
dissection under loupes magnification is mandatory in order to achieve optimal results
and avoid unnecessary donor site morbidity. The nerves that have to be reconstructed
(both donor and recipient) should be tested with direct electric stimulation or intraoperative neurography to confirm their actual status, because in some occasions the
preoperative examination (i.e. clinical and EMG) can be incomplete or even misleading.
A good cooperation is therefore necessary with anaesthetists avoiding paralytic medications. Moreover, the use of tourniquet should be limited or avoided (less than 20-30
minutes) in order to obtain reliable assessments.
The recipient nerve is isolated as the first step and only if no sign of recovery is confirmed also the donor one is dissected. The recipient is exposed and the proper fascicle
is chosen checking for any residual activity in order to prevent downgrading of the hand
function. The nerves are then divided with the rule “donor distal” and “recipient proximal” to avoid tension or the need for nerve grafts. The level of transection should be
assessed in maximal extension of all involved joints to allow for immediate postoperative
mobilization.

Motor transfers
Radial nerve branches to axillary nerve. Axillary nerve reinnervation is the key to restore
shoulder function and different authors have used branches of the radial nerve for the
triceps muscle to successfully neurotise the deltoid and the teres minor. The transfer
can be performed through an axillary or a posterior approach. The latter permits a
better exposure with an easier identification of all nerve branches. With the patient in
supine position, the arm is placed over the patient and a 10 cm incision on the posterior
aspect of the upper arm is made along the posterior border of the deltoid muscle. The
lateral cutaneous brachial nerve is followed through the fascia until the axillary nerve is
reached. This one is followed proximally to the branch of the teres minor muscle. The
branches to the triceps muscle are isolated and tested for function with a nerve stimulator. The branch to the long head is then isolated and dissected down to the point of
muscle entry and divided. If the length is not enough for a tension-free coaptation, the
nerve is followed into the muscle belly until an adequate length is obtained. If possible,
the sensory branch of the axillary nerve is removed from the stump in order to concentrate all the available axons in the motor part. The nerves are coaptated with 9-0 sutures
without tension.4 Other authors5 use the branch to the medial head with similar results.
The main advantage of this choice is the length of this nerve, which can easily reach
the axillary nerve without intramuscular dissection. No evidences are available about
the superiority of one of the two techniques. A possible drawback of this transfer is the
weakening of the triceps that can affect a powerful elbow extension. For this reasons
some authors4 prefer to spare the branch to the medial head, which is the strongest elbow extensor. Usually, this transfer is associated to the extraplexual neurotisation of the
suprascapular nerve with the spinal accessory nerve for maximal function.
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Thoracodorsal nerve to the musculocutaneous nerve. The use of thoracodorsal nerve
for neurotisation of the musculocutaneous nerve is very old and now it is considered a
second choice. The main advantage of this transfer is that the thoracodorsal nerve is easy
to identify and to harvest. Its length allows for a great arc of rotation and its size matches
that of the motor branch to the biceps muscle. However, the multiple contributions
of many spinal roots can affect the actual number of nerve fibres that can successfully
reinnervate the biceps muscle in case of extensive plexus lesions. For this reason, it is
necessary to carefully assess the residual function of the latissimus dorsi muscle. Intraoperative proof with the stimulator will give a direct feeling of the actual muscle force of
contraction. The use of this donor precludes the transfer of the latissimus dorsi muscle
for shoulder external rotation or elbow flexion or extension. The nerve can be easily
identified through an axillary incision, dissected as distal as possible and then transected
and transferred in the arm. Also, in this case the coaptation should be near the entry
point of the motor branch into the muscle.
Ulnar nerve fascicles to the biceps motor branches. In 1994, Oberlin1 reported the use
of an ulnar nerve fascicle for transfer to the biceps muscle branch. In the following years,
the technique was modified using two fascicles in order to better match the size of the
recipient nerve. The ulnar nerve is approached through a straight incision at the medial
aspect of the arm. The epineurium is opened and a nerve stimulator is used to identify
two fascicles with predominant innervation of the flexor carpi ulnaris muscle. Based on
many reports, up to 20 % of the ulnaris nerve can be harvested at this level with little
donor morbidity. The transected branches are dissected in the nerve in order to have
enough length to allow for a direct coaptation as near as possible to the muscle belly of
the biceps muscle. An elbow flexion function of M3 to M4 is expected in most patients
within three to four months. A recent report indicates that elbow flexion function can
be further augmented (especially in cases of delayed surgery) by concomitantly reinnervating the brachialis muscle as reported in the end of the next paragraph.
Partial median nerve fascicle transfer. The same concept that is exposed above can
be applied to the median nerve. In this case, a fascicle that innervates predominantly
the flexor carpi radialis and or the palmaris longus muscles is identified with the nerve
stimulator and, isolated and transferred to the biceps motor branch. In isolated injuries
of the musculocutaneous nerve, it is also possible to use a fascicle of the ulnar nerve for
the biceps motor branch and a fascicle of the median nerve for the brachialis motor
branch (double fascicular transfer). This procedure can also be advantageous for late
reconstructions (i.e. more than six months post injury) to augment elbow flexion. The
reports about the isolated use of a median nerve fascicle are contradictory and it is seldom used as the first choice.
Flexor carpi ulnaris (FCU) or extensor carpi radialis brevis (ECRB) motor branch to
pronator teres branch. In cases of an isolated loss of pronation, the motor branch of
291

the pronator teres muscle can be neurotised with a branch for the FCU or the one for
ECRB. Both transfers can be performed through a palmar approach at the proximal
forearm. When both the median and ulnar nerves are injured the priority is given to the
reinnervation of the anterior interosseous nerve and the restoration of finger flexion.5
Distal anterior interosseous nerve to ulnar nerve motor branch. Direct coaptation of
injuries of the ulnar nerve above the elbow in adults are associated with poor functional
recovery of the intrinsic muscles of the hand. For this reason, it was proposed to use a
very distal neurotisation of the motor branch of the ulnar nerve at the wrist with the
motor branch to the pronator quadratus muscle as donor. The ulnar nerve is exposed
through a carpal tunnel incision prolonged proximally at the forearm. The ulnar nerve is
identified in the canal of Guyon and the motor branch is isolated at its emergence under
the hypotenar muscles. The motor branch is then isolated with intraneural dissection
from the sensory fascicle at the distal forearm. Through the same approach the motor
branch to the pronator quadratus muscle is identified and dissected into the muscle and
transected before the first division is encountered. The donor nerve is then transferred
toward the ulnar nerve. At this point, the intraneural dissection of the ulnar motor
branch is continued until enough length is available for a tension-free coaptation. The
grip strength of the fingers can be augmented by mean of a side-to-side tenodesis of the
deep flexor muscles of the ring and the small fingers with the median innervated deep
flexor muscles of the index and the middle fingers if necessary. The reconstruction of
the sensory part of the ulnar nerve is discussed later.
Median nerve branches to radial nerve branches. Acute exploration and direct reconstruction of the radial nerve is normally associated with good functional results. However, in cases with delayed repair or in the presence of extensive scarring or loss of
substance with a need of long nerve grafts this approach has a worse prognosis. In these
cases, transfer of the motor branch of the median nerve for the superficial finger flexor
muscles (FDS) and flexor carpi radialis (FCR) or palmaris longus (PL) muscles to the
extensor carpi radialis (ECRB) muscles and to the posterior interosseous nerve (PIN)
can restore wrist and finger extension. The median nerve is exposed at the flexion crease
of the elbow. The branches to FDS and to FCR and PL are isolated down to the entry
point of the muscles. No intraneural dissection is usually necessary. Through the same
incision the radial sensory nerve is identified and followed proximally until the branches
of the ECRB and the PIN are encountered. These are intraneurally dissected as proximal as possible to avoid the need of nerve grafts, divided and transposed medially to the
median nerve branches. The best combination would be FDS branch to ECRB because
of the synergistic function of finger flexors and wrist extensors. However, if the force
of the FDS is not optimal this branch should be transferred to the PIN. The results of
this transfers has not yet be compared to standard tendon transfer procedures and no
evidences are available about the superiority of one or the other.
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Sensory transfers
Sensory transfers are less used because of the longer tolerance to denervation of the
sensory end structures. Some of the proposed transfers employed to regain sensibility
in essential areas of the hand are listed in the Table 2. End-to-end nerve coaptation is
preferred for critical sensation. However, in some cases a side-to-end coaptation is the
only way to reduce the donor morbidity and will ensure protective sensation.6
Median to ulnar “Double Transfer”.5,7 The first transfer is already described previously. Through the same volar approach the palmar branch of the median nerve is followed distally until the palmar wrist crease and is divided. The sensory fascicle of the
ulnar nerve is divided as proximal as necessary for a tension free coaptation. The dorsal
branch of the ulnar nerve is identified more proximal and is transferred to the median
nerve. Here, an epineurial window is opened in the median nerve and the dorsal branch
is sutured with a side-to-end technique.
Distal median nerve sensory reconstruction. In complete median nerve injuries, the
sensation of the thumb and index finger is severely disturbed, while in the palm some
protective sensation is retained8 as demonstrated by the absence of ulceration. Therefore, the reconstruction of the finger sensibility has been addressed with different nerve
transfers. Bertelli8 proposed a neurotisation of the ulnar digital nerve of the thumb and
of the radial one of the index finger with branches of the radial sensory nerve harvested
on the dorsal aspect of each finger. The nerves are exposed through a lateral incision on
each finger. The nerves are divided “donor-distal” and “recipient-proximal” in order to
avoid tension.
Alternative reconstructions are the transfer of the common digital nerve of the fourth
web space to the common digital nerve of the first web and to the radial digital nerve
of the thumb.

Rehabilitation
Rehabilitation of transferred nerves plays a major role in optimizing functional results.
In a first phase, until muscle reinnervation is completed, hand therapy is aimed to
maintain joint motion and prevent muscle contracture. If concomitant tendon transfers
are performed the necessary immobilization time according to the procedure have to be
respected. At a later point, when the muscle is reinnervated, the patient has to train the
new activation schemes by voluntary contract the donor and the recipient muscles at the
same time. Force and endurance exercises can follow in a stepwise manner.

Conclusions
Nerve transfers expand the reconstruction possibilities of neurologic deficiencies of the
upper extremity. The main advantage is the proximity of the repair to the site of lesion.
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This allows for a fast reinnervation of the muscles, preventing fibrosis and maximising
functional recovery. Therefore, the main indications are proximal injuries (i.e. brachial
plexus to above elbow). Additional indications are extensive scarring, loss of substances
or the lack of a good proximal end that would negatively affect regeneration. This field
of peripheral nerve surgery is still developing and clear guidelines are lacking, especially
comparative studies between nerve and tendons transfers. The accurate diagnosis of
muscle excitability can help in the decision-making. In Table 3 are the actual proposed
indications as proposed by Thung and Mackinnon.6

Figure 1A The musculocutaneous (blue loop) and ulnar nerve (yellow loop) are identified at the medial
aspect of the proximal arm. The epineurium of the ulnar nerve is opened and 2 fascicles for the FCU are
dissected free (arrow).

Figure 1B Direct coaptation with the muscle branch to the biceps as close as possible to the muscle belly.
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Table 3. Current opinion about tendon transfer versus nerve transfer (modified from (6))
Lost function
Thumb opposition

Tendon Transfer
Opponens plasty

Nerve transfer
Anterior interosseous nerve (AIN)
to thenar motor nerve transfer

Intrinsic hand
Forearm pronation

Ulnar intrinsic tendon

AIN to deep motor ulnar nerve

transfers

transfer

Biceps rerouting

ECRB to pronator teres nerve
transfer

Finger flexion

Median tendon transfers

Brachialis to AIN nerve transfer and

Thumb flexion

BR/FPL tendon transfer

FDS to FPL nerve transfer

Wrist and finger extension

Radial tendon transfers

Median to radial nerve transfer

tenodesis

Italics indicates the procedure of choice.

References
1.

Oberlin C, Béal D, Leechavengvongs S, Salon A, Dauge MC, Sarcy JJ. Nerve transfer to
biceps muscle using a part of ulnar nerve for C5-C6 avulsion of the brachial plexus: anatomical study and report of four cases. J Hand Surg Am. 1994;Mar;19(2):232–7.

2.

Addas BMJ, Midha R. Nerve transfers for severe nerve injury. Neurosurg. Clin. N. Am.
2009;Jan;20(1):27–38–vi.

3.

Lee SK, Wolfe SW. Nerve transfers for the upper extremity: new horizons in nerve reconstruction. J Am Acad Orthop Surg. 2012;Aug;20(8):506–17.

4.

Bertelli JA, Ghizoni MF. Reconstruction of C5 and C6 brachial plexus avulsion injury by multiple nerve transfers: spinal accessory to suprascapular, ulnar fascicles to biceps branch, and triceps long or lateral head branch to axillary nerve. J Hand Surg Am.
2004;Jan;29(1):131–9.

5.

Mackinnon SE, Colbert SH. Nerve transfers in the hand and upper extremity surgery. Tech
Hand Up Extrem Surg. 2008;Mar;12(1):20–33.

6.

Tung TH, Mackinnon SE. Nerve transfers: indications, techniques, and outcomes. J Hand
Surg Am. 2010;Feb;35(2):332–41.

7.

Battiston B, Lanzetta M. Reconstruction of high ulnar nerve lesions by distal double median to ulnar nerve transfer. J Hand Surg Am. 1999;Nov;24(6):1185–91.

8.

Bertelli JA, Ghizoni MF. Very distal sensory nerve transfers in high median nerve lesions. J
Hand Surg Am. 2011;Mar;36(3):387–93.

295

8
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Key points
• Knowledge of anatomy and physiology of the nerve trunk helps to predict the functional alterations when a peripheral nerve is injured.
• After injury and repair the axons advance at about 1 mm/day, which can be evaluated with the Tinel’s sign; the most important sign of regeneration during clinical
assessment.
• Tests of sensibility can be divided in subjective (e.g. vibration tests, threshold tests
and discrimination tests) and objective tests (e.g. ninhydrin test, wrinkle test and
nerve conduction studies).
• The existing systems to describe and score the recovery following nerve injury and
repair are unsatisfactory and outcome may differ depending on the used scoring
scale.
• When a nerve is repaired, recovery may be incomplete or absent and secondary procedures can be considered (e.g. tendon transfers or free muscle transfer).

*
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A

fter surgery of a peripheral nerve trunk, such as a nerve repair or a nerve reconstruction, the patient is followed with a clinical examination up to the final
recovery of the lesion. After two-three weeks of immobilization, to avoid rupture and stretching at the site of nerve repair, the patient starts with the rehabilitation
program up to the final recovery; many authors start gentle protected motion already
at two to three days postoperatively. Rehabilitation is initiated not only to achieve full
passive and active range of motion, but also regarding the support for target organs.
The timing of the clinical examination of the surgeon is done in relationship to the
specific repaired nerve. A brachial plexus lesion or a lesion at the arm level is subjected
to clinical examination by the surgeon every two or three months. A more distal lesion,
such as a median nerve at the wrist level or a sensory nerve in the palm of the hand,
requires a more frequent serial clinical examination (i.e. monthly). Every patient with a
nerve lesion is informed from the first appointment that the recovery of a nerve repair
could not be complete with respect to the motor and the sensory functions. From the
first appointment, the surgeon should explain that the end of the regeneration process,
if the results is not complete, secondary procedures can be carried out, such as tendon
transfers or less frequently free muscle transfer to regain a not recovered range of motion
and/or a sensory nerve transfer to recover sensibility.
During the clinical examination after nerve repair or reconstruction the most important sign is the advancement of the Tinel´s sign that normally is about 2.5 cm a month
or 1 mm a day. Depending on the level of the lesion, functional recovery (sensibility /
sweating and motor testing) is evaluated as described below. Tinel´s sign is the most important sign we have detect in order to assess the regeneration process. It is tested from
distal (where the sign is not possible to elicit) to proximal so the patient does not feel a
continuous pain and discomfort during the percussion on the nerve. It is important to
report the distance from the site of suture and the more distant “tingling” of the nerve
so in every new clinical assessment the physician can evaluate if a regular advancement
of the Tinel’s sign is present.
The major residual problems that occur in a patient who does not follow a rehabilitation programs are related to disuse and immobility, stiffness and joint contracture,
end organ degeneration and pain. The rehabilitation needs to be instituted as a first
line treatment (also before surgery if a secondary nerve repair has been carried out) and
represents a protection of the affected limb from secondary injuries derived from contractures, disuse weakness, edema, poor positioning and pain. This pain management is
an interdisciplinary approach centered by pharmacological treatments.
Muscles and tendons are protected against cold and heat exposures, minor trauma
and overstretching by gravity; it’s important to keep the muscles in normal physiological length to prevent vascular and lymphatic stasis, contractures, joint stiffness
and ankylosis. Procedures directed to achieve the above goals are warmth, massage,
passive movements and bandaging. The efficacy of passive motion to prevent contractures after a peripheral nerve injury is well established. Once strength is improved,
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active range-of-motion should be continued by the patient even outside the formal
therapy sessions.
Splints and mechanical devices are used to give a rest to the paralyzed muscles and
joints, to prevent overstretching and shortening and thus to avoid contracture formation and deformity. Insensitive joint and periarticular tissues are maintained in full
functional position by daily and regular range of movement exercises and dynamic detachable splints.
Several methods have been proposed for functional recovery and to prevent muscle
wasting. One of them is electrical stimulation, which is controversial with respect to
the beneficial effects in axonal outgrowth or to diminish the speed and accuracy of
reinnervation. Another modality is low-level laser therapy or phototherapy, which has
promising effects on axonal outgrowth. Electrophysiology can be used to follow both
the natural and the postsurgical reinnervation.
Care of skin and sensory reeducation are also essential, such as stimulating the fingertips by eraser edge of pencil from the proximal to the distal area in the early phase
and involve repetitive object identification to learn stereognosis in the late phase of recovery. Shape and texture relearning with open eyes and stimulating deep receptors by
rough objects are helpful methods to achieve a proper reorganization.

Sensibility and motor testing
Evaluating function after a nerve repair is associated with considerable problems as there
is no agreement on the reliability of sensory and motor testing for the accurate clinical assessment. When a peripheral nerve is injured, with a high degree of approximation, it is possible to predict its functional alteration, such as weakness, loss of strength
and coordination when motor fibres are involved, and functional changes of sensibility,
cold sensation and pain when sensory fibres are damaged. Valid measurements of these
impairments are necessary to support the clinical diagnosis, to evaluate and compare
surgical repair techniques, to document progress during rehabilitation, to evaluate disability after injury.1 Thus, the evaluation and documentation of the results that meet the
scientific and clinical demands is essential.2

Strength
Manual muscle testing (MMT) is routinely used in assessment of motor nerve recovery,
to determine the level of a nerve laceration or the degree of reinnervation. Muscle function depends on the integrity of the muscle, the normal passive motion in the joints
across which the muscle acts and the quality of the innervation of the muscle.
Qualitative muscle contraction is performed by inspection of the muscle mass and
contour and observation of voluntary motions. Semi-quantitative assessment is widely
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used and consists of the MMT. The muscle contraction perceived during MMT is
graded on a scale from 0 to 5 according to the Medical Research Council scale or the
Oxford grading scale. MMT is inexpensive, readily repeatable in the clinical setting
and represents the fundamental of the assessment of a peripheral nerve injury. MMT
requires an appropriate knowledge of muscle anatomy and function in order to isolate
the desired muscle to test by providing resistance that is as specific as possible to the
actions of the targeted muscle. There are many textbooks that can be used as guides for
muscle anatomy and testing.3 Quantitative assessment of muscle function requires the
use of dynamometer for pinch and grip strength. The reliability of testing the grip and
pinch strengths has been well established4 and it is considered as an excellent global assessment of muscle function that can be used to establish the impact of nerve injuries
in hand and forearm.

Sensibility
Tests for measurement of sensibility can be used during the diagnostic phase to monitor
progression of nerve damage, as in chronic compression lesion or in acute lesion (crush,
laceration or transection injuries), and in the follow up settings to determine nerve regeneration through recovery of sensibility.
Tests can be divided into two categories, subjective and objective tests. In the former, the active interaction between physician-instrument-and-patient may influence
the final result.
Almost all tests (vibration, threshold and discrimination tests) belong to this category. On the other hand, there is a passive cooperation in objective tests between the
patient and the instrument so the result is not subjected to stimulus interpretation.
These are the ninhydrin test,5 the wrinkle test6 and the nerve conduction studies. Only
subjective tests will be discussed.
The Tinel’s sign, as described above, is a simple and useful clinical test to follow
nerve regeneration after reconstruction.7-8 After a nerve repair, whether primary, delayed
or secondary, or whenever any type of reconstruction has been made, cells attempt to
regenerate. Finger percussion at the site of the advancing edge of regenerating fibres
causes “tingling”. The phenomenon was noticed by Dr. Jules Tinel (1879-1952), a
well known French neurologist (since then called Tinel’s sign), who observed that the
patients who had a nerve injury, in which the tingling progressed distally, made some
degree of recovery compared to those who did not show any progression of the tingling.
Thus, the first test to determine if a nerve is regenerating is the Tinel’s sign and it is considered positive if there is an advancement of the tingling over weeks or months. During
the regeneration process, axons proceed distally in an attempt to reach the final effector
targets, such as Pacinian, Meissner, Merkel corpuscles and other receptors. Once the
regenerating axons have reached their final targets, the Tinel’s sign disappears signifying
that the axonal outgrowth is finished. Now, even in the poorest nerve repair, the first
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sensations to recover are the so-called non-tactile sensations, such as pain, temperature
and sudomotor function as sweating.
The first perception to recover is a low-frequency vibratory stimulus (i.e. 30 Hz),
while high frequency vibration (i.e. 256 Hz) is the last to recover.9 In between them,
moving touch stimuli and then constant touch become progressively perceivable. When
256 Hz vibration stimulus is perceived, it means that all type of receptors have been innervated and from now on, with the passage of time, nerve regeneration does not focus
on lengthening, but try to achieve maturity of nerve fibres and their relative receptors.10
When the perception of the 256 Hz vibration stimuli at the fingertips is perceived,
patients can be initiated to the late-phase of sensory re-education.11 In the meantime,
the sensibility testing is switched from qualitative (i.e. tuning fork) to quantitative (i.e.
cutaneous pressure threshold and innervation density) measurements and the monofilament and the two-point discrimination tests may be initiated.
Quantitative tests are more appropriate as outcome measures. Touch threshold is a
primary indicator of sensory nerve function after repair. Semmes-Weinstein monofilament (SWMF) has become one of the most commonly used and less expensive quantitative measures.12 Compared with the tuning fork, where the vibration produced by the
examiner’s hand alone greatly exceeds the normal sensitivity threshold of human touch
when applied with a handheld instrument lacking control of variables, the SWMF test
remains the only handheld instrument specifically designed to control the application
force variables and to meet sensitivity and repeatability requirements for an objective
test instrument when correctly calibrated.13 The design of SWMF produces progressively increasing force stimuli by increasing the diameter of nylon monofilament. When
pressure is applied in a perpendicular manner to the skin, the nylon monofilament
bends maintaining a constant force throughout its bend until lifted and when bend
recover, the nylon absorbs the vibration of the examiner’s hand.
SWMF are commercialized in kit of five monofilaments for hand use (2.83, 3.61,
4.31, 4.56, 6.65) or in kit of six monofilaments for foot use (2.83, 3.61, 4.31, 4.56,
5.07, 6.65) or in complete kit of 20 monofilaments (1.65, 2.36, 2.44, 2.83, 3.22, 3.61,
3.84, 4.08, 4.17, 4.31, 4.56, 4.74, 4.93, 5.07, 5.18, 5.46, 5.88, 6.10, 6.45, 6.65). Each
evaluator size corresponds to a transmitted force to the skin expressed in grams (i.e. 2.83
correspond 0.07 grams). Colour representation has been assigned to each group of evaluator size and to each colour has been matched a threshold of perception. Thus, green
correspond to normal threshold, blue to diminished light touch, purple to diminished
protective sensation and red to loss of protective sensation. If the 6.65 monofilament is
not perceived, there is only deep pressure sensation (Table 1).
Innervation density or tactile discrimination is commonly measured using two-point
discrimination (2PD) test. The smallest distance that the patient correctly can discriminate from one or two probes is recorded as the static 2PD. The test is performed with
the hand fully supported and devices with even, blunt tips of varying spacing are applied
until the skin just blanches. To reduce the test time avoiding both fatigue at the finger300
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Evaluator
Size
1.65
2.36
2.44
2.83
3.22
3.61
3.84
4.08
4.17
4.31
4.56
4.74
4.93
5.07
5.18
5.46
5.88
6.10
6.45
6.65

Target Force
(in grams)
0.008
0.02
0.04
0.07
0.16
0.4
0.6
1
1.4
2
4
6
8
10
15
26
60
100
180
300

Table 1.
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tip and diminishing the critical interface between patient-instrument, it is possible, and
advisable, to limit the distances to test to 6, 10 and 15 millimetres. Normal values are
within the range of 4-7 mm at the fingertips.14 2PD has received substantial criticism
arising from methodological and validity concerns, regarding the variability in application force that introduces substantial error. On the other hand, 2PD has been related
to function and ability to discriminate objects.15 The moving 2PD test is performed by
moving the two probes proximally to distally on the distal phalanx using a pressure that
is light enough for the subject to perceive the stimulus. Once the 2PD data have been
obtained, these can be stratified according different scales (ASSH, American Society for
Surgery of the Hand; S0-S4 British Medical Research Council system scale; S0-S4 scale
modified by Dellon and Mackinnon)16 (Tables 2 and 3).

Table 2. Modified American Society for Surgery of the Hand Guidelines for Stratification of static 2PD
results
Rating

Static 2PD (mm)

Excellent

<6

Good

6-10

Fair

11-15

Poor

>15 or protective sensation

Table 3. Highet and Sander Criteria for Sensory Evaluation, modified by Mackinnon and Dellon
Grade

SPD
(mm)

MPD
(mm)

S0

-

-

No recovery of sensibility in the autonomous zone of the nerve

S1

-

-

Recovery of deep cutaneous pain sensibility in the autonomous zone
of the nerve

S1+

-

-

Recovery of superficial pain sensibility

S2

-

-

Recovery of superficial pain and some touch sensibility

S2+

-

-

As in S2, but with over response

S3

> 15

>7

Recovery of pain and touch sensibility with disappearance of over
response

S3+

7-15

4-7

As in S3, but good localization of stimulus and imperfect recovery of
two-point discrimination

S4

2-6

2-3

Complete recovery
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Recovery of sensibility

We have seen how to obtain data from patients through different methods (tuning
fork, SWMF, 2PD), but the existing systems to describe and score recovery following nerve repair are unsatisfactory and may differ on the base of with scoring scale is
used.16 In the attempt to find a comprehensive instrument that could be used to assess
outcomes after nerve repair, Rosen and Lundborg1,17 developed a comprehensive instrument. The scale provides a way of scoring the deficits in motor or sensory function of
the median and ulnar nerves, as well as components attributed to cold sensitivity and
hyperesthesia. Cold intolerance or sensitivity is a common and disabling symptom following a peripheral nerve injury. With cold exposure, the patient experiences pain/discomfort and stiffness in the involved finger, altered sensibility and skin colour change. It
is known that sensibility does not correlate with cold sensitivity, the latter being related
to functional impairment and quality of life, and not to sensibility.
Rosen and Lundborg score addresses three domains: sensory, motor and pain/discomfort.
Sensory innervation is measured using SWMF, tactile gnosis is assessed using both
2PD and shape texture identification test (STI),18 and functional sensibility is assessed
through finger dexterity tasks selected from a larger test battery (Sollerman task).19 Motor reinnervation is assessed by measuring MMT and grip strength. Cold intolerance is
assessed by a four-point self-report scale. All subtests are scored as a percent of normal
and a total score across of the three domains. A detailed description on how to use the
scale is found on the web page:
(www.med.lu.se/klinvetmalmo/hand_surgery/projects/clinical_projects/assessment_of_hand_sensibility).
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9
Assessing Outcome after Peripheral
Nerve Surgery
Joseph Dias*

Key points
• Comprehensive outcome assessment should address the1 site of surgery,2 re-connection to end organs,3 recovery of function and4 secondary effects.
• The site of surgery needs to be assessed for local nerve related pain.
• 2-PD is a poor test of sensory recovery and Semmes-Weinstein monofilaments to
assess threshold is preferable.
• Patient rated outcome measures are best to calibrate how far from normal the patient
remains a long time after nerve injury and surgery.
• The consequences of painful feeling, cold sensitivity and impact on the patient’s
quality of life need to be assessed.
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A

fter nerve surgery we want to assess recovery, note adverse events, such as pain
and cold intolerance, in addition to documenting the usual events after any
surgery, such as the uncomplicated healing of wounds and recovery of movement. Surgical complications of stiffness, infection and a disproportionate pain and
swelling response suggesting a CRPS reaction need identification and active appropriate
management.
Patients, however, want to be able to use their hand or arm as normal and to be able
to fulfil their role within their family and community.
In this chapter I will address the assessment of nerves in particular, but look at
this from a clinical point of view rather than the outcomes we would assess if we were
performing an audit or conducting research. For simplicity, I will focus on assessing
recovery of a cut nerve although these outcomes equally apply to all other nerve surgery.
The principal aim of this chapter is to make surgeons aware of the limitations of our
assessment methods and their interpretation.

After nerve surgery the three questions we need to address are1 is there a local problem at the nerve surgery site,2 is there any evidence that the nerve is recovering, and3
what is the magnitude of recovery and its consequences.

Assessing the surgical site
Before we can find any evidence of re-innervation or answer the third question in clinic,
we can assess whether the patient is developing a neuroma based on history of pain, its
site localised to the wound site and its severity. These neuromas can occur after partial
or complete nerve division. Patients will often say that there is a single spot near the
wound, which, if touched or caught, is excruciatingly painful. A sensation of tingling
is felt in the sensory nerve distribution when the area is tapped. With time these symptoms and signs may either improve or persist. The location will suggest whether this is
a neuroma-in-continuity or whether it is an end-neuroma.
The assessment of the severity of pain, its impact on function and the degree by
which patients became protective of the hand or limb will all allow the surgeon to calibrate the impact of the disorder and therefore help choose the appropriate management.
The size, site and adhesion of the repair site to surrounding structures can be investigated using high-resolution dynamic ultrasound assessment of the repair site. This can
also help monitor the evolution of the neuroma at the site of surgery. Clinicians must
bear in mind that entrapment of the operated nerve in a surgical scar, formation of constrictive bands of scar across the nerve or tethering to neighbouring moving structures,
which cause stretching of the repair segment, can all provoke local nerve pain requiring
different treatment methods.
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Early signs of recovery
The second question that we need to answer in clinic is whether there are any hopeful
signs suggesting that the nerve is making progress. Before we can assess whether end organs are reconnected the only clue is a progressive Tinel’s1 sign. A Tinel’s sign, described
in detail in 1915 almost a hundred years ago, is where the nerve is tapped from distal to
proximal towards the repair site until the patient responds and says they feel a tingling
in the nerve distribution. This point is recorded and the distance from the repair site
measured and noted. At the subsequent clinic visit this is re-examined and if the Tinel’s
sign occurs at a greater distance from the repair site this is taken as identification of the
front of regenerating axons. This assessment is not difficult in superficial nerves, but is
not useful in very distal cuts.
Surgeons must be aware of the uncertainty of this test as the act of tapping can
transmit the mechanical stimulus to the repair site where membrane depolarisation may
occur causing a false positive Tinel’s test. So interpretation is difficult and often a static
Tinel’s test, which does not progress, is just the limit of the zone where mechanical
stimulation causes depolarisation at the repair site itself with no relevance to a regenerating axon front.

Evidence of end organ recovery
The next question is whether there are any signs to suggest that the operated nerve is
connected to end organs. Often the patient will volunteer a history that the skin is not
as dry or that the sensation is beginning to return or that they can feel a previously
paralysed muscle contract. This suggests the beginning of the re-innervation and in the
early stage is difficult to confirm. All involved in assessing the state are clinically biased
as both patient and surgeon want the procedure to work and over interpretation is common. In small hand muscles, it is often difficult to feel a “flicker of contraction,” and,
as both the ulnar nerve and the median nerve innervate many hand muscles, it is often
possible to feel a “flicker.” So at this level the false positive rate is likely to be very high.
In practice, although we interpret this as a hopeful sign, follow up is preferred. It is only
when the muscle start performing its function and creating movement at the joint that
we can be confident that the regenerating axon front has re-formed some motor end
plates and has now the ability to get some part of the muscle to contract and move the
joint. Surgeons must be aware of trick movements, which may lead the unwary to document recovery when not present.
With regard to sensation just noting the extent of anaesthesia and documenting it
is enough. Now that digital photography is common, marking out the margins of the
anaesthetic area with a pen and photographing it provides adequate timed documentation. Early decrease in the area is usually attributed to the end organs of neighbouring
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unaffected nerves responding to the mechanical stimulus in the periphery of the anaesthetic area. There is central relearning, and the stimulus is interpreted as sensation, but
no actual re-innervation of end organs in the anaesthetic area has occurred. Then, for a
period of time the anaesthetic area remains unchanged before some slight sensation is
felt in the previously anaesthetic area.
Surgeons must be aware that Pacinian corpuscles and Ruffini networks are wide
area sensory end organs and in the radial digits these end organs with others linked to
the superficial divisions of the radial nerve may depolarise associated with the central
re-learning and be reported by the patient with a median nerve injury as perception of
sensation. Finally, sensation is a complex interpretation of a flood of signals coming
into the central nervous system (CNS) from the periphery and include the sensing of
muscle contraction, stretching of muscles, tendons and joint ligaments both within the
territory of the operated nerve and from the unaffected muscles, tendons and ligaments.
As time passes from the injury and surgery, the CNS re-organises and re-interprets the
information coming from the periphery. This can be interpreted by the un-wary surgeon as “recovery.”
It is only when a previously paralysed muscle can move a joint or there is objective
recovery, for instance of sweating in a previously dry area, that the surgeon can confirm
to the patient that there is evidence that the nerve is recovering and reconnecting to the
end organs.

How good is the recovery
It is the answer to the third question that will determine whether surgery has helped.
This answers the question of how many end organs are reconnected, how is this new
and lower level of information interpreted centrally and how useful is this new state to
the patient. This phase of assessment is well documented and well researched, but most
assessments are not used in routine clinical practice. So the clinical outcome assessments
are not robust and reproducible and very often inadequate. The simplest way of assessing recovery is to assess the power of previously paralysed muscles and the sensation
within previously anaesthetic areas. However, the patients desire “normality,” which is
difficult to assess.

Muscle recovery
A careful muscle chart and careful power examination on the six interval Medical Research Council (MRC) scale is all that is usually needed to monitor recovery. The MRC
motor scale is well known (Table 1) and is an interval scale which document re-formation of motor end plates and the control of muscle fibre contractions to perform work.
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Table 1. Medical Research Council Grades of motor and sensory recovery
Motor

Sensory

M0

No contraction

S0

No sensation felt

M1

Flicker of contraction

S1

Deep Cutaneous Pain

M2

Active movement with gravity

S2

Some recovery of touch and pain,

eliminated
M3

Active movement against gravity

but with over reaction
S3

Recovery of some touch and pain
without over reaction

M4

Active movement against resistance

S4

Recovery of sensation

but weak
M5

Normal strength against resistance

Levels M1 and M2 - active movement with gravity eliminated - is of little use apart
from being interpreted as some encouraging news for the patient and surgeon. M3 - active movement against gravity - is useful in the hand for finger extensions, to let go of
objects or pre-form the hand for grip, but is of little use to perform any work. It is only
recovery to M4 - active movement against resistance - that helps restore some functional
capacity and for all practical purposes this should be the minimum clinically important
level of recovery after surgery. However, all we assess in clinic is short maximum effort
and that this grade contains within it a range of recovery from almost useless with no
ability to sustain effort to near normal apart from early onset of fatigue and effort related
muscle aching. On the face of it, it seems that any recovery is a good outcome, but for
the patient it may not be so. Objectively measuring grip strength and pinch strength, or
even strength of each muscle with an appropriate dynamometer, can be done. In clinic,
we often use these tools, which are commonly available, to assess motor recovery after
M4 power is achieved. However, the history of the patient’s ability to use the hand for
Activities of Daily Living (ADL) and work is much more useful.
While recovery of muscle power can be assessed in subjective and objective ways, and
investigated using neurophysiology (EMG) and MRI (muscle volume, fat replacement),
sensory recovery is much more difficult to assess.

Sensory recovery
The literature on sensory assessment (Table 2) after nerve repair is vast, but in practice
very few tests are used and many that are conducted poorly. In clinic, we just check for
sweating, note whether the patient perceives improvement and assess if the area is anaesthetic, has decreased feeling of light touch, or if the patient feels normal sensations.
We feel for and note if sweating is normal, but more objective measures may be, but are
rarely, deployed.
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2.6 (4.3)

137.8 (72.5)

135 (66.4)

19.7 (4.3)

1.4 (2.85)

Gnosis objects (score 0–10)

Gnosis time (seconds)

Pick-up test (seconds)

Locognosia (score 0–28)

2PD (score 0–9)

1.53 (3.1)

20.7 (4.4)

110.2 (64)

115.4 (71.3)

4.4 (4.3)

10.5 (2.2)

10 months Mean
(SD)

0.77 (1.9)

23.2 (2.3)

115.6 (53.6)

101 (63.4)

5.2 (4.0)

10.8 (1.9)

14 months Mean
(SD)

These are two common tests. One is said to assess threshold and the other re-innervation density.

Reproduced with Permission from Elsevier and the Journal of Hand Surgery (Eur) from this article 2

9.2 (2.2)

WEST (score 0–15)

6 months Mean
(SD)

0.77 (1.9)

23.2 (2.9)

98.1 (52.6)

82.4 (53.9)

6.4 (3.2)

11.2 (1.7)

18 months Mean
(SD)

0.4

0.9

1.3

1.3

1.4

2.4

0.1 (small)

0.9 (large)

0.8 (large)

1.0 (large)

1.1 (large)

1.2 (large)

Standard
Effect size (Cohen’s
response mean interpretation)

Table 2. Responsiveness for the six sensibility dimensions over the 6 months to 18 months time interval (n=13), quantified using Standard response mean (SRM) and
Effect size (ES).

Figure 1. The photo demonstrates the standardised version of the threshold test, the WEST, and the
two-point discrimination (2-PD) testing device, popularised by Dellon and MacKinnon. WEST = Weinstein
Enhanced Sensory Tests™, is a set of monofilaments, which include five standard filaments that apply a
standard calibrated force of 0.07, 0.2, 2.0, 4.0 and 200 g to the contact surface. These monofilaments are
applied perpendicularly to the tip of the finger, and the pressure increased until the monofilament begins
to bend, which applies a standard force.

Threshold test
This uses hairs or filaments, the calibre of which provides constant and known force
(Figure 1) and this is said to assess the threshold at which the end organ depolarises.
Of all the sensory tests done, this is the most standard and different observers are likely
to reproducibly perform it. It has been shown to be reliable. The five filament WEST
(Weinstein Enhanced Sensory Tests™) test is easy to administer in a clinic or in a physiotherapy department, while it may be a good way of assessing whether re-innervation
of end organs (Small field, Slow Adapting Merkel’s discs) is progressing, most clinicians
do not use it.  However, if we were to standardise assessments then this is a good single
test for objectively calibrating hypoesthesia.
Two-point discrimination
The most commonly used test is the assessment of static (stimulating Merkel’s discs) or
moving (stimulating Meissner’s corpuscles and Merkel’s discs) two-point discrimination (2-PD). This is a very difficult, if not impossible, test to perform and document
with very wide variation in reports and is unlikely to be re-producible enough to be
useful in calibrating hypoesthesia.
It has been known of since 1835 when Weber described the use of a compass to
measure the distance between two points, which are felt as two points. This relates to
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the field of the receptor (usually Merkel’s discs) and in normal fingertips should be
around three mm. If the 2PD is over ten mm the part is probably anaesthetic. The
test is flawed on very many levels and this is well described by many 3. In our view this
test is meaningless even when done using standardisation and should be discontinued.
Certainly, the use of a paperclip or compass is flawed. A moving 2PD is almost impossible to administer in a standard manner. The fine differences in the time of application
of the two pints, the variation in innervation recovery in different parts of the finger,
the variation in the population density of end organs from patient to patient, fingertip
to fingertip, and changes in population density with age 4 with for example a four-fold
decrease in Meissner’s corpuscle density with age, make both the administration and interpretation of the 2PD so difficult (Table 3) that to persist with its use is just to persist
with a vestigial clinical ritual. We agree, with many researchers and commentators, that
this test should now be consigned to history.
Moberg pick up test
However, another test may not only be better, but more reliable and relevant and that
is the Moberg pick up test of picking and transferring with or without identifying 1020 every day objects. A timed Moberg test may provide evidence that is objective and
relevant. This is, however, not particularly useful for the ulnar nerve and of no use for
the radial nerve.
Proprioception
The area not considered is the recovery of proprioception, which is complex and involves the appreciation of the position of the hand in space and the velocity and acceleration of movement. This is a complex interaction between stretch receptors (muscle,
tendon, ligament and Ruffini mechanoreceptors) and linked also to other mechanoreceptors when performing prehension tasks (Meissner’s corpuscles; Merkel’s discs and
Pacinian corpuscles) with protection provided by nerve endings to perceive pain and
temperature. All these inputs are interpreted by the CNS against patterns and memory
to help us perform tasks in the quickest and most energy efficient ways. Movement
matching can assess this complex sense, but is a research tool.
Assessing function
For research purposes, objective function assessments using the Jebson’s test, the Sollerman test or using a raft of assessments with a computerised system [BTE (= Baltimore
Therapeutic Equipment etc.] would provide a calibration of the quality of recovery
especially after recovery of M4S3.
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We use common patient rated outcome measures to evaluate symptoms, impairment and disability and the Patient Evaluation Measure (PEM),5-7 Disability of Hand
and Shoulder (DASH) or the Michigan Hand Outcomes Questionnaire (MHQ) can be
used. If economic analyses are planned the SF12 or EQ5D need to be included. Some
questionnaires, such as the Carpal Tunnel Questionnaire (CTQ), or specific questions
may also be administered.
The generic questionnaires permit monitoring of the impact of injury and surgery
on the patient ability to function in activities of daily life and at work. All assessments of
improvement, seen in PEM transition question of “Bearing in mind my original injury
or condition, I feel my hand is now: 1 better than I expected to 7 worse than I expected”
is a particularly useful question to capture the patient’s perspective on outcome.
Consequences
Finally, there are three consequences of recovering nerves that need consideration. Painful feeling (hypersensitivity, allodynia, hyperpathia)8,9 and cold sensitivity10,11 and both
need identification and calibration. Cold sensitivity comes on early within months and
usually persists. It can affect 56-83% of patients with major nerve injury with female
patients and those with combined median and ulnar nerve injury particularly affected.
It can be assessed with a specific questionnaire11 calculating a Cold Intolerance Severity
Score (CISS).
The impact on patients overall quality of life must also be addressed and surgeons
must be aware of the way patients can respond with 39% experiencing depression and
21% having to significantly alter their activities.12,13
In conclusion, an important point in deciding an outcome is the interval after surgery before a meaningful outcome can be assessed which will be longest for proximal
nerve injury and surgery and shortest for distal nerve injury.14,15 I have not addressed the
use of neurophysiology16,17 in assessing outcome because it is rare that findings influence treatment decisions. In this chapter I have covered the monitoring and assessment
of nerves after surgery. In most cases objective assessment of sensory recovery is time
consuming and the methods used are neither sensitive nor specific for the end organs
of interest. Sensation is complex with over 30% of a motor nerve also being sensory.
We use muscle strength to evaluate recovery but do not routinely use objective sensory
assessment. Patient rated outcome measures are best to calibrate how far from normal
the patient remains a long time after nerve injury and surgery. Comprehensive outcome
assessment should address the1 site of surgery,2 re-connection to end organs,3 function
recovery and4 secondary effects.
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(<16 years)
132 (20)
22 (1)
73 (No data)
47 (No data)
28 (6)
25 (7)
41 (3)
25 (1)
20 (0)
15 (0)
10 (1)
28 (3)

Number of patients
36–240
12–176
24–108
>24
12–48
24–60
9–90
48–119
12–72
72–120
15–58
60

Follow-up,
months

Number of patients younger than 16 years in each study is indicated (when reported) in brackets.
Reproduced with permission from Elsevier and the Journal of Hand Surgery (Eur) from this article 3

Kallio and Vastama.ki (1993)
Chassard et al. (1993)
Kalomiri (1994) (in: Vanderhooft, 2000)
Daoutis(1994) (in: Vanderhooft, 2000)
Polatkan et al. (1998)
Rose!n (1996)
Jerosch-Herold (2000)
Ozkan et al. (2001)
Duteille (2001)
Kabak et al. (2002)
Hansson and Brismar (2003)
Lundborg et al. (2004)

published during the last decade

44%
22%
93% (7–15 mm)
68% (7–15 mm)
71%
24%
2%
58%
65%
100%
30%
14%

s2PD<15 mm
26%
5%
No data
51% (<6 mm)
39%
8%
0%
58%
15%
80%
20%
14%

s2PD<10 mm

Sutures/grafts
Sutures/grafts
Grafts
Grafts
Sutures
Sutures
Sutures/grafts
Nerve transfers
Sutures
Sutures
Sutures
Sutures/tubes

Repair
technique

Table 3 . Two-point discrimination (2-PD) measurements after median or ulnar nerve repairs at wrist/distal forearm level in papers published during the last decade

Table 3 —Two-point discrimination (2-PD) measurements after median or ulnar nerve repairs at wrist/distal forearm level in papers

commentators, that this test should now be consigned to history.

use is just to persist with a vestigial clinical ritual. We agree, with many researchers and
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10-1
Neuromas
Maurizio Calcagni*

Pietro Giovanoli*

Key points
• Painful neuromas can be treated surgically
• Careful diagnostics with test blocks to confirm the peripheral origin of the pain
• Different strategies for different nerves
• Wrapping for vital nerves
• Neuroma relocation for non-vital nerves

T

he potential for regeneration of the peripheral nerve fibres is responsible not only
for the functional recovery, but can also become the main reason for painful
complications as neuromas can be considered as the result of aimless axonal
regeneration. Neuropathic pain is a very broad definition that comprehends many
different clinical situations ranging from prolonged post-surgical pain to neuromas and
complex regional pain syndromes (CRPS). All these conditions have in common not
only pain, but also a tendency to become chronic, loss of function, resistance to normal
analgesics and are associated with reduced quality of life. The epidemiology is difficult
to evaluate, but it is estimated that neuropathic pain affect up to 3% of the population.
Different attempts to treat painful neuromas were done in the past, but the great
numbers of articles that can be found in the literature testify for the absence of consensus.
Many different strategies have been proposed and the preference is still based on personal
experiences and on the background of the treating specialist with neurologist and pain
specialists preferring a medical approach and surgeon the surgical one. It is our opinion
that a multidisciplinary approach with contribution of a hand surgeon, a neurologist
and a pain specialist is fundamental to achieve the best possible results.
*

Division of Plastic Surgery and Hand Surgery, University Hospital, Zurich, Raemistrasse 100, 8091 Zurich (CH).
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Aetiology and classification
The origin of neuromas is traumatic, such as chronic pressure, stretch, laceration,
crush, poor repair and others. Many of them are iatrogenic. Elliot1 identifies three main
pathological entities: end neuromas, neuromas in-continuity and scar tethered nerves.
The first one occurs at the stump of a severed nerve and is the result of ineffective nerve
regeneration. The nerve fibres cannot find a target and produce an irregular growth with
a lot of inflammation and proliferation of connective tissue. Neuromas in-continuity
is the result of a partial nerve injury or of a partial recovery after a lesion or a nerve
reconstruction. Their clinical presentation is very similar to scar tethered nerves. The
latter are the result of adhesions to a scarred bed that fix the nerve and expose it to
continuous irritation through joint movements or tendon gliding.
There are some different theories to explain the neuropathic pain. Demyelination
could be responsible for increased excitability. Uncontrolled spontaneous firing is
attributed to a higher number of sodium channels. Allodynia has been associated to
increased expression of voltage-gated calcium channels.2 Moreover, also the loss of the
physiological nerve gliding is considered a possible mechanical cause of the spontaneous
pain1 together with an altered local biochemistry.3

Clinical assessment
An accurate patient examination is fundamental to understand all the possible
components of reported symptoms and identify the nerves that are involved. Already the
observation of the patient, antalgic positions and demonstrative acting can inform on
the possible problems. The physical examination should start outside of the painful area
and move slowly to the affected one. In the upper extremity, there are often overlapping
innervation fields. Therefore, it is of paramount importance to examine all possibly
injured nerves. The “MacKinnon Sign”, the Tinel-like reaction that can be observed
when tapping on the affected nerve 8-10 centimetres away of the point of maximum
pain, can be very helpful. The patient is reassured and the pain will not mask the further
examination. Moreover, in reference with anatomical landmarks it can help to identify
which branches are involved also in case of overlapping territories.
Different schemes have been developed to assess pain that take into account a number of
different physical and psychological parameters. However, they are time consuming and
require a full collaboration of the patients. On the opposite, the classification proposed
by Sood1 summarizes effectively the different type of pain that are usually reported in
five modality: spontaneous pain, spikes, pressure (or tap) pain, movement pain and
hypersensitivity. Each modality is then graded as severe, moderate, mild or none. This
simplified scale, even though it remains subjective, is easier to understand for the patient
and offers a good base for describing the changes after treatment. Before giving the
indication to surgery, we routinely perform a lidocaine block. A good response with
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a good pain reduction has been associated to better results.4 Moreover, in the case a
resection and relocation of the neuroma is planned, the patient can have an idea of
extent of the resulting anaesthetic area.

Treatment of painful neuromas
The best treatment for neuromas is prevention. A careful, non-traumatic and tension–
free coaptation of the severed stumps is the most effective technique to prevent the
formation of neuromas. If the nerve injury was not recognised and not treated primarily,
and the nerve ends are available, an attempt should be made to reconstruct the nerve,
most likely with grafts to bridge the gap. The neuroma is resected back until a normal
fascicle pattern can be recognised under high magnification, the defect is measured
and the nerve is then reconstructed with autologous nerve grafts. The artificial nerve
conduits is discussed in another chapter, but one of the points in favour to their use is
that no additional nerve lesion is produced that could evolve into an additional painful
neuroma. The usual donor areas for autologous nerve grafts are, beside the sural nerve,
the posterior interosseous nerve (PIN) and the medial antebrachial cutaneous nerve
(MCAB). At the moment there is no evidence that any kind of artificial conduit could
be superior to autologous nerve grafts.
Surgical treatment has to be adapted to the type of neuroma. End-neuromas are
usually relocated in muscle or bone, while neuroma in-continuity and scar tethered
nerves are usually wrapped with a fascial flap. Perineurial fat grafting can be applied in
both conditions.
Relocation
Relocation of the neuromas in a suitable proximal, and in many cases deeper, position
in bone and muscle is one of the most used techniques. The rational is to remove the
neuroma from a peripheral region where it is exposed to external traumatism and/or
internal pressure (gliding tendons) and/or stretching (joint motion) and to place it in
a new more proximal and protected site. The nerve is exposed and dissected from the
scarred area, the neuroma is resected and then the nerve end is embedded in muscle or
bone. There are different theories to explain the mechanism of pain reduction, but no
definitive explanation has been found. Beside the idea of protection of the nerve with
a thick layer of soft tissues and its isolation from mechanical stimulations (external and
internal), there are some evidences that the new environment might have a beneficial
effect. This has been observed after relocation into a muscle or a bone, where the
formation of a neuroma was reduced and the relocated nerve showed a less altered
microscopic structure. Another finding is that the high concentration of Nerve Growth
Factor (NGF) in the soft tissues surrounding the neuroma is dramatically reduced after
relocation.5 The real meaning of the NGF changes is not clear, but it can have an
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“irritation” effect on the nerve and thus contribute to the symptomatology. The most
favourable locations for neuroma relocation will be discussed later in this chapter.
Relocation in a vein has also been used with success. The rationale is that the
endothelium and the blood have an adverse effect on the regenerating fibres. In this
technique, the nerve is isolated and mobilized enough to reach a local vein without
tension. The neuroma is then resected and the nerve end is placed in the lumen of the
vein and sutured to the wall to prevent dislocation.
Coverage and/or wrapping
In all cases, where the neuroma cannot be resected (neuroma in-continuity or scar
tethered vital nerves, residual function, etc.) and it is impossible to relocate the nerve
end, wrapping with unscarred tissue can be used. Depending on the location and
surgeon preferences, different tissues have been used, such as muscle, fascia or skin with
subcutaneous tissue. The rationale behind this strategy is to resect radically the scar and
cover the nerve with well-vascularized tissue. The bulk should protect the nerve from
external mechanical stimulation and isolate the nerve from gliding structures. Fascial
flaps have the advantage of been pliable and thin enough to be wrapped around the
nerve. Disadvantage is that the bulk is often not enough to protect from external blows.
Similar problem are encountered after coverage with muscle flaps, the bulk reduces over
time because of the atrophy that take place and the neuroma remains unprotected.
Vein wrapping has also been proposed and some encouraging results have been
published, but are less reliable as reported in vein relocation. The main problem being
the scar tissue that develops at the end of the wrapping and the induced extensive
devascularisation of the nerve.
Perineural fat graft
Recently, fat grafting has been proposed for the treatment of neuromas.6 The neuroma is
dissected and mobilised enough to allow for relocation in a nearby healthy subcutaneous
position. The nerve is in a subcutaneous tunnel under normal skin and lipofilling
cannulas are placed around it for the injection of the fat, which is harvested from the
abdomen in a standard way.
Treatment with drugs
Even though the non-surgical treatment is outside the purpose of this chapter, it is
important to mention the place of drugs and neuro-modulation. The research about
the central component of pain has demonstrated the possibility of using membranestabilizer (calcium channels), as gabapentine, pregabalin, or duloxetine (a Serotoninnorepinephrine-reuptake- inhibitor). These drugs can reduce the spontaneous pain and
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to some extent the spikes, but they are often associated to heavy side effects. Amitriptyline
(a tricyclic antidepressant) has less side effects and can also be helpful, especially in
patients with depressive problems (for an extensive review see).2 Local anaesthetic
patches can be helpful, but are short acting and remove protective sensation. Recently,
high concentration capsaicin patches have been released on the market. Their main
indication is localised hypersensitivity, but they do not have any effect on the rest pain.
The effect is local through the transient receptor potential cation channel subfamily
V member 1 (TrpV1), which function to regulate body temperature. Moreover, they
provide sensation of scalding heat and pain (nociception). After injury and consequently
inflammation, there is an increased sensitivity of TrpV1 that is mediated by bradykinin
and prostaglandins. Exposition to capsaicin decreases the activity of TrpV1 and, thus,
also hypersensitivity and allodynia. The effects of the local application last about 90
days.
Neuromodulation
In all cases, where adequate surgery is not enough to reduce pain, neuro-modulation
through an implanted electrode can be considered. Not only the pain specialist carefully
assesses the patient, but also the psychiatrist should evaluate the patient in order to
exclude other possible causes (psychiatric condition, work compensation, environmental
etc). The mechanism of action is based upon an over-riding stimulation of the proximal
afferent fibres. This continuous high-frequency stimulation can be effective in reducing
pain, in particular allodynia. There are two possible locations for the electrodes: on the
affected nerve proximally to the lesion or on the posterior roots at the cervical level. The
second option is obligatory when more than one nerve is affected.
The implantation of a peripheral electric stimulator requires two surgical steps. In
the first one, the electrode is placed proximal to the lesion in the upper arm or in the
brachial plexus. The electrode should be inserted under the mesoneurium as close as
possible to the nerve itself. The fixation is delicate as the nerve should be able to glide
freely without dislocating the electrode. The tail is then tunnelled subcutaneously and
a temporary external stimulator is applied for a test phase. After 5 to 7 days of positive
response the definitive stimulator is implanted subcutaneously.

Indications
Neuroma in-continuity
In case of neuroma in-continuity of any main nerve with a vital function, such as the
median or the ulnar nerves, resection and proximal relocation is not possible. If the
nerve was primarily poorly repaired or no previous attempt was made, the first choice
is a reconstruction with nerve grafts. Only in case of previous unsuccessful surgery or a
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missing distal nerve end, other solutions should be taken in account. In these cases, the
strategy is to free the nerve out of the scar and the gliding structures and to cover it with
healthy tissue. Good results have reported with fascial flaps wrapped around the nerve,1
coverage with muscle or fat flaps7 and more recently with perineurial fat grafting.6 The
published results are very inhomogeneous and there is no evidence of the superiority of
one type of coverage over the others. The fascial flaps allow a real wrapping around the
nerve and a complete isolation of the nerve from adjacent tendons, while muscle, fat or
skin flaps provide more bulk.
Fascial flaps can be harvested along the whole length of the forearm, including the
feeding branches from either the radial or the ulnar artery in the base of the flap and
then wrapped around the nerve. The choice depends on previous surgery and location
of the neuroma. Some regional flaps have been used extensively for coverage, such as
the interosseous reverse island flap, the Becker flap, the pronator quadratus muscle
and the hypothenar fat flap. The posterior interosseous reverse island flap is based
on the posterior interosseous artery and its communicating branch with the anterior
interosseous system. The flap can be harvested as a pure fascial flap or with a skin
island. In this case, a big margin of extra fascia, to be wrapped around the nerve, should
be included. The flap can then be transposed around the ulnar margin of the wrist or
through the interosseous membrane; the fascia is interposed between the nerve and the
tendons to prevent stimulation from the gliding structures. The skin island relieves the
tension on the skin at the wrist where no extra skin is available for the inset of a buried
flap (Figure 1). The main disadvantages of this flap are the long longitudinal scar at the
dorsal side of the forearm and the delicate dissection.
The Becker flap has similar indications, but with a smaller arc of rotation. This is,
however, enough to reach the median nerve at the distal forearm. Also, this flap can be
harvested as a pure fascial or with a skin island, but it is mandatory that the donor site
is closed primarily in order to avoid secondary problems on the ulnar site of the distal
forearm. In some recalcitrant cases, where motion pain does not improve, resection of
the flexor digitorum superficialis tendons or an wrist fusion can be necessary.1
End neuroma
The end neuromas of the upper extremity have been classified according to the
localization.8,9 In zone I are the lesions of the digital nerves, dorsal branches of the
digital nerves and distal branches innervating the dorsum of the hand. These are usually
buried in bone. Neuromas at the level of middle and distal phalanxes are dissected,
shortened as necessary and buried on the lateral side of the proximal phalanx deep in
the web space. The neuroma is resected and the nerve end is fixed to the periosteum to
prevent accidental dislocation. Neuromas that are formed at the level of the proximal
phalanx are usually buried in the metacarpals. It is very important to prevent secondary
compression through the interossei muscles and therefore, after proximal dissection and
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Figure 1. Neuroma in-continuity of the
ulnar nerve at the distal forearm after two
attempts to reconstruct the nerve. a) The
nerve is dissected and the scarred tissue is
excised. b) Neurolysis of the neuroma. c)
The posterior interosseous flap is planned
at the dorsal aspect of the forearm with an
extra margin of fascia around the skin island.
d) The flap is transposed around the ulnar
border of the forearm into the defect and the
fascia is wrapped around the nerve. Note the
wrist in full extension to check for secondary
compression sites or residual adhesions.
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dorsal transposition, the nerve stump should be buried into the metacarpal bone in a
dorso-lateral position.
Zone II is the ulno-palmar aspect of the hand and distal forearm. The nerves that
are encountered are the common digital nerves, the median and ulnar nerves with their
palmar skin branches and the dorsal branch of the ulnar nerve. In this region, the first
choice is relocation in the pronator quadratus muscle. The injured nerve is dissected
back proximal to the wrist, the neuroma is resected and the nerve is transposed into the
muscle taking great care to avoid tension in all positions of the elbow and wrist. The
nerve is fixed at the point where it enters in the muscle belly.
Zone III is the dorso-radial aspect of the hand, wrist and forearm. The nerves
responsible for neuromas in this area are the superficial branch of the radial nerve, the
lateral cutaneous antebrachial nerve and the posterior cutaneous nerve of the forearm.
Their territories often overlap and a very accurate pre-operative assessment with nerve
blocks is necessary and in some cases more then one nerve have to be relocated.8,7 The
superficial radial nerve is very prone to develop painful neuromas for many reasons.
It is due to the anatomy, that the nerve is fixed at the wrist level where it perforates
the fascia; it is stretched during wrist movements, and its superficial location, where
it is very exposed to accidental blows. These neuromas are usually relocated in the
brachioradialis muscle. The nerve is dissected at the proximal third of the forearm,
shortened as necessary and buried at the deep surface of the muscle. Also, an accurate
tension-free positioning should be controlled through the full range of motion of the
elbow and wrist. The lateral cutaneous antebrachial nerve can be relocated together with
the superficial radial nerve in the brachioradialis muscle. A good alternative, especially
if the radial nerve was already relocated in a previous operation, is to approach it in the
cubital fossa and relocate it in the brachial muscle above the elbow.8

Post-operative management
Intraoperatively, a catheter is placed for local continuous analgesia. Starting from the
first postoperative day, long acting opioid drugs are used and the local infusion is reduced
progressively over one to three days depending on the needs of the patients. Splinting
to avoid possible mechanical stimulation is applied for 10-14 days. Afterwards, gentle
mobilisation is initiated with a hand therapist.

Outcomes
The length of follow-up is important in outcome measurements after surgery for painful
neuromas and CRPS. The great majority of patients show a great improvement, or
even complete disappearance, of pain after resection of the neuroma. Without further
treatment, as mentioned above, this is likely to recur to some extent, or even completely
323

after 2-3 weeks. Nerve fibres start to regenerate and scar tissue fixes again the nerve at
the surrounding structure reproducing the pre-operative conditions. The success rate
of treatment of neuroma in-continuity with neurolysis and flap coverage varies greatly
in the literature. Approximately two thirds of the patients report a pain reduction
after the operation, but functional recovery is often disappointing and around one
third of patients return to pain level similar to pre-operative.1,4 Nevertheless, it is the
only procedure with enough evidences at the moment. Perineurial fat grafting looks
promising, but more experience is needed to understand the real effectiveness of this
procedure. The spontaneous pain and spikes are the pain qualities that are more likely
to be treated.
Successful results after end neuroma relocation in a muscle or a bone have been
reported, such as effective in 56%4 and 90%1 of all cases. However, in some cases, a second
operation for re-relocation or treatment of an additional nerve branch is necessary to
achieve good results (i.e. pain reduction and function recovery). Residual pain and pain
at the site of relocation are the most commonly reported secondary symptoms. Some
preoperative factors have been identified that correlate with outcome:4 1) patient with
successful diagnostic block had statistically better results; 2) duration of pain of more
than 48 months was associated with a worse outcome; 3) smokers and 4) unemployed
patients had statistically worse results and 5) CRPS was also an aggravating factor.
In conclusion, painful neuromas and CRPS are common and invalidating problems
and a large number of possible treatments have been proposed. Actually, there is no
universal solution and the treatment should be adapted to the patient and to the site of
the neuroma. Fair to good results could be achieved with surgical treatment when the
following principles were followed: 1) accurate patient selection: consistent sign and
symptoms, positive block test, non-smokers, pain history shorter than four years, no
signs of CRPS; 2) careful surgery with neuroma resection (if possible) and tension free
relocation or wrapping; 3) precise post-operative pain management and rehabilitation.
Other strategies, such drugs or neuro-modulation, can be helpful in surgery resistant
cases, but they are treatments that have to be followed for a long time or even life long.
Better understanding of all the factors involved in nerve healing and the clarifications
of the interactions between axons and surrounding tissues could lead to new treatment
strategies.
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10-2
Complex Regional Pain Syndrome
(CRPS)
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Marianne Nygaard***

Key points
• The diagnosis of CRPS is difficult and should only me made when other causes for
the symptoms of the patient have been excluded.
• The clinical findings are characterized by being disproportionate to the extent of the
injury.
• There is no single test, which is validated for the diagnosis of CRPS.
• Treatment diverges from physiotherapy in mild cases to a multidisciplinary treatment with drugs and regional anaesthetic blockade in severe cases.
• The prognosis is difficult to predict.

C

omplex regional pain syndrome (CRPS) is a complicated combination of allodynia, oedema, decreased range of motion, weakness, trophic changes, and vasomotor symptoms in an extremity, most often affecting the upper limb (Figure
1). The condition frequently appears after minor trauma, such as e.g. a distal radius
fracture, immobilization, ischemia or nerve compression. Co-existing diseases, such as
hyperlipidemia, diabetes mellitus, hemiplegia, alcoholism, migraine, osteoporosis, ast-
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hma and treatment with ACE-inhibitors may increase the risk for CRPS.1-3 there is no
evidence of a psychological comorbidity or heredity. The clinical findings are characterized by being disproportionate to the extent of the injury.
The syndrome has a long literate history. Dr. Ambroise Paré, a French surgeon
(1510 – 1590), was probably the first to publish a case of CRPS in 1634 as he reported
that King Charles IX suffered from persistent pain and contractures of his arm following
a curative bloodletting procedure. Later, Silas Weir Mitchell presented a more detailed
description of the condition in 1864, and many authors have since presented cases
and data about the condition. In spite of this, the aetiology of the syndrome is still
an enigma. Because of the weak definition and understanding of the syndrome, it has
been mentioned by more than a hundred names. Some of the more frequent used names have been causalgia, Sudecks atrophy, algodystrophy, sympathetic reflex dystrophy,
shoulder-hand syndrome, and chronic traumatic oedema, among others. However, the
exact pathogenesis remains unclear. The theories are divided into central and peripheral
genesis or whether it is a neurogenetic or inflammatory mechanism or both.

Diagnosis
In 1994 The International Association for the Study for Pain (IASP) made a consensus for the diagnostic criteria of CRPS with the purpose to uniform the criteria and to
meet research standards for the syndrome.4 The syndrome is now referred to as either
type 1 or type 2, respectively. The clinical features of the two types are identical, except
that type 2 represents a previous identified peripheral nerve injury, and that the pain is
usually limited to the distribution of one nerve. The physical appearance may vary from
patient to patient, and it may also undergo changes in the same patient over time.
The diagnosis of CRPS can be made, according to the current Budapest Criteria, if the
following criteria are fulfilled.4
A) Continuing pain, which is disproportionate to any inciting event.
B) At least one symptom in three of the following four categories:
1. Sensory: reports of hyperesthesia and/or allodynia.
2. Vasomotor: reports of temperature asymmetry and/or skin colour changes, and/or
skin colour asymmetry.
3. Sudomotor/oedema: reports of oedema and/or sweating changes, and/or sweating
asymmetry.
4. Motor/trophic: reports of decreased range of motion and/or motor dysfunction
(weakness, tremor, dystonia) and/or trophic changes (hair, nail, skin).
C) At least one sign at the time of evaluation in two or more of the following categories:
1. Sensory: evidence of hyperalgesia (to pinprick) and/or allodynia (to light touch
and/or deep somatic pressure and/or joint movement).
2. Vasomotor: evidence of temperature asymmetry and/or skin colour changes and/
or asymmetry.
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3. Sudomotor/oedema: evidence of oedema and/or sweating changes and/or sweating
asymmetry.
4. Motor/trophic: evidence of decreased range of motion and/or motor dysfunction
(weakness, tremor, dystonia) and/or trophic changes (hair, nail, skin).
D) There are no other diagnoses that better explain the signs and symptoms.
Because of a low specificity (0.41) of the IASP criteria, the guidelines were further modified in Budapest, in 2003. The Budapest criteria retained the sensitivity of the IASP
criteria (0.99), but improved upon the specificity to 0.68. Some research criterions were
further modified, resulting in a specificity of 0.79.5

Epidemiology
Since CRPS is a multifactorial syndrome with many overlying symptoms, there is some
uncertainty of the scientific data available. The prevalence is estimated to <2% - 10%,
while the incidence is calculated to 0.8 - 26.2 per 100,000.4,6 The female to male ratio
is 2-4:1, the risk peaks at the age of 40-70 years, and the upper extremity is most often
involved. Only few studies reports of the prevalence in children, but the syndrome is
believed to be rare in children.
In general the prognosis seems to be poor, since even six years after onset of the syndrome only 30 % of patients consider themselves completely recovered. Several patients
never return to work. Treatment is difficult to evaluate since currently a definition of
the recovery from CRPS does not exist.

Diagnostics
It is important to remember that there is no single test, which is validated for the diagnosis of CRPS. There are, however, tools that help practitioners to document their clinical findings of autonomic, sensory, and motor function and their dysfunction. Here,
we describe various tests that may be useful and their relation to CRPS.
Plain radiographs (X-ray)
During the first stage of CRPS (0-3 months), the plain radiograph of the extremity
usually looks normal, while in later stages (3-12 months) osteopenia appears. According
to a German study, specificity is high for plain radiography that facilitates the diagnosis
as soon as any changes in the bony develop7 (Figure 2).
Bone Scans
Bone scanning, used for CRPS, can only detect changes that occur during the sub-acute
period; during the first year.8 The three-phase bone scan, which uses immediate and delayed images to study blood flow, is especially useful to diagnose CRPS. Bone Density
Tests has a low specificity and sensitivity for the diagnosis of CRPS (Figure 3).
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Magnetic resonance imaging (MRI) and Positron emission tomography
(PET scans)
MRI and PET scans that measures the biological activity throughout the body are
non-invasive and can be used, but both techniques have a low specificity and a medium
sensitivity.
Measurement of skin temperature
Infrared thermometry/-graphy measures differences in skin temperature and blood flow.
Any changes are controlled by the sympathetic nervous system. This testing is sensitive
to skin temperature changes to one-tenth of one degree centigrade.9
Electrophysiological tests
Measurement of nerve conduction tests the velocity and the amplitude of the electrical
signals through the nerves. Electrodes are placed on the skin over the tested nerves. According to the Rommel Study, 16 of 35 CRPS patients were found to have impaired nerve
conduction.10 The test may be vital to differentiate between CRPS types 1 and 2.

Treatment
Several treatments have been described in the literature, but only few methods have
been efficient on an evidence-based evaluation. There is a general agreement that multidisciplinary treatment is the most effective way to reduce or, if possible, remove complaints regarding CRPS. Perez et al. has gathered information regarding the treatment in
a large review article containing the results of over 150 studies on this topic.11
Physiotherapy
It is recommended to initiate physiotherapy at an early phase of the condition, to facilitate recovery and to maintain the functionality of the limb. The effect of physiotherapy
is primarily a reduction of pain, but it also has a positive effect on the abnormal skin
temperature, improve the mobility and decrease the oedema.11 Functional impairments
can be further improved by the combination of physiotherapy and pharmacological
treatment.
Occupational therapy
The utilization of rehabilitation principles in occupational therapy has a positive effect
on the functional limitations, and the activity level of patients with upper limb CRPS.11
Psychological treatment
The results of treatment by a psychologist has been reported in several studies, but there
seems to be only poor evidence regarding its efficiency.11
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Drugs applied to the skin
Free radical scavengers, such as dimethylsulphonoxide or N-acetyl cysteine, as a topical
treatment administered five times a day for two months, has a significant reduction of
symptoms in type 1 CRPS.
Regionally applied drugs
Spinal cord stimulation (SCS)
Spinal cord stimulation (SCS) consists of implantation of stimulating electrodes in the
epidural space, an electrical pulse generator, which is implanted in the lower abdominal area or in the gluteal region, conducting wires connecting the electrodes to the
generator, and a generator remote control. SCS is effective in carefully selected chronic
refractory cases with type 1 CRPS. Patients, who are treated, experience a significant
reduction in pain on a long-term basis. Furthermore, there is a significant increase in
quality of life, but no improvement in function of the affected limb is observed.11
Intravenous sympathetic block
Ketanserine, administered intravenously in doses of 10-20 mg, has a slight effect on the
reduction of pain among patients with type 1 CRPS.12 However, treatment with guanetidine or lidocaine has no pain reducing effect in patients with type 1 CRPS.11
Percutaneous sympathetic block (PSB)
Treatment with percutaneous sympathetic block (PSB) has no effect on patients with
type 1 CRPS-1. One study, with a total of 1144 patients included, showed a temporary
effect in pain reduction in less than a third of the patients and the results was considered
to be caused by a placebo effect.

Systemically administrated drugs
Vitamin C
Prophylactic treatment with vitamin C may reduce the development of type 1 CRPS in
patients with a distal radius fracture.11
Corticosteroids
Several trials have shown a beneficial effect by using corticosteroids in the treatment of
type 1 CRPS, but the evidence level is considered to be low. A Danish study, including
23 patients, demonstrated a pronounced effect in pain reduction.12 However, dosage
and duration of the treatment with the drug is still uncertain. Sebastin et al. recommends 30 mg as an initial dose and thereafter the dose should be decreased with 2.5 mg
every second day.4
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N-acetylcysteine
Treatment with N-acetylcysteine is effective in oral doses of 600 mg three times a day
for two months.11
Anticonvulsants
Treatment with gabapentin in doses of 600-1800 mg a day has a modest, but significant, reduction in neuropathic pain after eight weeks of treatment. Gabapentin
has only a limited effect on other symptoms, such as allodynia and hyperaesthesia.11
Carbamazepine, pregabalin and phenytoin have not been proven to reduce symptoms
of CRPS.
Oral muscle relaxants (OMR)
Benzodiazepines or high doses of baclofen have some evidence to support the use for
dystonia or spasms, but the evidence level is low.11 There is insufficient evidence of use
oral muscle relaxants (OMR) in patients with CRPS.
Bisphosphonates
Treatment with bisphosphonates does have a beneficial effect on signs of inflammation,
such as tenderness, swelling and increased temperature of the affected limb in patients
with CRPS-1. The optimal dosage, the frequency and the duration of treatment are jet
to be explored. It is recommended to administer 40 mg orally per day.11
Paracetamol, NSAIDs, and opioids
Treatment with paracetamol, NSAIDs, or opioids have no pain relieving effect in patients with type 1 CRPS.11
Calcitonin
There is conflicting evidence for the efficiency on pain reduction in type 1 CRPS of
treatment with calcitonin, and such treatment can therefore not be recommended.11
Calcium-channel blockers
Treatment with calcium-channel blockers may have some effect on type 1 CRPS in the
acute phase, but the specific effect is not described or defined.11

Surgical treatment
Surgical sympathectomy
Surgical sympathectomy is described to reduce pain in type 1 CRPS, but the effect
declines over time.11
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Amputation
Surgical treatment with amputation of the affected part of the extremity has been described, but the evidence level is low. . A retrospective study of 111 amputations in 107
patients concluded an insufficient knowledge regarding the efficiency of amputation
and this treatment is therefore not advisable.13
Note:
“A special thanks to D. Radev, MD., Gentofte, Denmark  for the work to find and
process figure 2.”

Figure 1. Second finger ( arrow) showing digital CRPS with trophic skin changes

Figure 2. Osteopenia in the hand - after about 6 months - showing decalcification of the bones.
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Figure 3. Bone scan showing juxta-medullar uptake in the left hand.
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10-3
Management of Pain
Sarah Love-Jones*

Key points
• Nerve injury may result in continued pain, either in the specific nerve distribution
or in a whole limb.
• Pain may be acute if it occurs immediately after the injury or after surgery.
• Chronic (persistent) pain is diagnosed if pain continues to be a problem after three
months.
• Neuropathic pain is pain caused by nerve injury or disorder and is qualitatively different from other types of pain.
• Neuropathic pain is often accompanied by sensory changes, such as allodynia and
hyperalgesia (see definitions).

Definitions
Pain – ‘an unpleasant sensory and emotional experience associated with actual or
potential tissue damage, or described in terms of such damage’ (International Association
for the Study of Pain, 2007).
Nociceptive pain – an identifiable lesion causing tissue damage, accompanied by
stimulation of nociceptors, in somatic or visceral structures.
Neuropathic pain – pain initiated or caused by primary lesion or dysfunction of the
central or peripheral nervous system
Allodynia – pain following an innocuous stimulus.
Hyperalgesia – pain of abnormal severity following a painful stimulus
*
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Hyperpathia – pain after a repeated innocuous stimulation
Hyperesthesia – increased sensitivity to stimulation, excluding the special senses
Hypoaesthesia – loss of normal sensation following a non-painful stimulus
Hypoalgesia – loss of painful sensation after painful stimulus

Management of Acute Pain
Most acute pain, in the postoperative period is nociceptive in nature. However, less
commonly acute pain can be neuropathic following nerve injury. The specific signs
of neuropathic pain, such as allodynia and hyperalgesia, should be sought as these may
require different treatments. Patients with neuropathic pain often describe symptoms of
burning pain, shooting or stabbing pains.
The World Health Organization (WHO) analgesic ladder is an effective guide for
prescribing analgesics in cancer pain and has three levels of analgesia:
Level 1 – Paracetamol, NSAIDs (ibuprofen, aspirin)
Level 2 – Weak opioids for mild to moderate pain (codeine, tramadol)
Level 3 – Strong opioids for severe pain (morphine, oxycodone, fentanyl)
Use of the WHO ladder in the acute pain setting has been less useful and in fact for
postoperative pain, the ladder is inverted to start at Level 3, to obtain rapid pain control.
The World Federation of Societies of Anaesthesiologists (WFSA) analgesic ladder is
used to improve postoperative pain control and has the following three steps:
Step 1 – Strong opioids intravenously, local anaesthetics +/- NSAIDs
Step 2 – Opioids orally +/- NSAIDs
Step 3 – Paracetamol +/- NSAIDs
Acute neuropathic postoperative pain may need treatment with antidepressants,
such as Amitriptyline, or anticonvulsants, such as Gabapentin.

Management of Chronic pain
Chronic or persistent pain not only has sensory aspects, but also psychological, physical
and environmental factors. Neuropathic pain tends to be chronic and is not well
treated by conventional analgesics. Full rehabilitation often requires comprehensive
multidisciplinary assessment and treatment. These treatment options include:
1. Pharmacological therapies
2. Interventional therapies
3. Physical therapies
4. Psychological therapy
5. Neuromodulation
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1. Pharmacological therapies for chronic pain
When treating patients with chronic pain, it is accepted that polypharmacy – the use
of more than one class of drug - is very often needed to control pain and the use of
medications needs to be employed with psychological, physical and other therapies to
be effective.
Opioids. Over the last 15 years it has become acceptable to use opioids in noncancer pain, whereas it was previously thought that chronic pain did not respond well
to opioid therapy. There is some evidence that opioids can be useful in the treatment of
chronic pain, including neuropathic pain.1 However, the long-term effects of continued
opioid use are not known. It is important when using opioids for chronic pain that
quality of life is improved as well as reduction in pain. Prescribers should be vigilant for
problems with opioid use, such as tolerance, addiction and dependence.
Opioids are classified into weak or strong opioids. Weak opioids include codeine,
tramadol and dihydrocodeine. Strong opioids include, morphine, fentanyl, oxycodone,
buprenorphine and methadone. Opioids used in chronic pain are given as slow release
preparations, either orally or transdermally. Immediate release preparations can be
useful, but predispose to problem drug use and tolerance if used long term. Injectable
opioids should never be used to manage persistent pain.
Side effects occur in up to 80% of people taking opioids. These include nausea,
vomiting, constipation, pruritus, drowsiness and impaired concentration and
occasionally in oral preparations respiratory depression.
Non-Steroidal anti-inflammatory drugs (NSAIDs). Both the traditional nonselective NSAIDs, such as ibuprofen and diclofenac, and the newer COX-2 selective
inhibitors, such as etoricoxib, rofecoxib, celecoxib and meloxicam, are the most frequently
prescribed medications worldwide. They have both analgesic and anti-inflammatory
actions, which make them efficacious in both acute and chronic pain, although evidence
is limited in their use for neuropathic pain. The main limitations of their use in chronic
pain are the potential for adverse effects, such as renal, gastrointestinal and cardiovascular
toxicity. NSAIDs are best used for short periods during pain flare-ups.
Antidepressants. Antidepressants, such as the tricyclic antidepressants (TCA)
amitriptyline and nortriptyline, are first line treatment for neuropathic pain. They have
an NNT (number needed to treat) of 3 and their pain relieving effect is independent of
their mood-enhancing effect. TCA’s main mechanism of action is to inhibit reuptake
of noradrenaline and serotonin. They also have actions at cholinergic and histaminergic
receptors as well as an action on sodium channels. Adverse effects, probably due to
their multiple sites of action, limit their use. The serotonin and noradrenaline reuptake
inhibitors (SNRI), such as venlafaxine and duloxetine, are now sometimes used due to
their being better tolerated.
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Anticonvulsants. Anticonvulsants, such as gabapentin, pregabalin and
carbamazepine, are second line treatment for neuropathic pain, often used if TCA
are not tolerated or in addition to antidepressants. Their mechanism of action is to
block voltage-gated ion channel on sensory neurons, which are in a hyperexcitable state
in neuropathic pain. Gabapentin and pregabalin act by blocking the α2δ subunit of
presynaptic calcium channels. Carbamazepine blocks voltage gated sodium channels.
Other anticonvulsants, such as lamotrigine and topiramate, are also used to treat
neuropathic pain, although with not the same efficacy as gabapentin and pregabalin.
Topical Analgesics. Topical analgesics are useful for peripheral neuropathic pain
conditions. Lidocaine (5%) patches are licensed for postherpetic neuralgia, but are
often used off-licence for other causes of allodynia or hyperalgesia, such as scar pain or
complex regional pain syndrome (CRPS). Capsaicin cream (0.025-0.075%) applied
topically affords benefit in peripheral neuropathic pain conditions. Capsaicin (chilli
extract) binds to the TRPV1 (i.e. transient receptor potential cation channel, subfamily
V, member 1) channel on C-fibre nociceptors and releases inflammatory mediators
including substance P. Initially this produces itch or increase in pain, but after
subsequent application, depletion of C-fibre mediators occurs and pain reduces due
to desensitization. Recently a high dose 8% capsaicin patch (Qutenza®) has become
available – this is a day case treatment, restricted to specialist centres.

Interventional treatments for chronic pain
Peripheral nerve blocks with local anaesthetic are most commonly used for acute
pain after surgery or trauma, but are often used with a combination of steroid and
LA for chronic pain conditions. Peripheral nerve blocks are usually performed under
ultrasound guidance in the pain clinic, including greater occipital nerve, suprascapular
nerve, lateral cutaneous nerve of thigh, ilioinguinal and genitofemoral nerve blocks.
Lumbar nerve root blocks are performed under X-ray with contrast for the treatment of
radicular leg pain.
Plexus blocks commonly performed in the chronic pain setting are brachial and
lumbar plexus and can block several nerves at a time.
Brachial plexus block is indicated in CRPS and tumour invasion of brachial
plexus. There are four main approaches to the brachial plexus: axillary, infraclavicular,
supraclavicular and interscalene.
Lumbar plexus block is indicated for analgesia of hip and thigh and cancer pain from
hip or upper femur.
Sympathetic blocks. The sympathetic nervous system is involved in the generation
of pain in some conditions, such as CRPS. There is an abnormal response of the primary
nociceptive afferent fibres to stimulation of sympathetic fibres. Afferent fibres have
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increased adrenoceptor activity, so that when noradrenaline is released from sympathetic
nerves, this causes peripheral sensitization. This is known as sympathetically mediated
pain, which can be blocked by sympathetic blocks, such as stellate ganglion block,
coeliac plexus block and lumbar sympathetic block.
The stellate ganglion is formed from the fusion of the inferior cervical and upper
thoracic sympathetic ganglion as they meet anterior to the body of the C7 vertebra. The
block is performed with local anaesthetic for specific indications: upper limb CRPS,
upper limb ischemia and phantom limb pain.
The coeliac plexus supplies the upper abdominal viscera and blocking the coeliac
plexus with local anaesthetic is used in pancreatic pain. A neurolytic block can be
performed with phenol or alcohol, but these are usually reserved for pain due to
carcinoma of the pancreas.
The lumbar sympathetic chain is blocked from the 2nd to the 4th lumbar vertebrae by
the injection of local anaesthetic solution. This can provide pain relief for: lower limb
CRPS, lower limb ischemia, phantom limb pain and urogenital pain.
Epidural analgesia is usually in the form of local anaesthetic and steroid and can
provide pain relief for painful lower limb ischemia, after amputation or nerve injury or
nerve root pain.
Other interventional techniques include cryotherapy and radiofrequency (RF)
lesioning. Cryotherapy involves nerve destruction by freezing with a cryoprobe.
Radiofrequency lesioning involves heating the nerve to aid its destruction with either
pulsed RF at 42 degrees or RF at 70 degrees Centigrade.

Physical therapies
Physiotherapy is a treatment, which uses physical approaches to restore physical,
social and psychological wellbeing. Treatments include manual therapy (massage and
manipulation), therapeutic exercises and electrophysical treatments (hydrotherapy and
local heat treatment). These are used to optimize functional ability and quality of life.
Physiotherapy is used to treat patients with neuropathic pain who suffer with related
deconditioning, fear avoidance beliefs and loss of confidence in movement and activity.
Acupuncture is the insertion of very fine needles into skin and muscle, which
stimulates Aδ and C fibre afferents and leads to modulation of nociceptive input.
Acupuncture affects activity in autonomic nervous system (ANS) and may improve
microcirculation through axon reflexes and the release of vasoactive substances. Levels
of encephalins in the cerebrospinal fluid (CSF) increase after acupuncture and pain
relief is reversed by naloxone. It is likely that descending inhibitory tracts in the spinal
cord have a role in acupuncture analgesia. In the UK both traditional Chinese and
Western acupuncture are practiced both using traditional acupuncture points.
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TENS (transcutaneous electrical nerve stimulation) is based on the Gate Control
Theory of Pain2 (Figure 1). The stimulation of large-diameter afferent Aβ fibres
activates inhibitory processes in the dorsal horn of the spinal cord:

Figure 1. Schematic drawing of the Gate Control Theory of Pain.

Figure 2. In TENS a signal generator (box) sends electrical signals via leads to 1 or 2 pairs of self-adhesive
electrodes placed on the skin over the painful area.

A signal generator (box) sends electrical signals via leads to 1 or 2 pairs of selfadhesive electrodes placed on the skin over the painful area (Figure 2), and the user has
control of the pulse pattern, frequency, amplitude and duration. The pain relieving
effects of TENS are mediated at the spinal and thalamic level and may also activate
endogenous opioids.

Psychological therapies
Cognitive behavioural therapy (CBT) is the most widely available psychological
intervention supported by an evidence base.3 The cognitive behavioural model aims to
change the way that people react to and manage their pain. Often people suffering with
chronic pain have unhelpful thoughts, feelings and beliefs about their pain or the cause
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of their pain and their behaviour reflects this. This then influences their functional
ability. Chronic pain can have a detrimental effect on mood, sleep, relationships and
employment and CBT aims to address these detrimental effects rather than the pain
itself with the aim of improving quality of life.
Acceptance therapy. Acceptance of pain is ‘acknowledging that one has pain, giving
up unproductive attempts to control the pain, acting as if pain does not necessarily
imply disability, and being able to commit one’s efforts toward living a satisfying life
despite pain’.3 When patients accept their pain, they can focus on what they can achieve
rather than feeling frustrated about loss of function.
Stress management in chronic pain. Patients suffering with chronic pain often
suffer with symptoms of anxiety, stress, frustration anger and fear as a direct result of
their ongoing pain. These symptoms, in turn can lead to worsening pain, fear avoidance
behaviour and ‘catastrophising’. Fear avoidance is avoiding activities that can provoke
pain even though such activities may benefit the patient in the long term, such as
exercise and physiotherapy. Catastrophising is amplifying negative aspects of the effects
of pain. Stress management techniques include relaxation skills, breathing control and
sleep management.
Pain management programmes (PMP). The aim of a PMP is to treat the disability
and stress associated with chronic pain and improve quality of life, and not to treat the
pain itself. PMP are run by multidisciplinary teams, which include physiotherapists,
psychologists, specialist pain nurses, and occupational therapists with input from the
pain physician. PMP are usually run as an 8 - 10 weeks course (although some are run
as inpatient courses over two weeks), and are delivered in a group format. Components
of the PMP include education, goal setting, relaxation techniques, sleep management,
fitness training and behavioural change often using CBT techniques.

Neuromodulation
Neuromodulation techniques include spinal cord stimulation and deep brain stimulation.
Spinal Cord Stimulation (SCS) uses implanted electrodes in the epidural space to
deliver electrical impulses to the dorsal columns of the spinal cord. The mechanism of
action is thought partly to be via the ‘Gate Theory of Pain’. Pain modulation by SCS
also involves supra-spinal activity via the posterior columns of the spinal cord, probably
by recruiting endogenous inhibitory pathways. SCS is indicated for, and works well
in neuropathic pain following spinal surgery, CRPS, neuropathic pain secondary to
peripheral nerve damage and brachial plexopathy. A trial of SCS is performed with a
temporary percutaneous lead (Figure 3) for 5 – 10 days and if successful then a permanent
lead (Figure 3) is implanted either percutaneously or surgically with an implantable
pulse generator (Figure 4), which is a similar size to a pacemaker battery. The surgical
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lead is placed under general anaesthetic following laminotomy or laminectomy, whereas
the percutaneous lead can be placed under local anaesthetic.

Figure 3. Percutaneous and surgical SCS leads in the thoracic epidural space.

Figure 4. Implantable pulse generators.

Stimulation parameters, such as frequency, amplitude and duration of pulse, can
be adjusted after implantation by a programmable device carried by the patient. The
aim of SCS is for the patient to experience a pleasant tingling paraesthesia instead of
their neuropathic pain, although new high frequency SCS devices do not produce such
paraesthesia. Spinal cord stimulation in selected patients not only reduces pain, but also
enables reduction in medications and return to work.
Deep Brain Stimulation (DBS) has a long history in the treatment of pain, but more
recently has been used in treating refractory neuropathic pain, such as post-stroke pain,
cranial nerve pain (anaesthesia dolorosa, postherpetic pain) and phantom limb pain.
DBS involves MRI (Magnetic Resonance Imaging) guided placement of an electrode in
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the brain to stimulate target area (usually periaqueductal or periventricular grey matter
PAG/PVG). It is usually a last resort treatment and still remains largely experimental.
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11-1
Rehabilitation after Nerve Surgery
Birgitta Rosén*

Christina Jerosch-Herold**

Key points
• A nerve injury is a complex injury that triggers complex biological processes in the
periphery and a rapid reorganisation in the somatosensory cortex. After regeneration
and reinnervation the hand speaks ”a new language” to the brain that the patient has
to learn to interpret. Education of the patient is essential for adherence.
• Phase I rehabilitation: starts directly after surgery, before regenerating axons have
reached the hand. The aim is to activate and preserve the cortical “hand map” in the
brain.
• Phase II rehabilitation starts when the new axons have reinnervated the skin at fingertip level, and muscle activity can be identified.
• Improvement of nerve function can be seen over several years.
• Recovery of specific sensory and motor functions as well as the overall outcome
should be assessed at regular follow-up intervals, with assessment instruments that
are sensitive to small, but clinically important, changes.

Rehabilitation regime

F

ollowing nerve surgery, aspects of hand function as well as the patient’s capacity for
activities in daily life and participation in society have to be considered throughout
the rehabilitation process. This approach should inform the examination, planning
and delivery of interventions and assessment of outcome. It is an approach, which
recognises the interaction between the person, environment and health condition. It
is based on the conceptual model of the International Classification of Functioning,
Disability and Health - ICF (http://www.who.int/classifications/icf/en/) (Figure 1).
*
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ICF (WHO 2002) adapted to peripheral nerve injury
Health Condition/disorder
Peripheral Nerve Injury

Body structures/body function
(impairment)
Sensory functions – protective and
discriminative touch
Muscle functions, strength and
mobility,
Dexterity
Pain, discomfort and cold intolerance
Psychological stress

Activities
(limitations)

Participation
(restrictions)

Self-care
Domestic life
Hand and arm use
Fine hand use

Environmental factors
(extrinsic factors)
Timing and type of repair
Surgical skill
Timing and type of therapy available

Participation in work, social life
and recreation

Personal factors
(intrinsic factors)

Age
Level and degree of injury
Psychological response, coping
Educational level and cognitive capacity

Figure 1. International Classification of Functioning, Disability and Health (WHO 2001) adapted to
peripheral nerve injury

The problem
A nerve injury differs from most other types of tissue injury in the body since it does
not only induce a local repair process. Transection of peripheral nerve fibres affects the
whole length of the neuron, all the way from the distal targets to the nerve cell body at
the spinal cord or the dorsal root ganglion. Regeneration requires outgrowth of axons,
sometimes over very long distances. Moreover, a nerve injury has immediate functional
consequences for the brain in terms of rapid cortical functional reorganisation.1,2
After a major nerve injury and following surgical repair, there is often lifelong hand
function impairment with limited and abnormal sensibility and partly paralysed muscles,
prehensile problems, pain, hyperaesthesia/allodynia and cold intolerance. Functional
recovery, especially tactile sensibility, in adults can take many years, but often remains
incomplete. Quality of life for the patient may be significantly affected.2-4
After nerve transection and repair the cortical hand area becomes disorganised,
diminishes or may disappear. This can also follow activity changes and long-term exposure
to a specific activity. Such changes may seriously jeopardise hand function. The magnitude
of the impact on specific components of function is different depending on the character
and severity of the injury, and on the extent to which the injury induces cortical changes.
The completely new somatosensory cortical configuration after a nerve transection and
repair induces a much more complex and difficult situation for the patient than does a
nerve entrapment. However, the two situations both contain elements of all the functional
limitations that are characteristic for a peripheral nerve injury.
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The “model injury” in this chapter is a nerve transection with repair at wrist level
resulting in a re-organised somatosensory cortex, sensory loss, paralysed intrinsic
muscles, and pain or discomfort that can be expected to varying degrees.

Timing of sensory and motor re-learning
Timing of the onset of sensory as well as motor re-learning following a major nerve
trauma is an important determinant of outcome. Within minutes after a deafferentation
injury, such as amputation or after a major nerve injury, there is a cortical response with
an instant and long-standing reorganisation of the somatosensory cortex. The silent
area, which no longer receives any sensory input, triggers an expansion and invasion
from adjacent cortical areas. This is the initiation of a dynamic interplay in the cortical
neural networks, which is influenced by several biological and psychological events
during regeneration and reinnervation. After a nerve injury with deafferentation,
adjacent cortical areas expand and occupy the former nerve territory. These changes
happen within minutes, and are a reason to believe that the cortical connections are
susceptible to further changes.1,2 This early post injury period that starts directly after
the surgery, before regenerating axons have reached the hand, is called phase I.5
Phase II5 commences when the new axons have reached their end-organs in the skin
or their muscles. The cortical hand map becomes altered since the axons do not always
grow along the same endoneurial tubes or fail to regenerate. As a consequence the
hand-map becomes disorganised, and the sensibility during this time is not very useful
(Figure 2).

Figure 2. An illustration of how the map of the hand in the brain changes after repair of the median
nerve. On the left is the pattern with a specific area for each finger. In the middle this area has become
”silent”, and is easily occupied by adjacent areas. On the right is the new ”map” after regeneration and
reinnervation.

346

Whilst the outcome from nerve surgery is disappointing in adults, it is well known
that children usually achieve superior functional results and without any formal sensory
re-education. Shorter and better regeneration distances, but also the superior ability
of central adaptation to the new pattern presented by misdirected axons, have usually
been proposed as an explanation. There seems to be a critical age period for recovery of
functional hand sensibility with the best results being seen under the age of 12 years,
followed by a rapid decline levelling out after late adolescence.2
It has been shown that early psychological stress, common after a traumatic hand
injury, influences the long-term outcome after major nerve trauma.6 It is therefore of
importance to identify the patients that need extra support and help to master their daily
life after a serious hand injury, and to offer basic psychological counselling. These patients
may need lengthier rehabilitation, including help to develop coping strategies in their
daily activities.4 They may benefit from more frequent visits and follow-ups by using
both verbal and written patient information and education. Participation in rehabilitation
groups to meet other patients in the same situation can also be beneficial.4

Education/information
An important role for the surgeon and the therapist during the rehabilitation process is
to educate the patient about the injury and the interplay between the hand and the brain
that induces dynamic events in the somatosensory cortical maps. Other factors to discuss
with the patient early are the temporary loss of protective sensibility, how to protect the
hand, and how to use as well as be aware of compensatory strategies. Such strategies
are important to learn and to use for a limited period, but they should not replace the
gradual and balanced use of recovering muscles and touch function. An imbalanced use
of intrinsic and extrinsic muscles can lead to overuse of non-affected structures. The
patient should also be aware that some painful symptoms, such as hyperaesthesia, are
natural, and often increase during active regeneration periods.
Due to the normal cortical reorganisation process, there will be a “new” sensibility
that has to be learned. It is also important to highlight that rehabilitation is a lengthy
process that does not cease after three months when scars and associated tendon injuries
have healed fully. The length of rehabilitation depends on the level and the severity of
the injury. Regeneration, reinnervation and maturation of the growing structures takes
a long time, and improvements of muscle function and tactile gnosis continue over at
least five years after nerve repair at the wrist level.7
A patient with knowledge and understanding of the consequences of a nerve injury
is more likely to engage with their rehabilitation regimen and adhere to the necessary
training. This will also empower the patient to find their own strategies to cope with
the pain and discomfort that ensue. An example of a patient information brochure can
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be found on: www.med.lu.se/klinvetmalmo/hand_surgery/clinical_projects/enhanced_
sensory_relearning.

General postoperative regime
During the immobilisation period, a standard postoperative regime is followed to
protect the repair site, and avoid compression or traction of the nerve. Wound care,
oedema management and active mobilisation are employed as necessary and using the
same standard modalities as in other post-surgical or post-traumatic hand injuries.
Specific areas which need to be addressed after nerve injury are: education about
how to protect the insensate hand, prevention of contractures from paralysed muscles,
including splinting, re-education of recovering sensory and motor function and how to
integrate this in return to normal activities of daily living.
Immediately after surgery, patients need to be advised about how to protect the areas
of the hand with diminished or no protective sensibility, and taught how to use vision to
compensate for loss of sensation. Limitations in performance of activities of daily living
(ADL) can be addressed through teaching of coping strategies, adapted methods and
provision of assistive devices.
During this period early sensory re-learning exercises are also introduced to activate
and maintain the cortical representational area of the injured nerve territory and to
facilitate later sensory re-learning. Giving the brain an illusion of sensibility in the hand
does this (see “Sensory-motor re-learning”).
After nerve repair at wrist level gentle exercises to regain the mobility of the wrist
are normally initiated 3-4 weeks after the operation. After that a soft wrist-splint can
be used for another 2-3 weeks to protect the sutured nerve. Care of the wound, active
range of motion (AROM) exercises, grasping, and fine manipulative exercises and
contracture prevention from paralysed muscles through splinting are initiated after the
immobilisation period or when appropriate to the injury (for splinting regimen see
chapter “Common splinting procedures after nerve injuries”). Exercises are gradually
increased and strengthening exercises are introduced when appropriate.8 Manual muscle
testing is used to monitor this process. If there is no associated tendon injury, normal
activities can be resumed at 6 weeks after nerve repair, but with due consideration to the
imbalance from the paralysed muscles. Full loading is normally allowed after 12 weeks.
Much of the relearning process is gained by a conscious use of the hand in daily
activities. However, to facilitate and enhance this process, specific programs for sensorymotor re-learning should be used as a clinical tool in adult patients for regaining
functional sensibility. The therapist´s supporting and guiding role during the long and
often very challenging training period for the patient after a nerve injury should also be
emphasized.
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Desensitisation
The International Association defines Hyperaesthesia/allodynia for the
Study of Pain (IASP) as: ”Hyperesthesia is increased sensitivity to stimulation,
excluding the special senses. Note: The stimulus and locus should be specified.
Hyperesthesia may refer to various modes of cutaneous sensibility including
touch and thermal sensation without pain, as well as to pain. The word is
used to indicate both diminished threshold to any stimulus and an increased
response to stimuli that are normally recognized. Allodynia is suggested for pain
after stimulation, which is not normally painful. Hyperesthesia includes both
allodynia and hyperalgesia, but the more specific terms should be used wherever
they are applicable” (www.iasp-pain.org/Content/NavigationMenu/
GeneralResourceLinks/PainDefinitions/default.htm).
Hyperaesthesia/allodynia may be the result of over-active nerve endings or micro
neuromas caused by injury. The phenomenon can occur early over the scar area, but also
later in the rehabilitation period during regeneration of the nerve.
Desensitisation is a technique by which part or all of the hand is touched and
stimulated in specific ways to gradually reduce over-sensitivity (hyperaesthesia/
allodynia). Texture massage, constant touch pressure or immersion therapy are the most
common techniques for desensitisation.
The training consists of rubbing, rolling or tapping a texture that is slightly
intolerable over the oversensitive area. Exercises are repeated 3-4 times a day for 5-10
minutes or until a relief, that sometimes can be experienced as numbness, occurs in the
hyperaesthetic area. Alternatively, the hand is moved around in a container with small
contact particles (e.g. rice, beans), or the particles are dropped over the painful area.
The material used is chosen from a hierarchy of materials of increasing discomfort, e.g.
starting with smooth small particles and progressing to more textured surfaces. The
treatment is upgraded at regular intervals. After each treatment the hand should be used
in functional activities which were previously uncomfortable. Normally improvement
should be seen within a few weeks. If a clear reduction of the pain/discomfort at touch
is not achieved after each treatment, other treatment modalities should be considered.
Otherwise there is a risk of central sensitisation, i.e. treatment might trigger oversensitivity and thus cause an adverse effect.

Cold sensitivity
An increased sensitivity to cold, with an unpleasant sense of coldness, pain, aching,
weakness, stiffness, numbness and changes in skin colour, is common after nerve injury.
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These symptoms occur in isolation or in combination, and can remain for several hours
after the cessation of the exposure to cold.9 In severe cases, it may limit the possibility
to engage in leisure activities, and it can affect work capacity and influence quality of
life.10 The onset of symptoms is generally reported to occur within the first 6 months
following the injury.
Common advice to patients suffering from cold sensitivity is to use protective
gloves and proper overall clothing. A tight fit around the wrist in clothes is important
in order to maintain warmth. Metal (e.g. watches and rings) should be avoided on
the injured hand. There are also various heating devices available on the market,
and for those with severe problems battery heated gloves may be an alternative.10
Treatment of cold sensitivity has been suggested using behavioural methods, such
as classical conditioning with long-lasting subjective improvement in patients with
traumatic hand injuries.11
Sensory and motor re-learning in phase I - a ”preparation” for the brain
Sensory re-learning, also known as sensory re-education has been defined as: ‘‘the gradual
and progressive process of reprogramming the brain through the use of cognitive learning
techniques, such as visualisation and verbalisation, the use of alternate senses, such as vision
or hearing, and the use of graded tactile stimuli designed to maintain and/or restore sensory
areas affected by nerve injury or compression to improve tactile gnosis’’ .12,13
Phase I begins immediately after surgery, before regenerating axons have reached
their end-organs, and lasts until some reinnervation can be detected in the hand.5
The purpose of sensory relearning is to teach the patient how to understand the new
”language” from the hand. With no training at all, the result can be that the touch feels
strange and the patients cannot distinguish or identify through touch. Good sensory
function is essential for good grip function and makes it easier to use the hand in daily
activities.
Touch is relayed to the somatosensory cortex in the brain, where it is interpreted.
Touch from the right hand is mainly processed in the left part of the brain, but both
halves of the brain are active during perception of touch. All our senses cooperate when
we touch something, so there are reasons to believe that activities that use other senses as
well as bilateral activities can help to strengthen the touch function. The use of vision to
guide the re-training of sensation is the basis for classic sensory re-education, but there
is a continuous interplay between all senses. There is multi- and cross modal activity
of the brain based on multisensory neurons that extract information from one sensory
modality and use it in another.2
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In phase 1 the hand is without sensibility and the “handmap” in the brain has
disappeared. This phase lasts up to three months after an injury at wrist level and
encompasses the period directly after surgery until some growing axons have reached the
palm of the hand. Sensory re-learning in this early phase, in combination with training
of the mobility of the hand, is aimed at activating and maintaining the representational
area of the deafferented territory. Giving the brain an illusion of sensory and motor
function in the injured hand can do this. For examples of sensory and motor re-learning
in Phase I see Figure 8.

Sensory-motor re-learning in phase II
When the new axons have reinnervated the skin and the muscles
In phase II the axons have reached the hand (evidenced by presence of touch thresholds
assessed by Semmes-Weinstein monofilaments). This is approximately three months
after a repair at wrist level and there is some sensibility in the palm. This means that it is
time to start training with phase II exercises. The classic training technique described by
Wynn-Parry and Dellon is used.5 This technique is based on stimulation with varying
and increasing difficulty with the eyes open and closed alternated (Figure 5). In this
way another sense, in this case vision, assists the training and improves the deficient
sense (sensation). Exercises that incorporate both sensory and motor training are highly
recommended. If hyperaesthesia/allodynia is present desensitisation exercises should
precede sensory re-education.
Desensitisation, pain management, advice about cold sensitivity, strengthening
and prehensile exercises to enhance the motor re-learning aiming at work-oriented
rehabilitation is a vital part of phase II. For examples of sensory and motor re-learning
in Phase II see Figure 9.

Follow-up and outcome assessment
Regeneration of the repaired nerve and recovery of function can take several years.
Regular follow-ups using objective clinical measures as well as patient-reported
outcomes are needed to establish if regeneration is occuring as expected, obtain baseline
data to plan treatment, measure change and for feedback to patient, therapist and
surgeon. Assessment every 1 to 2 months is recommended for the first year.
Documenting the overall outcome of nerve repair is also critical to clinical research
and to evaluate the effectiveness of interventions. Clinical measures should be used
which have documented evidence of validity, responsiveness and reliability.
Especially sensory re-learning is usually a long process and the patient needs feedback
to remain motivated and engaged. Good clinical documentation can be a useful tool in
this process. This may help the patient to plan the training together with the therapist
and to focus on the weak parts in the outcome.
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Objective clinical measures of body structure and body function should be
complemented by assessments of activity and participation. In order to obtain an overall
picture of outcome composite scoring methods have been proposed. For a diagnosisspecific composite impairment score we recommend the Rosen score (also known as
the Model Instrument for Documentation of Outcome after Nerve Repair), which
uses a battery of tests to generate a score for sensory domain, motor domain and pain/
discomfort domain as well as a total score. The Rosen score is standardised and validated
and is suitable for clinical as well as research purposes. A reference interval has been
calculated for adults with median and ulnar nerve repair at wrist level and is useful as
feedback to patients during their sensory-motor relearning programme.18-20 For overall
assessment of the impact of the nerve injury on activity and participation an upperlimb specific patient-rated questionaire is recommended, such as the Disabilities of the
Arm, Shoulder and Hand (DASH) or Michigan Hand Questionnaire (MHQ). In cases
of severe cold sensitivity a specific questionnaire, such as Cold Intolerance Symptom
Severity (CISS), can be used.
A recent systematic review concluded that the evidence on the clinical effectiveness
of early and late sensory re-learning programmes is still limited.12 Little is also known
about how such interventions influence cortical reorganisation and further research is
needed to establish the optimal timing, dosage and frequency of these rehabilitative
programmes. Documenting the outcome of nerve repair and post-operative rehabilitation
using validated measures is one way of adding to the evidence and could pave the way
for the establishment of international nerve injury registries.

Figure 3. By touching the areas in the hand that have no sensibility in combination with concentrated
watching, the handmap in the brain is activated.
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Figure 4. By using a mirror it is possible to create an illusion and the brain thinks there is activity in the injured
hand. The aim is to activate and preserve the ”hand map” in the brain – to make it easier for the patient once
the nerve has regernerated and reinnervated the skin.

Figure 5. The principles of sensory re-education after median nerve repair in Phase II. (a) gives a schematic
illustration of the “handmap” in an uninjured person touching a marble. After nerve transection and a
regrowth of nerve fibres the map is altered due to misdirected nerve fibres and following functional
reorganisation (b). By combining visual and sensory information together the brain learns to understand
the “new language” from the hand (c+d) (phase II).
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Figure 6. Combining visual and tactile information in sensory re-education with specifically designed
products and incorporated in daily activities.

Figure 7. Bilateral tactile stimulation – activating both hemispheres of the brain.
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Fig 8

Sensory-motor imagery exercises (imagining touch/movements)
•

Just thinking about touch or movements activates the corresponding areas
in the brain.

Observing touch or activity to activate mirror neurons in the brain
•

When the patient observes someone else touch different things or
moves the hand, he/she should think about how it normally feels.

•

By touching the areas in the hand that have no sensibility in
combination with concentrated watching, the “handmap” in the brain can
be activated. Someone else can touch the fingers, or the patient using the
corresponding fingers of the other hand (Figure 3).

•

Another method is through mirror-visual feedback. A mirror (Figure
4) is positioned so the patient sees the uninjured hand in the mirror
looking like the injured hand. In this way an illusion of touch and activity
is created which activates the cortical areas of the injured hand. Exercises
traditionally used in Phase II training can this way be performed already in
Phase I.

Substitution of senses
•

The patient should be encouraged to use all senses to strengthen the
feeling of touch. For example “when you eat fruit think not only about its
taste, but also the smell, colour and how the structure feels”.

•

Another way to achieve such an interaction, demonstrated to have
14

good effect in a randomised controlled trial , is the Sensory Glove
System (SGS), which induces an audio-tactile interaction. The system
relays the sound of friction from textures via miniature microphones
attached to the fingertips and headphones, thus providing the sensory
cortex with an alternative sensory input at a time when regenerated nerve
fibres have not yet reached the peripheral targets. A low-tech version of
this concept, easy to use in a home program - has been presented.15

Figure 8. Sensory-motor re-learning exercises in phase I.5
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Fig 9

•

Localisation exercises is often the first part of phase II.
Mislocalisation i.e. the points stimulated on the skin no longer match with
their central projection and the patient cannot interpret the changed
sensation into a meaningful whole.

•

When localisation has improved (good localisation at fingertip level),
touching of objects of various sizes, shapes and textures are begun. A
variety of everyday objects and specifically designed products can be
used for this. Familiar objects makes it easier for the patient to incorporate
the re-learning into daily activities, which is of the utmost importance
(Figure 6a,b). The patient should be encouraged to carry a few objects in
their pocket and try to identify them (e.g coins, keys).

•

Bilateral tactile stimulation – including the injured hand as well as
the non-injured hand might help to influence positively the central
substrate for sensory re-learning (Figure 7). Sensory input is normally
processed to the greatest extent in the contralateral hemisphere, but there
is also an ipsilateral activation.

•

A relatively new technique believed to enhance the effect of phase II
training is the use of temporary adjacent anaesthesia. Inducing anaesthesia in
an adjacent intact area (forearm) creates a ‘‘time window’’ in which
through rapid plasticity the neighbouring cortical somatosensory areas
can expand. Combined with intensive sensory retraining this method has been
shown to improve tactile gnosis.16 The rapid improvement in sensory
functions which may occur within minutes after selective anaesthesia is
presumably due to unmasking of existing synapses which are normally
inhibited.16 The anaesthesia of the volar part of the forearm is induced by an
anaesthetic cream, and a program for treatment has been presented.15
The treatment needs to be done under careful supervision at the hospital after
prior testing to ensure that the patient has no history of adverse reactions to
17

local analgesia.

Figure 9. Sensory-motor re-learning exercises in phase II.5
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11-2
Common Splinting Procedures After
Nerve Injuries
Beray Keleşoğlu*

Firdevs Kul*

Key points
• A peripheral nerve injury causes loss of motor and sensory function.
• In the denervation process, it is important to protect the proper mechanics of hand.
• Splinting is an important part of the rehabilitation programme.
• In the postoperative period, splinting is first used for protection, then to prevent the
contracture and deformity, and finally to enable the functional use of hand.
• Splinting is planned based on the level of the nerve injury and the pathologic imprint
the injury creates on the hand after nerve injuries.

A

peripheral nerve injury causes loss of motor and sensory function, which often
may be permanent, but sometimes the function can recover. During this process,
along with the absence of daily life activities and even employment, social and
psychological problems might be observed in the patient. Even if a nerve injury can be
isolated, peripheral nerve injuries are usually observed with concomitant injuries, like
tendon injuries, which may further increase the rehabilitation time. The basic goals of
rehabilitation are to protect the end organs during the recovery phase, to preserve the
proper biomechanics of the hand as well as to support function during reinnervation
process. During these phases, splinting is an important part of the rehabilitation
programme.

*

EMOT Hastanesi 1418 Sokak No: 14, 35230 Kahramanlar, İzmir, Turkey.
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Standard splinting of deformities resulting from a peripheral nerve injury may be
easy, particularly in isolated nerve injuries. However, we have to face patients that have
a variety of problems. It is not easy to provide the patient with an external splint design,
which can handle the sensitive muscle balance in the hand.1 Splinting is intended for
the affected joints based on the characteristics of the individual patient with the specific
injured nerve and with any additional injuries. Splints have its place in the treatment
of nerve injuries from the first postoperative day. It is essential to protect the nerve
repair from the first weeks after the repair or the reconstruction to prevent problems,
such as deformity and contracture. The crucial thing is to include splinting at the right
time and to enhance other treatment procedures. Unfortunately, after peripheral nerve
injuries, particularly seen when there are other accompanying injuries, patients are
referred to the hand therapist for splinting after the contracture and the deformity has
developed. These problems may be overcome by including the hand therapist and to
initiate splinting early in the treatment algorithm or at the right and appropriate time.
Such an approach provides socio-economical gains and more importantly it is effective
in reaching a successful result.

Aims and principles of splinting
In the design of splints the following goals must be kept in mind:
1. To protect the repaired nerve and any concomitant injuries. The outcome of a nerve
repair is directly related to the amount of tension on the surgically repaired nerve and
splinting of the hand, wrist and elbow in a protected position is important.
2. To form a balance of the power against any other active muscles until the motor
recovery after the nerve repair is completed by preventing the denervated muscles to
be in an overstretched/lengthened position.
3. To prevent joint stiffness and contractures.
4. To hinder the development of strong substitution patterns.
5. To assist the functional use of the hand and encourage the patient to use his hands
in daily life activities.
6. In the cases, where reinnervation does not occur, a proper splinting may be necessary
as a preparation for any additional planned tendon transfers to improve function.1,2,3,4
The level of the peripheral nerve injury is an important determinant in the decision
to make a splint and its design. The principles of splinting may be different after high
and low nerve injuries. Furthermore, the likely occurrence of any anatomic variations
(e.g. a Martin-Gruber anastomosis) must also be considered. A meticulous evaluation of
the injury and repair must precede the decision to make a splint.
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Splinting after median nerve injuries
Median nerve injuries are often observed after trauma and along with other concomitant
injuries. Due to the large proportion of the area of sensation in the palmar surface of the
hand, the sensory loss after a nerve injury may lead to crucial functional defects. Besides
the loss of sensation, the loss of intrinsic thumb function and any instability of the
thumb are disturbing for the patient when the hand is used. Therefore, splinting plays
a major role in median nerve injuries.
In a low median nerve injury (i.e. distal forearm or at wrist level), loss of function
is observed in the flexion of the metacarpophalangeal joints (MCP-joints) of the index
and middle fingers (due to the lumbrical muscles), in thumb opposition and palmar
abduction as well as loss of sensation of the volar and dorsal aspect of the hand. Due
to the partial innervation of the radial head of the flexor pollicis brevis muscle (FPB), a
weakness of the MCP-joint flexion is observed as well.
In the postoperative phase, a protective dorsal blocking device is applied to safe guard
other repaired structures, such as injured thumb, finger and wrist flexor tendons. In
isolated median nerve injuries, a splint, which holds the MCP-joints in flexion, releases
the IP joints and positions the thumb in palmar abduction and opposition is preferred.
Such a splint is used for four to six weeks.
Due to the loss of function of thenar muscles in the radiopalmar part of the hand,
an ape hand deformity is observed as the clinical presentation of a median nerve injury.2
However, the most important deformity we have to face is the adduction contracture of
the thumb. Thus, it is necessary to position the first metacarpal bone in abduction. The
splinting keeps the position of the opponens pollicis and the abductor pollicis brevis,
and it protects the length of the soft tissue of the first web space. In addition, splinting
transmits a great deal of the counterforce to balance the normal power of the pull of the
adductor pollicis.1 A C-bar is often suggested as a solution for these problems. With the
extension of index finger and abduction of the thumb, a C-bar enables a full stretched
positioning of first metacarpal bone. However, such a positioning hinders the second
MCP-joint flexion and a functional use of the hand becomes impossible. Therefore, a
C-bar must be used during nights. During daytime, an opposition splint made from
leather or thermoplastic material is used to positioning the thumb in opposition and
mild abduction. Thus, this allows a functional action of the thumb and the other fingers.
The splint must provide a stabile opposition, but on the other hand full abduction is
not expected.1
Apart from a low median nerve injury, a high median nerve injury (at or proximal
to elbow level) induces loss of forearm pronation, radial flexion of the wrist, and
independent flexion of the PIP-joints of the index, long, ring and little fingers. A peace
sign posture may develop and hand function impairs considerably.2 A proper splinting
aims to enhance the hand function and to prevent deformity.
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The splinting procedure starts with a protective immobilization splint with the
purpose to decrease the tension in the repaired area direct postoperatively. Later, the
treatment continues with splints to prevent contractures of the interphalangeal- (IPjoint) and MPC-joints of the thumb, an adduction contracture of the thumb and
tension of the thenar muscles, which are likely to occur.
In an immobilization splint, which is made during the first week, elbow and wrist
are positioned in flexion, and the thumb in radial abduction. Protection of the elbow
can end after the third week and active exercises of elbow flexion is initiated accordingly.
The daytime use of the protective splint is abandoned at week five or six. The use
of a protective splint during night may be carried on in cases, where there is a risk
for complications, such as in children and after suspicious repairs. However, strapping
or thermoplastic splinting that enable opposition and abduction of the thumb during
daytime can start at that time. From week eight, mobilization splinting can be applied
if there are any limitations of the motion.
In high median nerve injuries, splinting, utilizing the same principles as applied in
low nerve injuries, are valid. To allow the use of hand in median nerve injuries, once the
motor reinnervation is done, one may terminate the use of the splints without the wait
for sensory reinnervation.

Splinting in radial nerve injuries
Compared to the median and the ulnar nerves, radial nerve injuries are much likely to
occur frequently as high lesions, such as a typical midhumeral fracture. In lower radial
nerve injuries, an external pressure, oedema and other trauma may cause damage to the
nerve. The sensory loss in such injuries uncovers less functional loss due to dorsal location
of the sensory innervation area of the radial nerve. One has to consider the innervation
of different muscles along course of the radial nerve when planning splinting.
In high radial nerve injuries, the loss of function is observed in wrist extension, thumb
and digital MCP-joint extension, radial abduction of the thumb, and independent
extension of the little and index fingers. The supination of the forearm becomes weak and
a sensory loss develops in the dorsoradial surface of the hand and forearm. As long as the
injury is not located at the highest levels (i.e. in the axilla or in the upper arm), the triceps
and the brachioradialis muscles are not affected. However, if the injuries are located at
such levels, elbow extension disappears and weakness is observed in elbow flexion.
A postoperative splint after a high radial nerve injury should position the elbow in
slight flexion and immobilize wrist, fingers and thumb in a rest position. After two to
three weeks the immobilization splint is changed during daytime to allow movements
in the elbow and IP-joints. At night, using a different splint, wrist, thumb and IP-joints
are positioned in extension, but MCP-joints may be positioned in flexion. After three
weeks, the patient may be presented with different choices of splinting. These choices
are determined based on to the patient’s clinical presentation, the expectation of the
surgeon, age, occupation of the patient and his social situation.
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The typical clinical pattern in a high radial nerve lesion is a low hand deformity,
which causes weakness, coordination disorder, and impaired grip due to the loss of wrist-,
finger- and thumb extension. The primary goal in splinting is to prevent the tension on
the extensor muscles of the wrist, fingers and thumbs and to create an action of tenodesis
in the hand while waiting for the nerve regeneration. To prevent contractures, which
can develop in affected joints, and to enable the functional use of the hand during reinnervation are also essential. Thus, in radial nerve injuries the primary aim is to support
wrist- and MCP-joint extension. A volar/dorsal cock up supporting the wrist extension
as a static splint or a volar immobilization splint extending up to MCP-joints is used.
By these splints the wrist is applied in extension till 30º from neutral. If the MCP-joints
are included, these joints are positioned in 0° as well. Even though some authors suggest
static splints, it does not form a solution for the extension deficiency of finger and
thumb.1 It is preferred that the splint is used mostly during nights.4 Since static splints
have a simple design and that they are easy to use, it can be an ideal treatment option
for the patients who consider dynamic splint designs too difficult to use. The existence
of a potential MCP- and PIP-flexion contracture, due to the active extension loss in the
patient, must be noted. Therefore, the patients must be followed carefully.2
Dynamic splints are often preferred because they expose the volar surface of the
hand, which facilitates sensory inputs and allows a functional use of the hand. Different
dynamic splint designs have been developed where the dynamic components of these
splints position the MCP-joints of the hand in extension.5 In accordance with manual
muscle testing, the force of the extensor muscles is followed until the force reaches the
grade “fair”. Once the patient can control the wrist, the therapist may modify the splint
design to a hand based mobilization splint.4
Another choice in radial nerve injuries is a tenodesis splint, which utilize the natural
harmony of tenodesis motion and therefore it may be an ideal splint.1 In such a splint,
with the wrist being free, the MCP-joints are positioned in extension by using a static
suspension line (Figure 1). This splint never allows the wrist drop below neutral position.
When the finger flexors tighten, they force the wrist into an extended position. When
the flexor muscles relax, the wrist turns to a neutral position and the MCP-joints extend
with the help of the blocking force of the strings that are transmitted by the loops on the
proximal phalanges. By using the hand, wrist extension is provided with strong finger
flexion. Finger extension is enabled by allowing the wrist to flex with gravity. For the
control of the thumb, an outrigger (in extension) of the splint is not always included
because the extensors and the abductors of the thumb lie on the dorsal surface of the
forearm. The motion of the thumb during this dynamic process follows the motion of
the fingers. By excluding this outrigger, the limitations imposed on the intrinsic action
of the thumb are eliminated. In addition, a splint without a thumb outrigger is much
more comfortable in daily activities.1 The advantages of such a splint are its low profile,
and that it is easy to use. Furthermore, it does not hinder the sensory inputs by exposing
the palmar surface of the hand and fingers, and it allows a full motion of the wrist and
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partial motion of the fingers. Instead of preventing the improvement of the strength of
the wrist extensors, it makes this motion easier. Finally, it facilitates the functionality
of the hand.1

Figure 1. A tenodesis splint utilizes the natural harmony of the tenodesis action of the hand.

Splinting in posterior interosseous nerve injuries (PIN)
In contrast to a high radial nerve injury, the patient can extend the wrist in a PIN injury.
However, a strong radial deviation occurs during wrist extension and the brachioradialis
muscle always function. In addition, no sensory loss is observed. Although the PIN
injuries seem to be different clinically from a high radial nerve injury the same mechanical
principles are considered in the treatment with splints.1
In PIN injuries, an intrinsic plus position occurs with flexion position of MCPjoints and extension position of PIP- and DIP-joints, due to the function of the intrinsic
muscles, and the non-functioning extensor digitorum communis (EDC) muscles. A
dynamic mini splint may be preferred in these lesions in which the wrist is free and only
the fingers and thumb are included in the splint. Because of the additional clumsiness,
the thumb outrigger is not always use. It may be useful and included for an active use
of the hand during some activities in selected patients.2 The splint provides passive
extension in the thumb and the fingers until nerve regeneration is completed.
As mentioned earlier in the high radial nerve injuries, a tenodesis splint, based on the
tenodesis effect, can also be used in PIN injuries. In selected cases, where the PIN injury
is partial, an isolated lack of finger extension can be handled with the help of extension
in an adjacent finger via buddy taping.
Once the active motions occur and the power and control increase in radial nerve
injuries, kinesiotape (Kinesio®tex) and Lycra gloves may be used in necessary conditions
during this process.3
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Splinting in ulnar nerve injuries
Low ulnar nerve injuries
The ulnar nerve is crucial for the intrinsic function of the hand. A low ulnar nerve injury
is often observed together with injuries to one or several flexor tendons and the median
nerve at the wrist level. A prominent feature often observed is a deleterious effect in the
sensitive coordination of hand motion.5 Loss of the abduction and the adduction of
the fingers and the added weakness of the thumb are the characteristics in this lesion.
Due to the paralysis of the first dorsal interosseous muscle, the patient´s pinch activity
is impaired due to the additional loss of abduction of the index finger combine with
paralysis of the deep head of the flexor pollicis brevis and adductor pollicis muscles.
The lateral pinch function can be compensated by the flexor pollicis longus muscle; i.e.
Froment´s sign (flexion of the IP-joint of the thumb). With the chronic denervation,
a hyperextension in the MCP-joint of the thumb is also seen (Jeannes’s sign).2,6 A
common feature is also that the little finger cannot be adducted due to the paralysis of
the third volar inerosseous muscle (Wartenberg´s sign).6
The loss of intrinsic function of the fourth and fifth fingers causes an unopposed
stretching of the extrinsic extensor muscles and is observed as hyperextension in the
MCP-joints and flexion of the PIP- and DIP-joints of these fingers. The result, due
to the paralytic third and fourth lumbricals and the interosseous muscles as well as
stretching of the volar plate in the MCP-joints, is a claw deformity in the little and
ring fingers.1,4 Generally, a consequence is also a weakened power grasp and impaired
hand function. The weakness in MCP-joint flexion of the thumb is caused by a partial
denervation of the flexor pollicis brevis muscle. Finally, the opposition of little finger
is lost as well as a loss of function along the ulnar edge of transverse metacarpal arc due
to denervation of the hypothenar muscles (i.e. abductor digiti minimi, opponens digiti
minimi and flexor digiti minimi muscles).
The purpose of splinting is to provide and protect the full passive motion of the
joints during reinnervation and to preserve the functional use of the hand by prevention
of the claw deformity. In isolated injuries, one may consider that three weeks is sufficient
for protection of the nerve repair, but if concomitant injuries are present, the duration
of the treatment with a protective dorsal block splint may be extended according to
the feature of the injury. After the period of immobilization, a splint, made by proper
thermoplastic or leather, is applied, particularly to prevent the clawing. The MCP-joints
are positioned in mild flexion (e.g. at 30°- 45°), which will facilitate the extension of
the PIP -joints by transferring the force of the extrinsic extensor muscles.4 Various static
and dynamic splint designs are developed, but one should keep in mind that the PIPjoints have to be mobilized or properly immobilized primarily to avoid development of
contractures.1,5 The most common and practical application intended for treatment of
the clawing deformity is a static splint made by low temperature thermoplastic material
and consisting of a dorsopalmar metacarpal bar and a dorsal phalangeal bar (Figure 2).
Such a splint permits full flexion of the fingers and the volar surface of the hand is free
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allowing sensory inflow from the skin. Also its splint bulk is low. These factors make
the grasping easier and with a convenient functional use of the hand.1 Apart from static
splints, there are also other designs available, although less effective, using springs and
rubber bands, such as Capener spring wire splint.1,5

Figure 2. A static ulnar splint prevents hyperextension of the MCP-joints in the ring and little fingers.

High ulnar nerve injuries
High ulnar nerve injuries generally occur with a trauma proximal or at the level of
the elbow. In addition to the affected muscles in a low ulnar nerve injury, paralysis is
observed in the flexor carpi ulnaris muscle with weakness in flexion and ulnar deviation
of wrist. A functional loss is also observed in the flexion of DIP-joints of ring and little
fingers due to the denervation of the flexor digitorum profundus (FDP) muscles to these
fingers. As a consequence a decrease in the power of finger flexion power and functional
grasping (e.g. holding items) of the hand is observed. In the postoperative period, in
addition to immobilization of the wrist and fingers, the elbow joint is protected in a
position of flexion, at an extent at which the surgeon considers convenient, for a period
of three weeks. Wrist extension degree is carefully increased at the third week and is free
at five weeks, while protection of the elbow is continued up to four or five weeks. In
children and in patients with low compliance the protection may continue for another
one to two weeks according to the choice of the surgeon.
The clawing deformity is not prominent in high ulnar nerve injuries due to absence of
FDP function, but when reinnervation of the FDP muscles occurs a clawing deformity
may present making splinting necessary. Apart from these strategies in high ulnar nerve
injuries there are no other specific splint designs and the principles mentioned under
low ulnar nerve injuries are valid.
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Splinting in combined nerve injuries
Combined nerve injuries in the upper extremity are difficult to handle and treat both
for the individual patient and the medical team that treat the patient. Combined nerve
injuries are often accompanied by injuries to tendons, muscles and vascular structures.2
Treatment with splints may be difficult in these injuries due to the various needs for
rehabilitation of different involved tissues. Restrictive splinting is necessary for the
denervated muscles and more importantly gliding exercises of the soft tissues should
be the focus of the treatment. Thus, the splinting strategy should be planned for the
specific patient and the characteristics of the injury as well as the kinesiology balance
of the hand.1 During the recovery phase of the patient, a continuous follow up should
be done and the splint(s) modified accordingly.5 The median and ulnar nerves are
most commonly injured together in combined nerve injuries, due to their location on
the palmar surface of the wrist.1 The strategy for splinting as defined above is valid
depending on if the injuries are high or low and all fingers are included splints2,5 (Figure
3). In a combined injury of all three major nerves at a high level, a forearm supportive
splint in functional position, which supports the wrist and fingers, may be appropriate
(Figure 4 and 5).

Figure 3. A static positional splint used in a combined low median and ulnar nerve injury.

Figure 4. Splinting for a combined high median and radial nerve injury (dorsal view).
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Figure 5. Splinting for a combined high median and radial nerve injury (radial view).

In conclusion, to determine the proper design of splints, the patient, the hand/arm
and the characteristics of the injury should be carefully be evaluated and observed. It
is critically important to choose proper splint(s) until the nerve regeneration process is
completed or until any tendon transfers are done to achieve a successful treatment of
these difficult nerve injuries.
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Brachial Plexus Birth Injury
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Key points
• The force generated on the brachial plexus during birth with cephalic vertex presentation can cause extraforaminal ruptures of the C6 and C7 roots, and preganglionic
injuries of the C8 and T1 roots.
• The most proximal motor branches of the brachial plexus are the dorsal scapular
nerve and the contributors of the long thoracic nerve.
• Babies presenting with persistent Horner’s sign and findings of lower trunk injury
may have a poor prognosis.
• Persistent denervation of the elbow flexors beyond the age of 4 months, scapular
winging, and Horner’s sign may be the indications of surgical exploration.
• Shortness of the involved extremity, glenohumeral dysplasia, radiocapitellar dysplasia, and deformities of the hand are the serious complications of brachial plexus birth
injury.

A

brachial plexus birth injury refers to a partial or a total dysfunction of the
brachial plexus in the neonatal period, which may result in life-long disability
of the affected individuals, and a significant impairment of quality of life also
affecting their families.1 Improved care and surgical techniques, better outcomes, and
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expanding interdisciplinary collaborations have increased the interest in this condition
during the last two decades.

Aetiology and risk factors
Abnormalities associated with dysfunction of the brachial plexus in the newborn include
macrosomia, advanced maternal age, shoulder dystocia, vacuum extraction, breech
delivery, and a history of prior delivery resulting in a brachial plexus injury. In our series
of 1120 patients, the average birth weight of the newborns was 4085 grams. The average
birth weight of the infants in the first, second, third, and fourth deliveries were 3825
grams, 4141 grams, 4233 grams, and 4397 grams, respectively. Approximately 0.9% of
the children had a sibling who had the same problem, and the second child may have a
higher risk of a brachial plexus birth injury. Thirty-one % of the infants were the first
children of the parents, while 39 % were the second, and 17 % were the third children.
The proportion of right sided, left sided, and bilateral injuries was 67 %, 32 %, and
0.2 %, respectively, and a clavicle fracture was present in 3.5 %. A persistent Horner
syndrome was found in 21 % of patients. A relatively high incidence of the persistent
Horner syndrome is probably due to referral of more severe cases to our unit.
Shoulder dystocia is associated with a significant increased risk of a brachial plexus
birth injury.2 Although intrauterine pressure neuropathy,3 and congenital factors have
been considered as a cause, the brachial plexus birth injury is typically associated with
a traumatic delivery. Dysfunction of the brachial plexus is rarely reported in neonates
born via Caesarean delivery. The incidence of a brachial plexus birth injury in vaginal
deliveries ranges from 0.5/1000 to 6/1000 live births per year, while it is relatively
rare after a Caesarean section (0.04/1000 to 0.9/1000 live births per year). However,
an increased number of Caesarean deliveries may not necessarily affect the incidence
of brachial plexus birth injury,4 although the risk of a brachial plexus birth injury is
significantly lower with Caesarean deliveries. Maternal diabetes is also considered to be
a significant risk for having a baby with a brachial plexus birth injury.

Inappropriateness of the term obstetrical brachial plexus palsy
There is no universally accepted title or term for dysfunction of brachial plexus in the newborn.5 Probably, the most commonly used name is “Obstetrical Brachial Plexus Injury”. The
use of the word ”obstetrical” implies malpractice even if none such procedure has occurred.
It may be more appropriate to employ an alternative term, such as “Infant Brachial Plexus
Palsy”, “Neonatal Brachial Plexus Palsy”, or “Perinatal Brachial Plexus Palsy”. A descriptive
name as “Brachial Plexus Dysfunction of the Newborn” may be more precise. However, in
the present chapter the expression “Brachial plexus birth injury” is used.
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Epidemiology
The incidence of brachial plexus birth injury varies between 0.15 and 4 per 1000 live
births and year in various series and countries,6 with the higher numbers being in
developing countries. The wide variation in the reported incidences reflects method of
reporting, referral bias, and availability of health care. It is generally agreed upon that
the global incidence is around 1/1000 live births per year. Although a spontaneous
recovery of the brachial plexus birth injury is reported as more than 90 % of the cases,
the number of babies that require a microsurgical reconstruction may be higher.6

Pathophysiology
The most common mechanism of the injury in babies with shoulder dystocia is probably
the traction exerted by the pull of the obstetrician or the spontaneous endogenous uterine
expulsive forces. The stretch causes a traction injury of the brachial plexus, which may
explain the higher incidence of right-sided injuries, since left occipitoanterior is a more
frequent presentation.
The traction may injure some components of the brachial plexus more severely,
while other components recover or even are spared. Most commonly, C5 and C6 roots
are injured at the extraforaminal level; an injury that may recover within weeks. In the
worst injuries, root avulsions from the spinal cord are present with no possibility for a
spontaneous resolution (Figure 1).

Figure 1. A three months old girl, which presented with a with Horner’s syndrome, and the MR
investigation showed a pseudomeningocele of the right C8 root (a), and the avulsed root (b) was
confirmed by histology (c; C8 ganglion).
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The term “preganglionic” avulsion refers to the loss of integrity of the nerves from
the spinal cord, although the motor neuron cell body is located in the spinal cord. The
most proximal branches of the spinal nerve roots arise to join the sympathetic chain, the
phrenic nerve, the long thoracic nerve, and the dorsal scapular nerve. The function of
these very proximal branches should be assessed clinically. If they function in an infant
with an upper trunk lesion, there is a good possibility that the proximal stumps of the
C5 and C6 roots may be available for surgical reconstruction of the brachial plexus.

Clinical presentation and natural course
Early evaluation of infants with an upper extremity motor weakness is essential. All
possible causes of motor weakness should be evaluated.7 A multidisciplinary team,
including neonatal intensive care specialists, pediatric neurologists, physical therapists,
and hand surgeons, should be utilized to fully assess the infant Non-brachial plexus
aetiologies include fractures of the cervical spine (Figure 2), the clavicle, the humerus,
and the ribs. Cerebral palsy may present with a flaccid paralysis of only one upper
extremity. Actually, cerebral palsy and a brachial plexus birth injury may coexist. Infants
with a spinal arachnoid cyst at the cervical level may have a similar clinical presentation.
In older children, viral paralytic disorders may lead to a paralytic upper extremity.
Tumours originating from or invading the brachial plexus may cause dysfunction of the
brachial plexus in the infants. A BCG vaccination may cause cervical lymphadenitis,8
which may compromise brachial plexus surgery if the injury is located on the left side
(Figure 3). Any intervention, including vaccinations on the paralytic upper extremity,
should be avoided whenever possible.

Figure 2. A fracture dislocation of the cervical spine in a baby presenting with brachial plexus birth injury.
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Figure 3. Lymphadenitis secondary to a BCG vaccination may compromise surgery on the left side.

Babies with injuries of the C5 and C6 roots keep the arm adducted, the shoulder
internally rotated, the elbow extended, the forearm pronated and the wrist and the
fingers flexed; a posture named “waiter’s tip” position.
The scapular winging in newborns suggests that the injury is located in the C5, C6,
and C7 roots as well as to the long thoracic nerve. Paralysis of the rhomboid muscles
may indicate a proximal injury of the C5 root. In babies with involvement of the upper
trunk with functioning rhomboid muscles, the C5 root can be used as a potential donor
for future reconstructions. A completely flail extremity indicates a total brachial plexus
birth injury, and if a Horner’s syndrome is present it indicates an avulsion of the lower
roots from the spinal cord. In our own series of 18 babies with a total brachial plexus
birth injury, intraoperative stimulation of the C8 root resulted in more dilatation of
the pupils in comparison to the T1 root, which may be related to anatomical changes
taking place during the infantile period. Huang and co-workers demonstrated that the
occurrence of C8 white rami communicantes in infants was higher than in adults.9
Several classification systems have been proposed to categorize the motor function
in brachial plexus birth injuries. The Active Movement Scale is a practical and widely
accepted classification for motor assessment.10 In this classification, fifteen movements,
including shoulder abduction, flexion, internal and external rotation, elbow flexion and
extension, forearm pronation, and flexion and extension of the wrist, finger, and thumb,
are scored. Active cooperation of the child infant is not required. We have determined
the length of the motor nerve of twenty-seven muscles in the upper extremity from their
roots to the point of entry of the nerve into the corresponding muscles, and developed
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specific quotients for these muscles.11 This may provide a better understanding of the
reinnervation sequence.
The classification of Gilbert and Tassin/ Narakas is still valid and useful. In this
evaluation system, the dysfunction of the C5 and C6 nerves, which is hallmarked by
weak deltoid and biceps muscles, is Grade I. If paresis of the triceps and forearm extensor
muscles are obvious, it is graded as II and indicates the involvement of C7 nerve. If
the entire upper extremity is paralysed, it is consistent with a total involvement of the
brachial plexus, including C5-C6-C7-C8-T1 nerves, and graded as III. The presence
of a Horner’s syndrome indicates a very proximal injury to the C8 and T1 roots, in
addition to the injuries of the upper nerve roots, and is classified as Grade IV. The
possible proportion of a spontaneous recovery of the brachial plexus birth injury in this
grading system is 90 %, 65 %, less then 50 %, and 0 % in Grade I, II, II, and IV lesions,
respectively.

Clinical investigations
The management and the prognosis of brachial plexus birth injury depend on the early
evaluation and the severity of the injury. The clinical investigation, demonstrating
the extent and severity of the brachial plexus birth injury at the first days of life, can
make the early nerve surgery more precise and even prevent secondary deformities.
Plain radiography, myelography, computer assisted tomography, magnetic resonance
imaging, and electrodiagnostic studies have been used for this purpose.
Plain radiology
Plain radiographs in the newborn may show cervical spine injuries, fractures of clavicle
and humerus, hemothorax, pneumothorax, and diaphragm elevation in addition to
other pathologies. An x-ray evaluation of a newborn following a traumatic delivery and
dysfunction of the brachial plexus is warranted.
Myelography, computer assisted myelography, and magnetic resonance
imaging
Advanced imaging techniques, such as myelography, computer assisted (CT)myelography, and magnetic resonance imaging (MRI), can be utilized to evaluate the
extent and the severity of the lesion. A disadvantage is that these modalities require
general anaesthesia in the infants.
MRI imaging is a non-invasive technique that allows multiplanar imaging of the
brachial plexus without using ionizing radiation or contrast material. In standard
protocols, axial, sagittal, and coronal slices are obtained in T1 and T2 weighted images.
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In addition STIR axial and coronal planes, MR myelography and MR neurography
images12 are utilized as well. The T2 axial images should be thin with small interslice
gaps, which even may make the evaluation of the anatomic integrity of the anterior and
posterior rootlets possible. Indirect findings of nerve injuries are hematomas, muscle
contusions, and formation of pseudomeningocele. In many cases, a loss of integrity of
rootles and elements of the brachial plexus may be demonstrated (Figure 4).

Figure 4. A pseudomeningocele at the level of C7-T1 can be seen in the MR myelography (a), sagittal T2A
(b, c), D-STIR coronal (d) images.

In the axial images in the lower row, a pseudomeningocele formation with the loss of
integrity of ventral and dorsal rootlets of the C8 nerve. In this patient, an avulsion injury
of C8 was demonstrated in surgery.
MR imaging can be a sensitive tool in demonstrating root ruptures, spinal cord
lesions, posttraumatic neuroma formations, pseudomeningoceles, muscle contusions
and fibrosis in relation to brachial plexus birth injury.
Electrodiagnostic studies
Electrodiagnostic studies have been widely utilized, although they are not always
guiding the decision-making. The diagnostic accuracy of electromyography has been
discussed. The origin of the controversies is related to the formation of neuroma-incontinuity in the infants. In many of the infants with a brachial plexus birth injury,
nerve action potentials and motor unit action potentials can be recorded. Despite this,
clinical recovery may not be as good as expected in a number of patients. A follow up
with an expectation to recovery may result in loss of precious time and a delayed surgical
procedure.
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Two electrodiagnostic investigations are essential in examination of infants with a
brachial plexus birth injury: a) nerve action potentials (NAPs) recorded from the median
and ulnar nerves in the forearm and b) electromyographic recordings from the deltoid,
biceps, triceps (and forearm extensors) and forearm flexors, which represent the function
of C5, C6, C7, and C8 roots. Poor motor unit activity with fibrillation indicates a
root avulsion. Normal unit action potentials with no insertional activity may show a
less severe injury. NAPs with nearly normal amplitudes may be due to a preganglionic
injury or a conduction block. In cases with a prolonged reduction of NAPs and a poor
motor pattern, a surgical exploration may be indicated. In contrast, NAPs greater than
50 % of the normal side and an abundant motor activity show a better outcome.

Treatment
Physical therapy
Spontaneous recovery is possible in a substantial number of patients, especially in upper
trunk injuries. In cases, where the total brachial plexus is involved, the prognosis of
non-operative treatment is always poor. In both types of injuries, the final outcome is
closely related to prevention of joint contractures, and prevention of muscle atrophy.
During the first two weeks, the affected arm is immobilized by simple measures. After
two weeks, treatment is directed towards early passive range of motion exercises.
Physiotherapy can prevent secondary changes in the upper extremity and may
improve the quality of nerve regeneration. The first couple of months, during which the
majority of babies recovers completely, parents are the best physiotherapists. Education
of the parents and regular follow up visits to competent staff in the health care system to
monitor the progress of any recovery are essential. The parents should be encouraged to
be as active as possible. Maintenance of the full range of motion in the scapulothoracic
and glenohumeral joints is particularly important. By holding the scapula in a fixed
position against the chest and externally rotate in the shoulder with the humerus
adducted some deformities can be prevented. The parents and the physiotherapists
should be informed of the possibility of glenoid dysplasia and glenohumeral dislocation
in babies with resistance against the external rotation.
In upper paralysis, pronation contracture of the forearm is common. Gentle passive
supination exercises should be performed.
If reinnervation is not expected, as in the case of nerve reconstruction has been
decided, neuromuscular electrical stimulation (NMES) can be applied to preserve
contractile properties until surgery. It is important that child should be able to see her
or his arm during NMES in order to enhance cortical reeducation. If reinnervation is
expected, stretching and massage can be applied instead of NMES.13
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Surgical reconstruction of the brachial plexus
Indications
As earlier mentioned, the majority of a brachial plexus birth injury may recover
spontaneously and do not require surgery. Infants that present with a flail extremity
and a Horner syndrome, indicating a complete injury, frequently require exploration
and reconstruction of the brachial plexus. Absence of elbow flexion and loss of biceps
function at the age of four months may be used as indicator for operative treatment.14
When assessment of elbow, wrist, finger and thumb extension is added, the prediction
of poor recovery may be more precise.15 However, no single classification and algorithm
are applicable to all patients. The decision for a surgical intervention must be based
on examination of the function over time in the individual infant. Clark et al have
developed an algorithm for treatment that includes motor assessment at birth, and at
the age of three, six, and nine months.16 At the age of three months, a score less than 3.5
is an indication for surgical treatment. In patients with higher scores, the evaluations are
repeated regularly. Failure to achieve higher scores at the follow up is an indication for
surgical management. The major determinant for the timing of any surgical intervention
is the changes in the target organ in the denervated extremity.
Reconstruction of the brachial plexus is a complex and lengthy procedure. The
patient’s general medical condition must be prepared for a long procedure. Restricted
respiratory function and systemic conditions, such as coagulopathies and muscular
dystrophies, may be contraindications for surgery.
Surgical technique
The essential surgical modalities are neurolysis, neuroma resection and grafting, and
nerve transfers. Repair of the ruptured spinal nerve roots is not feasible currently. In
order to evaluate the fascicular integrity and the severity of the lesion, an effective
neurolysis is of great value, although it is not a definitive treatment. Recovery of the
shoulder function, the elbow flexion, wrist stability and some hand functions are the
goals in the children.
The surgery is performed in the supine position. After the induction of anaesthesia,
no neuromuscular blocker agents are administered. The recording electrodes are placed
to the scalp and neck. Ipsi and contralateral nerve evoked potentials are evaluated. The
involved upper extremity is prepared for surgery and both lower extremities are arranged
for harvest of sural nerve grafts.
A transverse supraclavicular incision or a laterally based “V” shaped incision over
the supraclavicular region is made. A clavicular osteotomy may be necessary, especially
in patients with injuries to the lower roots. The phrenic nerve, usually found on the
scarrred anterior scalene muscle, should be traced and protected. There is always a risk of
377

injury to the thoracic duct, and the phrenic nerve in this approach. The anterior scalene
muscle is divided carefully to expose the intervertebral foraminae and the corresponding
roots. The upper, middle and lower trunks are traced and marked. The entire brachial
plexus is displayed and photographed. The nerve conduction is recorded (Figure 5).

Figure 5. The phrenic nerve and the thoracic duct at exploration.

In some patients, the dorsal root ganglia can easily be recognized. If the anterior and
the posterior rootlets can be separated, selective reinnervation of the anterior rootlet can
be possible (Figure 1).
An enlargement nerve root or trunk, which is hard, indicates formation of a
neuroma. However, even if some nerve conduction activity is recorded, typical neuroma
usually develop in an unfavourable way. Ruptures with a proximal neuroma and a distal
glioma cause an hourglass shaped neuromas. The most difficult pattern of an injury is
an elongated and tortuous nerve with nerve conduction detectable. Recovery of these
injuries may be possible, but incomplete.
Reconstruction of the obtained nerve defects after resection of the neuromas is
generally performed with conventional nerve grafting. The sural nerves (generally both
sides), the ipsilateral medial cutaneous nerve of the forearm, the superficial radial nerve
and the cutaneous branch of the musculocutaneous nerve are the most common donor
nerves.
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In our practice, reinnervation of the lower trunk has the highest priority, since there
is no real prospect of a useful upper extremity without hand function. At our institute,
one donor from the upper roots is used to reinnervate the lower trunk. If no roots are
available, a contralateral C7 is used to reinnervate the C8/T1 roots of the lower trunk.
For the reinnervation of the upper trunk and C7, the upper roots or extraplexal donors,
such as the spinal accessory nerve, and the intercostal nerves are referred. The clavicle
is fixed if it has been divided. The infant is immobilized in a custom made orthosis for
five weeks (Figure 6). At five weeks postoperatively regular physiotherapy is started.

Figure 6. The stabilization orthesis used after nerve reconstruction postoperatively for five weeks.

In infants with lower root avulsions, the surgery should be performed in the first
months of life, which may increase the chance of motor recovery in the hand. However,
such strategy may increase the risk of respiratory failure, a prolonged monitoring at
the intensive care unit, and a longer hospital stay. An experienced team, consisting
of anaesthesiologists, intensive care specialists, and chest physiotherapists, should be
competent to treat the patients and avoid complications.
A nerve repair closer to the target may shorten the time for recovery and improve
outcome. In recent years, there is a growing interest of surgeons to utilize distal nerve
transfers in even in infants with dysfunction of the brachial plexus although no scientific
support such notion yet. The most common donors, recipient nerves and functional
goals are summarized in Table 1. These distal transfers are particularly useful in infants
with extensive injuries in which no healthy stump is available.
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Table 1. The most common donors, recipient nerves and functional goals.
Donor Nerve

Recipient Nerve

Expected Function

Spinal accessory nerve

Suprascapular nerve

Shoulder abduction

Motor branch to long head of
triceps of the radial nerve

Branch of the anterior axillary
nerve to deltoid

Shoulder abduction

Extrinsic motor (FCU) branch of
the ulnar nerve

Motor branch to biceps muscle
or the musculocutaneous

Elbow flexion and forearm
supination

Extrinsic motor branch of
median nerve

Motor branch to brachialis
muscle

Elbow flexion,

Motor branches of T2-T4
intercostal nerves

Musculocutaneous nerve –
motor branches of biceps
muscle

Elbow flexion and forearm
supination

Outcome
The recovery following brachial plexus surgery is a prolonged event. The first signs of
motor and sensory recovery of the upper plexus appear three to six months after surgery.
The recovery of the lower brachial plexus occurs even later; more than 12 months. The
outcome of the procedures in the lower brachial plexus is much less favorable than after
surgery to the upper brachial plexus. Generally, most surgeons agree that reinnervation
of the C5 and the C6 roots can provide a satisfactory functional recovery of the
shoulder and elbow, although passive and active external rotation of the shoulder is
limited requiring secondary procedures. Contrary to the outcome in adults, a functional
recovery of the hand, approximately in 50 % of the children as a support hand, may be
achieved in infants through the reinnervation of the lower trunk.
Assessment of outcome after brachial plexus surgery is difficult. Spontaneous recovery
after an avulsion of a nerve root is not possible, but some recovery may be achieved after
surgery in such injuries. In addition, to compare outcome after spontaneous recovery,
i.e. the natural course, and the recovery after surgical reconstruction in partial lesions
may be difficult since a long follow up period is needed, and that the analyses of outcome
must be multifactorial.
Sequelae and secondary problems
The muscle imbalance in a growing child is probably the cause of the bone and joint
problems.17,18 A short upper extremity, dysplasia of the glenoid cavity, loss of the
sphericity of the humeral head, dysplasia of the radiocapitellar joint, and deformities in
the hand are the most common secondary problems.

380

Conclusions
The incidence of brachial plexus birth injury remains stable, although an increased
awareness of risk factors. Improved obstetrical practice may eventually lead to a decline
in the incidence, but a number of patients may still need primary and or secondary
surgery, where the timing of nerve reconstruction is controversial. A growing interest in
treatment of brachial plexus birth injuries will bring new ideas and surgical techniques
to the armamentarium of hand surgeons.
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Key points
• The brachial plexus can be severely injured by high-energy trauma and be associated
with injuries in the skull, limbs, chest, or abdomen, including major blood vessels.
• Medical priority of all the injuries is crucial.
• A meticulous, often repeated, neurological examination is mandatory should be
complemented by MRI, CT-myelography and/or neurophysiological examination.
• The extent and nature of brachial plexus injury determine the surgical repair and reconstruction, which is preferably performed early after injury, to achieve an optimal
functional recovery.
• Enduring rehabilitation of brachial plexus lesions is crucial, often in partnership with
a pain clinic.
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rachial plexus traction injuries often occur in high-energy trauma, such as road
traffic accidents, and particularly among motorcyclists, and are the result of distraction between the shoulder girdle and the head and neck,. The extent of such
traction, affecting different parts of the brachial plexus, is primarily decided by the
energy of the trauma and less by the direction of traction. About one percent of all
polytrauma cases are associated with a brachial plexus injury and these account for just
under ten percent of all peripheral nerve injuries. Penetrating wounds, such as stab or
gunshot wounds account for a small proportion of brachial plexus injuries in the west at
present. Brachial plexus injuries are often, as in all high-energy trauma, accompanied by
other life-threatening injuries that may take priority for treatment. Although there are
strong reasons to prefer early repair of traction injuries, this is not often possible because
of other more pressing life threatening injuries. However, if a subclavian vascular injury
mandates immediate open surgery, the opportunity to repair the plexus must not be
lost, not only so that the patient will benefit from early diagnosis, facilitated by the fresh
appearance of the injury, and from early repair with concomitant benefits for optimising
recovery. One may also avoid the difficulties of delayed surgery in a very scarred region,
obscuring the identity of important structures and compromising the quality of repair.

Pathological anatomy
To diagnose the extent and level of the injury, precise knowledge of the anatomy of the
brachial plexus region is important, The plexus injury can involve either the supraclavicular (three out of four cases) or the infraclavicular (a quarter of cases) part, but not
infrequently a combination of injuries is seen. In principal, one can divide the traction
injuries into two types with important implications for treatment. In the first type of
traction injury, the nerve(s) or spinal nerve root(s) are either ruptured or in-continuity,
but in either case the proximal nerve is in continuity with the spinal cord, whilst in the
second type the spinal nerve roots(s) are avulsed from the spinal cord. The first type
is thus located distal to the dorsal root ganglia (“postganglionic”), while the second is
situated proximal to these ganglia (“preganglionic”). In the postganglionic type of traction injury the diagnostic aim is to identify whether the nervous structures still are in
continuity and likely to recover spontaneously, or whether they are ruptured requiring
surgical repair or reconstruction. A minor traction of the nervous structures, which remain in-continuity, will possibly result in spontaneous functional recovery. In contrast,
a traction sufficient to rupture axoplasmic structures, but with the endoneurial Schwann
cell tubes intact (i.e. axonotmesis), may give some functional recovery, but a rupture of
both the axons and the endoneurial tubes (i.e. neurotmesis) has a very small chance of
any spontaneous recovery. The latter injury requires surgical repair or reconstruction. In
practice each degree of injury is often present in a mixed picture. In preganglionic injuries, (where the spinal nerve roots are avulsed from the spinal cord), there is no possibility for any spontaneous functional recovery. The only possible ways to re-establish the
continuity with the central nervous system is via spinal surgery, where the torn spinal
nerve roots are reimplanted into the spinal cord, or through a variety of nerve transfers.
Clinically, it is difficult even with the help of neurophysiology, CT and MRI, to distinguish between these injury types. Therefore, in patients with a substantial functional
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deficit, expert open exploration of the brachial plexus is indicated and may reveal the
different levels of the injury, as well as the types (or grades) of injuries at each level. Lesions in continuity or ruptures are more common in the cephalad part (C5-C7) of the
brachial plexus, whilst avulsions are more frequent in the lower (C8-T1) brachial plexus.
To get a complete view of the injuries and locations it is advisable to explore the entire
brachial plexus, i.e. the supra- and infraclavicular parts.

Importance of early exploration, repair, and reconstruction
Brachial plexus surgery is technically demanding and requires experience and judgement. Repair and reconstruction never results in full functional restitution and so it is
often tempting to await any spontaneous recovery. However wherever possible a brachial plexus injury should be explored and if appropriate reconstructed early in order to
optimise the functional result. The first part of this procedure (exploration) is diagnostic, contributing most to the understanding of the nature and extent of the damage. Recent data from neurobiological research shows that early repair may be expected to arrest
the decline in central neuronal populations, whilst enhancing regeneration distally and
protecting end organs from decay. The important molecular responses in the Schwann
cells after injury, crucial for axonal outgrowth, decline over time worsening regeneration. These data, in conjunction with clinical reports,1 and extensive clinical experience
support the concept of early exploration, repair and reconstruction. Early exploration,
before scar tissue is fully developed, is also technically easier. However, again we stress
that life-challenging injuries take precedent over early plexus surgery.
It is difficult to state how late surgery can be performed and yet achieve some functional recovery, since the outcome depends on a variety of factors, such as type, extent
and location of injury, age of the patient and additional injuries (e.g. vascular injuries).
However, based on clinical experience, brachial plexus surgery more than 12 months
after the injury is not likely to give neither any significant nerve regeneration nor functional recovery distal to the elbow due to the neurobiological events.

Primary care of the injured patient
Associated injuries in patients with a brachial plexus injury are common. Fifteen per
cent have life-threatening injuries to the head, thorax, abdomen and large vessels, whilst
about half of the patients have fractures in the long bones of the extremities, and spinal
injuries are seen in five percent. A thorough history and detailed clinical examination
is essential to identify the extent of the trauma. The neurological examination should
be repeated as signs evolve and resolve, (initially daily) and the neurological deficits accurately documented, quantifying the motor and sensory functional losses (Table 1).
Other clinical signs can help to judge the existence and extent of the injury, such as percussion (Tinel´s sign) of the damaged brachial plexus, observation of skin penetrations
indicating injury to the brachial plexus, and swelling indicating a vascular injury (palpate peripheral pulses). A Bernard-Horner’s sign (eyelid ptosis and constriction of the
pupil -miosis- the most obvious signs) implies interruption of the sympathetic pathways
very proximal on the T1 nerve root, and is usually therefore associated in adults with
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avulsion of the caudal plexus. Severe typical deafferentation pain (burning, crushing and
unremitting) is usually associated with a preganglionic injury.
Table 1. Checklist - Traumatic brachial plexus injuries in adults

A systematic approach is needed when a surgeon is confronted with a patient having a suspect traumatic brachial plexus injury.
Diagnosis and clinical examination:
A. Advanced Trauma Life Support (ATLS)
B. Other life-threatening injuries? Priority of other important injuries! Concomitant injuries?
C. History of the patient – trauma: when, where, and how? Other diseases and previous injuries.
D. Careful and thorough clinical examination of the patient.
E. Trauma-CT at the nearest hospital
F. Open brachial plexus injury. In case of arterial injury, where reconstruction is indicated,
concurrent nerve repair/ reconstruction is considered at the same time.
G. Closed brachial plexus injury.
Careful case history with focus on type and energy of the trauma
Patient´s perceived function.
Pain: localization, intensity and character.
Skin manifestations: Swelling and/or excoriations - localization?
Tinels sign.
Horner´s syndrome (i.e. mios, ptos.)
Symptoms derived from the spine and spinal cord? (Long tract symptom - Brown-Sequard?)
Other injuries, such as arterial rupture (palpable radial pulse)?
Fractures? (neck, arm, clavicle or scapula?)
H. Thorough status of the extremity (see Table 2).
I. Additional examinations.
MRI: Root avulsions?
CT-myelography – usually not in the acute stage.
Neurophysiological investigation: Alterations present mainly 2-3 weeks after trauma.
J. Early contact with a department used to handle brachial plexus injuries in order to minimize time between trauma and surgery.
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Table 2. Specific clinical examination of the upper extremity in patients with traumatic brachial plexus
injury

Specific examination.
Muscle function - evaluated according to MRC. (0= no function, 1= flicker of movement, 2=
activity with gravity eliminated, 3= activity against gravity, 4= activity against resistance, but not
normal strength, 5= normal strength.)
Sensation assessed as normal, impaired, anesthesia.
Sensation in fingers perception of touch (monofilaments) and 2-PD.
Root

Function

Muscle

Sensation

C5

External rotation

Infraspinatus

Radial forearm

C6

Elbow flexion

Biceps

Thumb

C5-6

Abduction

Deltoideus

Radial forearm

Shoulder

C7
C5-C7

Shoulder 		

thumb

Extension elbow

Triceps

Index and long

Finger extension

EDC

fingers

Wingscapula

Serratus ant

Thumb, index and

Root

long fingers

Avulsion
C8-Th1

Finger flexion

FDS and FDP

Ring and little

Ab- and

Interossei muscle,

fingers

Adduction
Opponens muscle			
						

In the acute hospital, a imaging should not only seek associated injuries but also be
directed to injuries related to the brachial plexus, such as the cervical spine, fractures
of the transverse processes, clavicle, first rib, shoulder and scapula and particularly the
phrenic nerve (indicated by diaphragmatic palsy). Only life threatening or severe spinal
injuries should be allowed to delay transfer to specialist care of the brachial plexus injury, which in time will dominate the lives of most such patients.
At the specialist centre a primary evaluation of the patient is repeated to establish
functional losses, and to document any signs of a spontaneous recovery. MRI of the
brachial plexus (Figure 1) is performed with special attention to nerve roots (C4-T2),
looking for direct and indirect signs of avulsion or injury to the spinal cord.2 A CT myelography is an alternative to diagnose an avulsion injury (Figure 1) by observing leakage
of contrast (a sign of damage to the dura mater around the avulsed root).3 Neurography
and EMG can be a complement in the examination of the patients, but any possible
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signs cannot be observed until at least 2-3 weeks after injury. It is important to note that
these investigations can be both falsely positive and falsely negative. It should also be
borne in mind that in an extensively injured plexus it is likely that early exploration will
aid diagnosis by identifying the status of ruptured or attenuated nerve trunks, or avulsed
roots and so prompt early effective repair. It is often forgotten that expert exploration
in the first week is the most powerful diagnostic tool when available.

Figure 1. MR imaging (a-c) and CT-myelography (d) showing a spinal nerve root avulsion on the right side
(to the left on the images). a and b are axial T1 and T2, respectively, at the level of C5 with and avulsed
root with a blood clot and signal changes (oedema) in the ventral part of the spinal cord with an intact
root on the left side. A coronal T2 STIR image (c) showing signal changes in the spinal cord at the level of
C5-C6 and oedema with leakage of cerebrospinal fluid in the soft tissues. The CT-myelography (d) shows
a long spinal nerve root sleeve with leakage due to an avulsion (normal root sleeve on the left side). Published with permission from Professor Pavel Maly, and Lars B. Dahlin, Malmö, Sweden and Läkartidningen,
Stockholm, Sweden.

Nerve repair and reconstruction
The extent, nature and location of the injury determine how to repair and reconstruct
the brachial plexus. Priorities have to be decided when planning the emphases and aims
of reconstruction where the extent of the injury forces compromise between the territories supplied. The possibility for future secondary surgical procedures should be
borne in mind. It is evident that the primary surgeon bears a great responsibility for
determining the extent and direction of recovery, and this role should only be entrusted
to experienced or highly trained surgeons and their teams.
The patient is placed in a supine position with the head rotated away from the
injury. Some elevation of the head of the table will assist reduce obscuring and con388

founding bleeding as will liberal tumescent infiltration of the operative area with dilute
adrenaline solution (typically 500 mls of 1:250000 adrenaline in saline). The brachial
plexus is approached through a supraclavicular incision, like a “collar incision”. The incision can, and often should, be extended distally with an angular incision all along the
infraclavicular plexus, frequently employing an osteotomy of the clavicle. The platysma
muscle is raised with the skin flaps, and the fat pad is lifted or divided, the external
jugular vein ligated and divided, the omohyoid muscle divided and held by sutures (for
later closure) and the upper trunk is identified. For the less experienced surgeon location of waymarks will assist in identifying structures: thus the external jugular leads to
the characteristic cephalocaudal structure of the greater auricular nerve at the posterior
border of sternomastoid. This in turn when followed leads to the C4 nerve root, and
so to the phrenic nerve which then leads to the C5 root and the anterior scalene (which
it adheres to beneath a distinct fascial investment as it passes caudal and medial: the
only structure in the neck to do so).The identity of the phrenic nerve is confirmed by
electrical stimulation as is that of the suprascapular nerve (if functioning) usually located
just above the clavicle. The upper trunk (C5-C6) is separated from the middle (C7) by
the transverse cervical vessels (easily identified in the uninjured plexus: less easily seen
in extensive injury) and the C7 root as well as the deeply located lower trunk are also
explored. Now the condition of the entire brachial plexus can properly be judged, at
which point experienced surgeons will pause to confirm a reconstructive stratagem. An
individual solution of the repair and reconstruction should always be done in the patients based on the injury.
Postganglionic injuries
If the nerve structures are ruptured (i.e. postganglionic injury) there is often a proximal
nerve structure as a source of axons that can be used in the surgical procedure. The surgeon will carefully evaluate the quality of any proximal and distal nerve stumps, which
is important for an optimal regeneration of the axons. In orthotopic repair of avulsion
injuries it is not possible to perform end-to-end neurosynthesis and there is need for
autologous nerve grafts to bridge the defect/defects between the proximal and distal
ends (Figure 2). Autologous nerve grafts, preferably the sural nerve, are usually taken
from the patient’s leg, most often from both sides, with minimal long-term morbidity.4
The nerve grafts are applied using the same technique between the injured ends of the
nerves structure with the conventional technique with the use of a single suture to each
graft and finally fibrin glue (Tissel®). As many grafts as possible are placed between the
damaged nerve ends to match the diameter of the injured nerve structures obeying the
common principles of nerve reconstruction. Often the combined length of both sural
nerve grafts may yet be insufficient and one can also use the superficial branch of the
radial nerve. In spite of intense research, there are still no technique that is equal or better than the autologous nerve grafts.5
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Figure 2. Peroperative photos of an injured brachial plexus in an adult with a) root avulsions with three
roots visualized (star), b) a supraclavicular reconstruction with sural nerve grafts (arrowhead) from a proximal nerve root (star) and c) nerve transfers with intercostal nerves from the thoracic wall through sural
nerve grafts (three intercostal nerves (only two visible) to the musculocutaneous nerve and two intercostal
nerves, via a sural nerve graft, to the axillary nerve). Published with permission from Läkartidningen, Stockholm Sweden and Clas Backman, NUS, Umeå.

Preganglionic injuries
In avulsion injuries (i.e. preganglionic injury) the spinal nerve roots/nerves are pulled out
from the spinal cord and so there is no nerve defect to bridge (Figure 2). In such cases,
there is a possibility to re-implant the nerve ends, via sural nerve grafts, into the spinal
cord, which is advocated by some authors.6 A more common procedure is to use adjacent intact nerves as nerve donors (i.e. nerve transfers), where these expendable nerves are
divided and the proximal end is connected to the distal end of the injured nerve/nerves
(sometimes called neurotization). There are different nerves transfer options depending
on type of injury, such as the terminal branch of the accessory nerve (to the suprascapular
nerve), the phrenic nerve (e.g to the musculocutaneous nerve), a number of intercostal
nerves (to the musculocutaneous and the axillary nerve with or without a sural nerve graft;
Figure 2). If the lower trunk is intact the fascicles in the ulnar nerve innervating the flexor
carpi ulnaris muscle can be used to transfer to the musculocutaneous nerve for innervation
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of the ventral muscle group in the arm.7 Another possible transfer is a branch from the
radial nerve to one triceps head that is redirected to the axillary nerve to improve shoulder
abduction. However, it should be emphasized that the initial functional loss of the patient
should be balanced against the potential for a functional restitution after nerve transfers
and the additional functional loss the nerve transfer(s) will induce.
Surgical and rehabilitation strategies
The primary aim of the surgical treatment is to restore function of the shoulder and elbow,
and, if possible, also extension of the wrist and flexion of the fingers. The outcome after
treatment depends on several factors, such as the nature, extent and location of trauma,
the age of the patient, neurobiological factors, surgical procedures, the rehabilitation period, which also include motivation of the patient and his/her coping with the situation.
In general, the functional outcome has improved in recent decades due to the increased
attention to these injuries, a better general and intensive care of the patients, early and
better surgical techniques with the use of nerve grafts and nerve transfers (e.g. also end-toside technique) and a team care (e.g. different surgeons, radiologists, neurophysiologists,
anaesthesiologists, physicians at pain clinics, physio- and occupational therapists). Furthermore, it is important to, already at the stage of the primary nerve reconstruction, have
a plan for potential secondary procedures as the outcome of the nerve-related procedures
may be difficult to foresee and that every patient´s injury and care is unique. It should also
be pointed out that the demand on rehabilitation is higher, since special training is needed
after nerve transfers, where donor nerves originally are involved in a completely different
function, such as breathing for phrenic and intercostal nerve donors. Traumatic brachial
plexus injuries are different with respect to their nature and the way they are treated. Thus,
there has been, and still are, difficulties to compare the outcome from procedures at different centres, which also require a long-term follow up. A central quality registers may be a
solution to overcome such a problem.

Secondary reconstructions
Secondary reconstructions, due to remaining functional losses after the primary care
and nerve reconstruction, should be considered during the initial procedures and can
later be initiated when the nerve regeneration is final and when the pain is adequately
treated. The secondary procedures aim to stabilize and increase the motion of joints to
improve the global function of the arm and involve release of muscle/tendon insertions,
muscle/tendon transfers (i.e. pedicled and/or free), arthrodesis (e.g. shoulder and wrist)
and osteotomies. These surgical procedures are very individual for each patient and
depend for example on the muscles that still function. Most options are seen for limited
injuries affecting the shoulder and elbow, where both osteotomies and muscle transfers
are common, while fewer options are available after more extensive brachial plexus injuries involving more functional loss and fewer healthy muscles.
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Other causes of traumatic brachial plexus injuries
Besides high-energy trauma, injuries to the brachial plexus are seen for example in association in about 20 % with fractures to the clavicle and shoulder dislocation.8,9 A dislocation of the shoulder most commonly affects the axillary nerve, but the entire brachial
plexus can be affected. The majority (2/3) of such patients have a spontaneous recovery
after being monitored on a regular basis with prophylactic treatment to contracture by
physio- and occupational therapists, while some may require surgical reconstruction.

Concluding remarks
Injuries to the brachial plexus are the most serious of all peripheral nerve injuries and
devastating for the patient, who is often left with extensive loss of sensory and motor
functions. Some patients get spontaneous recovery at variable times after injury, but
it is difficult to identify these patients from those that will require open surgery, even
when using sophisticated techniques, such as CT and MRI in addition to the clinical
examination. Surgical exploration is a valuable diagnostic modality for those patients in
whom a significant functional loss remains in the first weeks after injury. The reason for
an early exploration is both diagnostic and therapeutic. A primary nerve reconstructive
surgery performed within 2 months after injury gives the best results. Critics of early
exploration cites an “unnecessary” exploration showing intact nerve structures without
need for reconstruction, but exploration in experienced hands has a low morbidity and
the potential for early diagnosis and prognosis (valuable to the patient) as well as the
enormous potential benefit of an early reconstruction of ruptured and avulsed nerve
structures. The aim for the primary nerve surgery is mainly to achieve shoulder and
elbow function as the distance and speed (1mm/day) of nerve regeneration make reinnervation of the forearm and hand less likely. Fine manipulative capacity and fine sensory discrimination is not commonly achieved in severe proximal injuries. To optimize
the functional outcome for each patient specialized services in brachial plexus surgery
should undertake treatment at the earliest possible stage after initial care.
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