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In recent years there have been significant advances in the understanding and
treatment of disorders of the hand and wrist. This has resulted in a significant
improvement in the quality of life for many patients. The authors who have
produced this text were chosen as they are hand surgeons who have led many
of these exciting developments in the management of both elective and
trauma hand surgery. All are internationally respected.

The topics covered are well illustrated with images, radiographs and line
drawings and provide practical guidance on surgical procedures. The refer-
ences at the end of each chapter have been chosen as they are either classic
papers or are the most relevant to modern surgical management.

Thus we hope that we have produced a book that will enable improved
care for current patients with hand and wrist complaints and inspire surgeons
to think in greater detail about treatment options that will provide even better
care in the future.

Finally, we would like to thank all the contributors as well as Diane
Allmark for her help, but also our families for their patience and support.

Wrightington, Lancashire, UK Ian A. Trail, MBCHB, MD, FRCS (Edin),
FRCS (Lon), ECEFMG
London, UK Andrew N.M. Fleming, FRCS(Edin), FCS(SA)Plast






We are indebted to all of our co-authors without whom this publication would
not have been possible. Despite their busy clinical practices and numerous
other commitments, they have produced high quality chapters which we have
thoroughly enjoyed reading and hope that you will find helpful in the treat-
ment of your patients.

We are also particularly grateful to Springer for allowing us to pursue this
project and would like to especially thank Rachel Glassberg for all her help-
ful advice and prompting.

Finally we would like to thank our secretaries, particularly Diane Allmark,
and respective families who, for longer than we dare think, have put up with
us reading and re-reading manuscripts on what they think is only a small part
of the body!
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Henk Giele and Richard Barton

Keywords
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Introduction

Vascular disorders of the upper extremity encom-
pass a broad range of pathology with diverse
clinical presentations and management options.
The consequences of vascular insufficiency may
be critical to the point of producing cell death or
subcritical events that damage tissue but fall short
of generating necrosis. They occur as a result of a
structural abnormality (laceration, thrombosis,
embolism) or as a consequence of inappropriate
physiological control mechanisms or both.
Ultimately any symptoms that are a consequence

H. Giele, MBBS, MS, FRCS, FRACS, AMRACMA (D<)
Department of Plastic Reconstructive and Hand
Surgery, Oxford University Hospitals,

Oxford OX3 9DU, UK

e-mail: Henk.giele@mac.com

R. Barton, MBBS, FRACS (plastics)
Plastic and Reconstructive Surgery Unit, The Royal
Melbourne Hospital, Melbourne, VIC, Australia

of vascular disorders result from a failure to pro-
vide adequate nutritional blood flow to the
extremity.

In each case a thorough understanding of the
vascular anatomy and an index of suspicion
borne out of the knowledge of possible diagnosis
is essential to the efficient evaluation and man-
agement. In this chapter we discuss the vascular
anatomy of the upper limb and the physiological
control mechanisms of blood flow. The evalua-
tion, investigation and management of vascular
disorders consequent to traumatic, compressive,
occlusive, vasospastic, tumour and systemic
processes are each outlined separately.

An appropriate level of understanding of the
incidence and nature of these anomalies will
help to ensure correct interpretation of investiga-
tions and define a correct diagnosis in what can
occasionally be confusing or even contradictory
symptoms and signs.

The upper limb arterial system, via collaterals,
anastamosing networks and physiological control
mechanisms often has effective compensatory
capacity in the face of vascular disorders. It is the
hand, which functions as the ‘end organ’ that is
ultimately the source of symptoms.

LA. Trail, AN.M. Fleming (eds.), Disorders of the Hand: Volume 1: Hand Injuries, 1
DOI 10.1007/978-1-4471-6554-5_1, © Springer-Verlag London 2015
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Anatomy

A surgeon’s understanding of the vascular anat-
omy of the upper limb, common anatomic varia-
tions and the typical pattern of collateral flow are
essential in the assessment and management of
suspected vascular injury.

Arterial System

The upper limbs are supplied by a right and left
subclavian artery that becomes the axillary artery
as it passes the outer edge of the first rib and
enters the apex of the axilla.

Clinical Pearl - 5 Branches of the Subclavian
Artery (Mnemonic VITamin C&D)

V — Vertebral

I — Internal thoracic

T — Thyrocervical trunk (inferior thyroid,
suprascapular, transverse cervical)

C — Costocervical trunk (first intercostal,
deep cervical)

D — Dorsal scapular artery

The axillary artery extends to the inferior bor-
der of the teres major muscle where it enters the
periphery and becomes the brachial artery. The
axillary artery has three parts according to its
relationship to the pectoralis minor (medial,
deep, and inferior) and six named branches, the
supreme thoracic, thoracoacromial axis, lateral
thoracic artery, subscapular trunk and the anterior
and posterior circumflex humeral vessels (the
mnemonic is Sixties Teens Love Sex And Pot or
Screw The Lawyers Save A Patient or She Tastes
Like Sweet Apple Pie). Apart from the thoracic
vessels these are important for collateral flow
around the shoulder.
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Clinical Pearl - 6 Branches of the Axillary
Artery (Mnemonic)

Sixties — supreme thoracic

Teens — thoraco-acromial axis

Love — lateral thoracic

Sex — subscapular trunk

And — anterior and

Pot — posterior circumflex humeral

The brachial artery enters the flexor compart-
ment in the medial arm and proceeds superfi-
cially in this space towards the elbow, gradually
spiralling more anterior until it lies midway
between the humeral epicondyles in the antecubi-
tal fossa. It bifurcates near the neck of the radius
into radial and ulnar arteries. Major branches are
the profunda brachii and superior and inferior
ulnar collaterals. The profunda brachii branches
first and follows the radial nerve to run posterior,
then lateral to the humerus, and ends as anterior
and posterior branches that communicate with
the radial recurrent and interosseous recurrent
vessels at the cubital anastamosis around the
elbow joint. The superior and inferior ulnar col-
lateral branches pass posterior and anterior to the
medial epicondyle respectively to join the ulnar
recurrent vessels distally. All these branches pro-
viding major sources of collateral flow across the
elbow.

The radial artery appears as a direct continua-
tion of the brachial artery. It takes a more superfi-
cial course than the ulnar artery in the proximal
forearm, initially travelling deep to the bicipital
aponeurosis and brachioradialis but superficial to
pronator teres, flexor digitorum superficialis and
flexor pollicis longus, along its path to the wrist.
At the proximal wrist, it gives off the superficial
palmar artery and a volar carpal branch before
proceeding dorsally beneath the first extensor
compartment tendons. In the snuffbox it gives
rise to the dorsal carpal branch and the first dorsal
metacarpal artery before diving between the two
heads of the first dorsal interosseous muscle and
entering the palm as the deep palmar arch.
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The ulnar artery passes beneath pronator teres
and the fibrous arch of flexor digitorum superfi-
cialis; it joins the ulnar nerve at the junction of
the middle and proximal thirds of the forearm, on
the surface of the flexor digitorum profundus
muscle belly. The ulnar neurovascular bundle
proceeds distally to the wrist where it lies imme-
diately deep and radial to the flexor carpi ulnaris
tendon. It gives rise to a dorsal cutaneous branch
2-5 cm proximal to the pisiform and a palmar
and dorsal carpal branch at the wrist. It enters the
hand by crossing superficial to the transverse car-
pal ligament through Guyon’s canal within which
it gives a deep palmar branch and continues as
the superficial palmar arch.

The common interosseous artery originates
from the ulnar within a few centimetres of the
elbow and almost immediately divides into ante-
rior and posterior branches. These lie deep on
either side of the interosseous membrane enroute
to the wrist. They communicate via perforating
branches, which pierce the membrane, and then
unite distally where branches connect with pal-
mar and dorsal carpal arches, providing a collat-
eral pathway to the hand.

Within the hand and wrist there is a system of
arterial arches, which provide multiple intercon-
necting anastamotic networks and collateralisa-
tion. They demonstrate significant anatomic
variance, particularly on the radial side of the
hand. The most proximal of these arches contains
volar and dorsal carpal segments that encircle the
wrist. It has contributions from each of the radial,
ulnar and interosseous arteries. The volar carpal
arch sends branches distally into the hand to anasta-
mose with the deep palmar arch. Dorsal metacarpal
arteries two to four arise from the dorsal carpal arch
and proceed distally on their respective interossei,
communicating via perforating vessels with the
palmar circulation at the metacarpal heads. They
bifurcate into dorsal digital branches to supply
adjacent sides of all four fingers.

The superficial palmar arch is a direct continu-
ation of the ulna artery beyond the flexor retinac-
ulum. It lies in contact with the deep surface of
the palmar aponeurosis running transversely at

the level of the abducted thumb. From its convex-
ity arise digital branches- a proper digital artery
to the ulna side of the little finger and three com-
mon digital arteries, to the second, third and
fourth web spaces.

The deep palmar arch is a continuation of the
radial artery, having entered the palm by passing
between the two heads of the first dorsal interos-
seous muscle and onwards between the oblique
and transverse heads of adductor pollicis. The
deep palmar arch travels across the palm at a
level proximal to the superficial arch, deep to the
flexor tendons. In the classic pattern, it gives rise
to the palmar blood supply of the thumb via its
first branch, the first palmar metacarpal artery or
arteria princeps pollicis. This passes distally
along the first metacarpal bone and divides into
two palmar digital branches of the thumb at the
metacarpal head. The radialis indicis supplies the
radial aspect of the index finger and variably
arises directly from the deep arch or as a common
trunk with the arteria princeps pollicis or from
the superficial palmar arch. The deep palmar arch
also produces three further palmar metacarpal
arteries, which pass distally to anastamose with
the dorsal metacarpal arteries at the level of the
metacarpal heads and the common palmar digital
vessels of the superficial arch. All five digits
therefore receive arterial inflow from both the
radial and ulna arteries via the deep and superfi-
cial arches.

The two palmar arterial arches may be incom-
plete. The superficial arch is most commonly
completed by the superficial palmar branch of the
radial artery but may also be completed via a per-
sistent median artery or from a branch of the deep
palmar arch. The deep palmar arch is less vari-
able and is completed by the deep branch of the
ulna artery in 98.5 % of hands [1].

The common digital arteries give rise to two
proper digital arteries. These travel along the con-
tiguous sides of all four fingers, dorsal to the digi-
tal nerves, between Grayson’s and Cleland’s
ligaments. They have multiple anastamotic con-
nections along their path. These include three
transverse palmar arches located at the level of the



necks of the proximal and middle phalanges and
just distal to the profundus insertion. The digital
artery supplies the metacarpal and interphalangeal
joints and each has two dorsal branches, which
anastamose with the dorsal digital arteries.

In the thumb there are two constant communi-
cating branches of the palmar digital arteries. The
first is at the level of the proximal phalangeal neck,
the second lies across the distal part of the oblique
pulley of the flexor sheath. Distally, the pulp
arcade runs between the insertion of the flexor ten-
don and the bony tuft of the distal phalanx. Similar
to the fingers there are further branches from the
digital arteries to the interphalangeal joint, dorsal
thumb, nail bed and flexor sheath.

Some arterial anatomical variations have
already been discussed; certainly the point has
been made about the high incidence of variability
on the radial side of the hand. The dominant sup-
ply to the thumb, being the ulnar palmar digital
vessel will only arise from the first palmar meta-
carpal artery approximately 60 % of the time, it is
otherwise supplied from the first dorsal
metacarpal artery, superficial palmar arch or
superficial branch of the radial artery. Despite
this wide variety of origin, once it has reached the
level of the ulnar sesamoid, the ulnar palmar
digital artery will follow a constant and superfi-
cial course in all thumbs [2].

The most common abnormality above the wrist
is a high branching radial artery from the brachial
artery. When this occurs it is more likely to be from
a high proximal position than from the lower part
of the brachial artery, it is common, occurring in
approximately 12 % of arms [1]. Peculiarities of
the radial artery in the forearm are uncommon, but
typically relate to a more superficial position of the
vessel, such as lying on the surface of brachioradia-
lis, instead of under its medial border and lying
above the first and or third extensor compartments
at the wrist. Less commonly the ulnar artery may
also vary in its origin, occasionally arising 57 cm
below the elbow, but more frequently from higher
on the brachial artery. With a proximal origin the
artery will typically lie in a more superficial posi-
tion over the flexor muscles in the forearm.

A persistent median artery has a reported inci-
dence between 4.4 and 27 % [3]. During embryo-
genesis the median artery branches from the
interosseous (axis) artery and follows the median
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nerve in the forearm and into the hand. It pro-
vides the dominant blood supply to the distal half
of the upper extremity in the first few months of
foetal life. In the normal course of development
the median artery regresses and usually disap-
pears as the radial and ulnar arteries develop.
When present after embryogenesis the persistent
median artery accompanies the median nerve
through the carpal tunnel on its ventral surface,
where it may join the superficial palmar arch or
end as one or two palmar digital arteries.

Venous System

The venous system is defined by superficial and
deep veins linked by perforating vessels. Valves in
each of these systems prevent retrograde flow and
the flow of blood from deep to superficial. Deep
veins are numerous and accompany arteries in the
form of venae commitantes and also lie within
muscle bellies. Large superficial veins on the back
of the hand form the dorsal venous network. This
network contributes significantly to the venous
drainage of the palm and this then coalesces on the
radial side into the cephalic vein and on the ulnar
side into the basilic vein. These two vessels serve
as the dominant superficial drainage routes along
the lateral and medial aspects of the upper limb.

The cephalic vein gives rise to the median cubi-
tal vein distal to the elbow, which receives branches
from the deep system and diverges proximo-medi-
ally to reach the basilic vein. Above the elbow the
cephalic vein runs lateral to biceps, along the delto-
pectoral groove and perforates the clavipectoral
fascia to drain into the axillary vein. The basilic
vein runs up the medial border of the limb, perfo-
rating the deep fascia halfway up the upper arm and
joins the brachial veins to become the axillary vein.
The standard pattern of superficial veins in the
forearm also includes a median vein that drains the
flexor surface of wrist and forearm and joins either
the basilic or median cubital vein. There are fre-
quent variations to this pattern [4].

Lymphatic System

The lymphatic glands and vessels of the upper
extremity are divided into superficial and deep [5].
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The scant superficial glands comprise the supra-
trochlear and deltopectoral groups; they number
only a few in each group. The supratrochlear group
are situated above the medial epicondyle of the
humerus, medial to the basilic vein. The deltopec-
toral glands lie adjacent to the cephalic vein in the
deltopectoral groove, just inferior to the clavicle.
The superficial lymphatic vessels accompany the
cephalic, median and basilic veins. This system is in
free communication with the deep lymphatics
whose glands lie predominantly in the axilla. There
may be some scattered deep glands along the course
of the arteries in the forearm and the brachial artery
in the arm. The axillary glands typically number
20-30 and in surgical terms are described as being
in levels one to three. Level I glands lie distal to
pectoralis minor, level II glands lie deep to the pec-
toralis minor and level III glands are in the apex of
the axilla, proximal to pectoralis minor [6].

Physiology

The microvascular system of the hand functions
to deliver the nutritional requirements of the tis-
sue and to provide flow through the arteriove-
nous anastamosis that participate in temperature
regulation. The nutritional flow required to
maintain tissue viability is typically only
10-20 % of the potential blood flow, leaving the
remainder to pass through the thermoregulatory
beds. This system has considerable capacity and
undergoes large fluctuations in volume, under
the control of environmental influences, local
factors and metabolic demands as well as circu-
lating mediators and centrally controlled sympa-
thetic tone.

Local metabolic demands, mediated through
oxygen levels and metabolites, influences micro-
circulatory blood flow to maintain adequate
nutritional requirements.

Endothelial cells are intimately involved in the
regulation of vascular tone via the synthesis and
release of cytokines, growth factors, prostaglan-
dins and other bioactive macromolecules. Some
are mediators of vasodilatation such as prostacy-
clin and nitric oxide and others, such as endothe-
lin-1 are vasoconstrictors.

The sympathetic nervous system contributes
to vaso-regulation via the alpha adrenergic recep-

tors of the vascular smooth muscle which cause
vasoconstriction. The nerve fibers travel in peri-
vascular tissue and penetrate the arterial and
venous walls of the hand and forearm.

Evaluation of Vascular Disorders
of the Upper Limb

History and Presentation

The clinical presentation of upper limb vascular
disorders range from significant ischaemic symp-
toms such as pain, finger tip ulceration or gan-
grene, to mild symptoms suggestive of
inadequate, subcritical blood flow; claudication,
peripheral cold intolerance, altered sensation and
skin colour changes.

Patients present with symptoms of acute onset
or having developed signs and symptoms pro-
gressively over time. Acute necrosis or open
wounds are relatively easy to assess, but when the
complaints are chronic, and mild or intermittent
then diagnosis is more difficult and reliant on
investigations.

The patient may reveal a history of recent
trauma or describe chronic occupational or rec-
reational exposure to repetitive hand injury and
vibration. If the condition is non-traumatic a
broad past medical history must include the
search for atheromatous disease, cardiac isch-
aemia and arrhythmia, malignancy, diabetes,
systemic connective tissue disorders, drug
exposure, tobacco use and family history of
blood dyscrasias. An element of peripheral
vascular disease may be present prior to the
injury or indeed render the vessel more suscep-
tible or less tolerant of injury. In chronic or
delayed presentations, one should enquire
about aggravating and relieving factors, such
as activity, arm position and environmental or
emotional stressors.

Examination

Examination includes the entire upper limb and
neck and aims to determine the adequacy of the
vascular system and identify sites of possible
vascular compromise. Inspection can reveal open



wounds, joint dislocation, deformity, but also
more subtle observations of skin colour change,
hair loss, scars, fingertip atrophy, necrosis or
ulceration, splinter haemorrhages and fungal
infections of the nails.

On palpation one should detect temperature
differences, skin texture, hair growth, capillary
refill and the quality of pulses. The site of previ-
ous injury may reveal the mass of an aneurysm,
fistula or haematoma.

There are a number of useful clinical tests
that should be carried out during the consulta-
tion. Allen’s test is used to determine the patency
of the dual blood supply and quality of collateral
circulation of the hand or digit [7]. When assess-
ing the ulnar and radial arteries the examiner
compresses both vessels at the wrist and asks the
patient to open and close the hand until it turns
pale. The vessels are then released sequentially
and reperfusion across the hand is observed. The
test is repeated reversing the order of artery
release. Delayed perfusion or failure to reperfuse
indicates reduced flow in the vessel released.

If the pulses cannot be palpated they may be
searched for using the hand held Doppler probe.
However presence of the Doppler signal should
not reassure one to the extent of avoiding inter-
vention, as a completely occluded artery can still
display an audible Doppler signal.

Investigation

The appropriate set of investigations is determined
by the clinical presentation, history and examina-
tion findings. An open wound, fracture or dislo-
cated joint with loss of pulses and compromised
distal vascularity requires no further investigation,
other than surgical exploration and reduction.
However in chronic cases, investigations may
be required and along with specific upper limb vas-
cular investigations it may be relevant to perform
blood tests such as ESR, Rheumatoid factor and
antinuclear antibodies. Other considerations, par-
ticularly if embolisation is suspected, include ECG
and cardiac echocardiogram. A number of patients
will benefit from a referral to other disciplines such
as rheumatology, cardiology or vascular surgery.
Vascular testing aims to determine the struc-
tural configuration of the upper limb vessels and
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their functional capability to respond to stress.
Often a combination of vascular studies is neces-
sary to help differentiate between occlusion and
vasospastic disorders and determine their relative
importance when both occur together.

In most circumstances plain radiography is
the starting point. It is useful in characterising
phleboliths, vascular calcification, foreign bod-
ies, and the presence of any osseous abnormali-
ties. Vascular imaging using ultrasound, CT and
MRI has greatly increased the diagnostic ability
of radiologists [8].

Doppler ultrasound is easily accessible and
inexpensive. It is able to differentiate venous from
arterial flow, assess flow haemodynamics and ves-
sel lumen morphology. A normal vessel produces
a triphasic waveform and progresses to monopha-
sic in a vessel with abnormal flow characteristics.
Pulse-echo imaging uses sound to produce a two
dimensional representation of the vessel wall. It
is, however, operator dependent and is unable to
fully evaluate upper limb arterial inflow.

Colour duplex imaging can provide structural
and functional information about a vessel.
It demonstrates the direction and velocity of flow
with varying intensity of either a red or blue colour
on the monitor. This non-invasive technique is cost
efficient and repeatable. It is useful to differentiate
between tumours of the upper extremity such as
differentiating ganglia from aneurysms. It can also
localise the site of vascular obstruction.

Plethysmography, or digital pulse volume
recording, is a technique that quantitates flow by
detecting volume change in the limb or digit and
can measure the response in blood flow to changes
in temperature. It produces characteristic pulse
volume recordings that can be used to differentiate
a fixed arterial obstruction or narrowing from
vasospastic disease. It is further helpful in the eval-
uation of vasospastic disease by predicting the
results of surgical sympathectomy by observing
the response of a cold, vasoconstricted digit
blocked with local anaesthetic. The anaesthetised
digit mimics the physiological conditions achieved
following sympathectomy, so an improvement in
the signs suffered under environmental stress is a
positive predictor of operative success.

Cold stress testing provides an evaluation of
the response of the digital vessels to physiologic
stress by monitoring cutaneous perfusion and
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temperature with exposure to cold. It is most
commonly used as an investigation for patients
with suspected Raynaud’s phenomenon [9].
Magnetic  resonance  imaging/magnetic
resonance angiography (MRI/MRA), computed
tomographic angiography (CTA) or intra-
vascular contrast angiography can be obtained.
Intra-vascular contrast angiography remains the
gold standard for evaluation of static structural
detail, providing the required information to plan
distal hand and digital revascularisation proce-
dures. However, this modality is invasive,
requires iodinated contrast agents, exposure to
radiation and may induce further vasospasm on
top of already compromised vessels. It can also
fail to detect significant extra luminal disease
without the aid of supplementary investigations.
MRI/MRA does not include ionising radiation
or the potential allergic reaction from contrast
media, it does not induce vasospasm and has no
renal side effects. It is able to provide functional
information in the form of velocity, volume and
directional data but is limited by the presence of
metallic and implantable devises and, compared
with CTA and intra-vascular contrast angiogra-
phy, provides lower spatial resolution and less
reliable vessel wall characterisation, which are
essential for small vessel imaging of the hand.
CTA does expose the patient to radiation and
requires intravenous dye, but unlike intra-
vascular angiography, avoids intra-arterial cathe-
terisation. It is a relatively short procedure with
wide availability. It offers good vessel wall char-
acterisation with enhanced spatial resolution
compared to MRA, and has the advantage of pro-
viding comprehensive evaluation of nonvascular
structures. Often any decision about the best
modality for a specific patient is reached follow-
ing discussion with a radiologist and is heavily
dependent on local expertise and availability [8].

Causes of Injury to Blood Vessels
Traumatic Injury

Trauma causes around half of all vascular disor-
ders of the upper limb. Vascular trauma can be

penetrating (open) or blunt (closed). An acute
vascular injury from penetrating trauma is usu-

ally easily diagnosed and beyond re-establishing
adequate blood flow, the complex issues of
managing concomitant bony, nerve and soft
tissue injury will often determine the clinical
outcome. Blunt trauma should arouse suspicion
of laceration or obstruction of a significant vessel,
and acute ischaemia or subcritical vascular com-
promise should be looked for, promptly recog-
nised and appropriately managed.

The initial management of a trauma patient is
directed by the mechanism and clinical signifi-
cance of their injuries. Some patients suffering
multi-trauma will require stabilisation of their
airway, breathing and circulatory control, prior
to any formal assessment of the upper limb
injury.

Penetrating Trauma

Most patients with penetrating trauma of their
upper limb will have an isolated injury. Control
of haemorrhage is achieved with direct pressure
at the bleeding point and arm elevation. Almost
all types of bleeding in the periphery, including a
significant partial injury of the brachial artery
(often more difficult to control than a complete
transection because of the inability of vasocon-
striction and thrombus formation to stop flow)
can be controlled in this manner.

Prolonged tourniquet application is not justi-
fied and serves only to deny the distal limb the
benefits of any patent collateral circulation.
Another common mistake is misdirected and
overly bulky dressings, which rarely prove to be
adequate. In this circumstance, under brief tour-
niquet control, removal of all the dressings and
an accurate determination of the bleeding point
and subsequent application of direct pressure
will control the haemorrhage. It is not appropri-
ate to try and apply potentially damaging surgi-
cal instruments, such as artery clamps, blindly
into a blood filled wound in an attempt to control
blood loss. The risk of collateral damage to
nerves is very high as is the likelihood of causing
further damage to vessels complicating any
reconstruction.

An open injury of the upper limb resulting in
arterial damage to the brachial artery or distal
vessel will rarely require urgent surgical inter-
vention to control blood loss, the urgent indica-
tion is for restoration of blood supply to a



relatively ischaemic limb. The situation is very
different for a more proximal vessel injury of
axillary or subclavian artery, which can become
rapidly life threatening, given their deeper ana-
tomical location and the larger volume of blood
loss, and it is much more challenging to achieve
control without emergency surgery [10].

Once bleeding is controlled there will be time
for a reliable assessment of the limb, particularly
the extent of soft tissue injury, nerve and bony
damage. The vascular integrity of the limb can
only be reliably judged by visual examination of
the vessel in the zone of trauma under anaesthe-
sia in the operating theatre. Perfusion of the limb
can, however, be assessed clinically by skin
colour, temperature, capillary refill and palpation
of pulses. The presence of capillary return and
pink fingertips is not an indicator of adequate
blood supply, merely an indicator of sufficient
collateral blood flow for the resting limb, which
if ignored can lead to progressive necrosis, or
relative ischaemia with activity. The presence of
a distal pulse by palpation or Doppler, is not a
reliable sign of an intact proximal vessel. The
pulse may be the result of retrograde flow through
collateral circulation or wave transmission
through an injured segment. Other than a plain
radiograph, further investigations including angi-
ography are rarely helpful, but can be critically
time wasteful [11, 12].

It is obvious that a critical arterial injury in an
otherwise salvageable limb requires repair, but
we would also advocate repair of isolated non-
critical arterial injuries such as a brachial artery
injury distal to the origin of profunda brachii or
a radial or ulnar artery injury. The aim should be
to avoid the development of relative ischaemia in
the future, and to decrease the symptoms of
inadequate perfusion such as cold intolerance
and claudication. Vessel repair will also aid bone
and soft tissue repair and nerve recovery. The
loss of one of the major vessels supplying the
hand places the patient at high risk in subsequent
arterial occlusion or vessel injury at a different
location [13]. However, many reports on repair
of isolated radial or ulnar artery injuries indicate
only 50 % patency rates at follow up with no
sequelae associated with occlusion of the
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repaired vessel or from ligating the vessel
instead. However, other studies show that 50 %
of patients complain of hand weakness, 25 % of
paraesthesia and 15 % of cold insensitivity fol-
lowing ligation or occlusion of the traumatised
radial or ulnar artery at the wrist [14]. Following
radial artery harvest for coronary artery bypass
grafting 10 % of patients suffer hand paraesthe-
sia or numbness [15].

Blunt Trauma
Closed arterial injury from blunt trauma is usu-
ally associated with joint dislocation or humeral
fracture. Shoulder, elbow and scapulothoracic
dislocations can cause traction injuries and lead
to arterial laceration and avulsion or more insidi-
ously, intimal tears and the risk of subsequent
thrombotic occlusion. An anterior dislocation of
the glenohumeral joint for example, can result in
an axillary artery injury [16]. Blunt subclavian
artery trauma is thankfully uncommon but pres-
ents a challenging surgical problem. It can result
from high-energy trauma that causes fractures of
the clavicle or scapula or scapulothoracic disso-
ciation and can produce a life threatening proxi-
mal vessel injury [17]. The patient presents with
periclavicular haematoma, significant shoulder
swelling and neurological deficits as a result of
the inevitable brachial plexus injury. Prompt
angiographic confirmation of the site of injury
and surgical intervention with vessel repair is
required. Older patients with atherosclerotic ves-
sels are at risk of arterial injury with a signifi-
cantly displaced humeral fracture. It is usually a
proximal fracture dislocation of the humerus that
results in axillary artery injury through the avul-
sion of circumflex scapular or subscapular arter-
ies or direct axillary artery trauma.
Supracondylar humeral fractures tend to
involve young patients and can cause vascular
compromise through brachial artery displace-
ment and kinking or direct vessel injury from
bony fragments such as entrapment or penetrat-
ing lacerations. Median nerve damage (especially
anterior interosseous components) are more com-
mon than vessel injury [18]. Clinical signs of
nerve injury should be sought in all supracondy-
lar fractures especially in cases where vessel
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damage has occurred. Closed humeral fracture
reduction and pin fixation will often resolve the
acute ischaemic symptoms, with blood flow
across the elbow re-established via collaterals or
a recovered brachial artery. In the persistently
ischaemic hand post fracture reduction, prompt
recognition and surgical intervention for repair of
the arterial injury is required [19], without the
delay of further angiographic investigation [20].
If the brachial artery is damaged it will occur at
the site of the fracture. The usual mechanism of
injury is entrapment within fracture fragments; it
may also suffer a laceration through direct injury
from bony fragments or occlusive thrombosis
subsequent to intimal damage from compression
and kinking. Exploration of the vessel will allow
a decision to be made about the extent of injury
and a suitable method of repair.

A perfused but pulseless hand post supracon-
dylar fracture reduction and fixation, creates a
dilemma for the surgeon. The appropriate man-
agement of such, particularly indications for sur-
gical exploration, continues to be a source of
controversy. Common dogma suggests that the
pink, pulseless hand is a benign condition and
usually advocates a watchful waiting approach
to these injuries [19]. However, we have a very
low threshold for surgical exploration of the bra-
chial artery given the high incidence of arterial
injury and the severe consequences of persistent
vascular compromise (even if only relative), the
high risk of associated nerve injury and the rela-
tively low morbidity of microvascular surgery.
Certainly, in a limb with worsening pain and
deteriorating neurological signs or persistent
absence of a radial pulse at 24 h post fracture
reduction, surgical exploration is indicated. In a
literature review of 331 cases of pulseless supra-
condylar fractures, 157 remained pulseless after
reduction of which 98 extremities were pulseless
yet pink following fracture reduction and fixa-
tion, and of which on exploration 70 % had a
brachial artery injury [21]. Mechanisms of arte-
rial injury found at exploration were; traumatic
aneurysm with thrombus formation, complete
laceration and partial tear and arterial entrap-
ment at the fracture site. These findings suggest
that even though a pink pulseless hand may

survive and have no obvious sequelae on
superficial examination, the majority are surviv-
ing on collaterals with a level of vascularity that
must have a bearing on normal physiology and
function at extremes of demand.

Surgical Treatment

In penetrating trauma with a clean, sharp, single
level injury end-to-end repair will often be
achievable. This can be aided by conservative
vessel mobilisation, but should not be attempted
under undue tension or without adequate debride-
ment of damaged vessel ends. An interposition
graft is always a better option than a less than
optimal primary repair. Partial lacerations can
usually be directly repaired, or with the aid of a
vein patch.

In blunt injuries, the vessel may rupture com-
pletely, tear (usually at the origin of tethering
branches), or suffer an intimal injury maintaining
vessel continuity.

The mechanism of injury in blunt trauma or
open avulsion injuries always involves some ele-
ment of longitudinal stretch. This causes more
extensive vascular injury than is evident on visual
or microscopic examination, making it difficult
to judge the length of vessel to resect. In this situ-
ation end to end repair will only aggravate longi-
tudinal tension and increase the risk of
thrombosis. Vessel injury can be estimated by
close observation for linear red streaking indicat-
ing separation of the intima. After resecting the
estimated length of damaged vessel and demon-
strating adequate proximal blood flow, a suitable
graft can be harvested. Vein grafts can be har-
vested from the adjacent large superficial cephalic
or basilic veins or their branches. Despite these
veins being in the zone of injury their subcutane-
ous position, separate from the brachial artery,
means they often do not bear the same brunt of
injury. The vein grafts should be reversed and
kept at an appropriate length and tension to avoid
kinking particularly with elbow flexion.

Due consideration should be given to the long-
term survival of these grafts and the potential of
other more suitable donors. The basilic and
cephalic veins are both thin walled and theoreti-
cally run the risk of developing late vein graft
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occlusion from intimal hyperplasia or dilatation
and deterioration. The cardiothoracic literature is
replete with reports demonstrating improved
patency of arterial grafts over vein grafts. Arterial
grafts from the thoracodorsal pedicle, deep infe-
rior epigastric artery, descending branch of the
lateral circumflex femoral or a vein that best
approximates an artery with respect to the thick-
ness of the wall, such as those in the distal lower
leg, should be considered. Despite these theoreti-
cal concerns the 5 year follow up of lower limb
autogenous vein grafts used in 134 injured
extremity arteries showed 98 % patency [22].

The use of intra- or post-operative systemic
anticoagulation such as unfractionated heparin or
dextran is unnecessary in our experience. Close
postoperative clinical monitoring of distal perfu-
sion, and pulse, with or without the aid of a hand
held Doppler probe or digital pulse oximeter is
adequate to confirm the persistence of a patent
anastomosis.

Upon achieving good intra-operative flow
through the repaired vessel, a prophylactic fasci-
otomy should be performed in any limb that has
suffered prolonged ischaemia, over 3 h, and
where reperfusion injury is likely.

Compressive Injury to Blood Vessels

Compartment syndrome is a condition in which
the tissue perfusion in an anatomical compart-
ment is compromised by the increase of intersti-
tial tissue pressure within the compartment. In the
upper extremity it is most common in the forearm.
The intrinsic muscles of the hand may also be
involved and rarely the muscles of the upper arm.

There are four compartments in the forearm:
superficial palmar, deep palmar, dorsal and a
dorsal/proximal compartment containing the
mobile wad of brachioradialis and extensor carpi
radialis longus and extensor carpi radialis brevis.
In the hand each interosseous muscle is its own
compartment in addition to the adductor pollicis
muscle and the thenar and hypothenar muscles,
though some believe these compartments are
incompetent at low pressures and hence not true
compartments [23].
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Compartment syndrome can result from a
variety of causes including crush injuries, frac-
tures, haematomas, extravasation injuries, burns
and external compression. Basically, anything
that causes a decrease in compartment volume,
restriction in compartment expansion (such as
caused by burns eschar) or an increase in com-
partment content. Beyond traumatic injury,
increased compartment content can be the result
of nephrotic syndrome, venous obstruction,
infection and exercise. Compartmental compres-
sion induced by exercise is some times referred
to as recurrent or chronic exertional compartment
syndrome. It is much more common in the lower
extremity, and is typically transient, resolving
with rest.

The symptoms of compartment syndrome are
a consequence of the pathologically elevated
interstitial tissue pressure within the fixed space
compartment, which prevents capillary blood
perfusion such that it cannot maintain tissue via-
bility. The end result is muscle and neural isch-
aemia, necrosis and fibrosis, leading to
Volkmann’s ischaemic contracture.

Rowland described the relationship between
local blood flow (LBF) and the arteriovenous
gradient by the following equation:

LBF = (Pa —Pv)/local vascular resistance

The local blood flow in a compartment equals the
local arterial pressure (Pa) minus the local venous
pressure (Pv) divided by the local vascular resis-
tance [24]. As veins are compressible, the pres-
sure inside them cannot be less than the local
tissue pressure; therefore, when the interstitial
tissue pressure rises, so does the local venous
pressure, which results in a decrease in the arte-
riovenous gradient and a decrease in the local
blood flow. This is combined with complex
events at a cellular level involving an accumula-
tion of toxic chemicals in the extracellular envi-
ronment, increases capillary leakage further
contributing to the rise of interstitial tissue pres-
sure. With normal capillary perfusion pressure
around 25 mmHg and interstitial pressure around
5 mmHg it does not take much of an increase in
interstitial pressure to affect capillary perfusion.
If interstitial pressure rises to 30 mmHg, the
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patient will suffer pain with activity. At40 mmHg,
pain with passive stretch occurs, and at 50 mmHg
severe pain with paraesthesia is experienced.
At 60 mmHg ischaemia starts but one does not
lose pulses and distal capillary return until the
interstitial pressure rises above systolic.

These figures are relative to the patient’s pres-
sure, so at interstitial pressures 20 mmHg below
systolic blood pressure blood flow reduces and
pO2 reduces, whereas at interstitial pressures
10 mmHg below systolic pressures, blood flow
stops completely and pH and pO2 drop. In injured
muscle such as following crush injuries, the effect
occurs at least 10 mmHg lower!

Compartment Syndrome Pearls

Classic Symptoms and Signs of the 5 P’s
are too late!

Pallor

Pain

Paraesthesia

Paralysis

Pulselessnes

Minor increases in interstitial compart-
ment pressures can have significant detri-

mental effects.
Symptoms Interstitial Pressure (maximum
normal 25 mmHg)

Pain with activity —5 mmHg over normal

Pain with passive —15 mmHg over normal

stretch

Pain with —25 mmHg over normal
paraesthesia

Irreversible —35 mmHg over normal
ischaemia

Loss of pulse/ —120 mmHg (over systolic
pallor pressure)

Reduce these pressures by 10 mmHg where muscle
injury is already present

Early recognition and diagnosis is essential. In
an awake patient without a significant proximal
nerve injury, pain is the most important and con-
sistent symptom. The pain is persistent and
increasing, it is not relieved with elevation or
immobilisation and is exacerbated by muscle

n

stretch with passive extension of the fingers.
Sensory nerve fibres are the most susceptible
tissues to hypoxia, and as a consequence
diminished fingertip sensibility is often a clinical
sign. Distal arterial pulses are palpable well after
the onset of ischaemic neural and muscle dam-
age, which occurs at tissue pressures below arte-
rial systolic pressure. The loss of pulses and
pallor are late signs, with irreversible damage
already having occurred.

In patients who are heavily intoxicated, have
suffered a head injury or are intubated and
ventilated, clinical signs are likely to be limited.
In this scenario inter-compartmental pressure
monitoring may be necessary. Fasciotomy is
recommended when compartment syndrome is
suspected or when the compartmental pressures
rise above 30—45 mmHg or are showing a rising
trend.

As the consequence of a delayed or missed
diagnosis is so significant, any patient with a high
degree of clinical suspicion for compartment
syndrome should undergo emergency fasciot-
omy. The volar forearm compartments are
released through a long curvilinear or straight
skin incision that starts at the elbow flexion
crease, just radial to the medial epicondyle.
It then descends along the ulnar side of the fore-
arm along the radial border of flexor carpi ulnaris
to the wrist crease [25]. The incision continues
parallel to the wrist crease and ends as a standard
open carpal tunnel release. Through this incision
decompression of the superficial compartment is
performed, and by retraction of the ulnar neuro-
muscular bundle and flexor digitorum superficia-
lis radially in the middle and distal third of the
forearm, the deep flexor compartments of prona-
tor quadratus, flexor pollicis longus and flexor
digitorum proudness are easily accessed and
decompressed. Finally, release of the transverse
carpal ligament is performed. An assessment of
the muscle viability can be made and an adequate
debridement of any devitalised tissue carried out
if necessary.

The dorsal forearm compartment can be
released by an incision beginning distal to the lat-
eral epicondyle, between the extensor digitorum
communis and extensor carpi radialis brevis, and
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extending proximally about two thirds of the way
to the wrist. The fascia is released over the dorsal
muscles and proximal mobile wad.

In the hand, two longitudinal incisions are made
over the second and fourth metacarpals to access
both the dorsal and volar interosseous compart-
ments and the adductor pollicis muscle. Separate
palmar-radial and ulnar incisions are made to
release the thenar and hypothenar compartments.
In the acute preventative fasciotomy there is no
indication for epineurolysis of the major nerves.
This procedure may be of benefit in established
compartment syndrome or Volkmann’s ischaemic
contracture. Decompression of the fingers is car-
ried out via a mid lateral incision, and is only indi-
cated in external compression of the digits as
occurs in burns eschar (Figs. 1.1, 1.2 and 1.3).

The fasciotomy wounds should be dressed
until the compartment swelling has reduced,

Fig.1.1 Swollen forearm
after crush injury

following which staged primary skin closure is
performed or more commonly the wound is
partly closed and mainly split skin grafted or
allowed to heal by secondary intention [26].

Acute Occlusive Conditions Affecting
Vessels

Acute arterial occlusive disease of the upper
extremity results from thrombosis, embolisa-
tion and aneurysmal formation. It is rare, and
its most common form is iatrogenic following
arterial cannulation for monitoring or angiog-
raphy [27]. Its most common pathological form
is due to post-traumatic thrombotic occlusion of
the ulnar artery in the hand, known as hypothe-
nar hammer syndrome [28]. Embolisation as a
source of occlusion should be considered when

Fig.1.2 Forearm and palmar
fasciotomies
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Fig. 1.3 Dorsal fasciotomies ?u“t:- N

Table 1.1 Rutherford

© ) Viable Threatened Non-viable

classification .Of acute Sensory deficit None Partial Complete

lower extremity - - - -

ischemia [29] Arterial Doppler Audible Inaudible Inaudible
Motor deficit None Partial Complete
Pain Mild Severe Variable
Capillary refill Intact Delayed Absent
Venous Doppler Audible Audible Inaudible
Treatment Urgent workup Emergency surgery Amputation

the ischaemia is of sudden onset and is associated
with atrial fibrillation or follows a myocardial
infarction. Distal micro-emboli however rarely
travel all the way from the heart and typically
result from thrombotic or aneurysmal disease in
upper limb vessels.

Acute limb ischaemia can be classified and
categorised according to Rutherford’s classifica-
tion, and this can aid reporting and guide treat-
ment (Table 1.1).

Upper extremity venous occlusive disease
most commonly involves the deep system and
occurs in association with a hypercoaguable
state, venous endothelial injury or arises in other-
wise healthy patients because of venous impinge-
ment in the thoracic outlet. Patients present with
swelling of the arm, pain and skin discolouration.
Superficial veins may be dilated.

Paget-Schroetter disease describes upper
extremity deep vein thrombosis, typically in the
large proximal vessels that occurs spontaneously
or in association with thoracic outlet syndrome.

Thrombosis

Ulnar artery thrombosis in the palm in the form
of ‘hypothenar hammer syndrome’ is the most
common type of non-idiopathic upper limb arte-
rial occlusion, despite being rare. Repetitive
trauma from using the palm of the hand as a
‘hammer’ causes disruption of the internal elastic
lamina of the ulnar artery, with arterial media
fibrosis, as it exits from Guyon’s canal. This
results in aneurysmal dilatation with mural
thrombi, leading to ulnar artery thrombotic occlu-
sion and distal embolic events. Symptoms result
from microemboli and inadequate collateral cir-
culation to the ulnar digits and are exacerbated by
secondary vasospasm [28].

The condition occurs most frequently in
male, manual workers who smoke and use
vibratory tools. These patients present with vas-
cular compromise to the little, ring and middle
fingers, resulting in cold sensitivity, pain, numb-
ness, tingling and ulceration, along with finger-
tip colour and temperature changes. The severity
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of symptoms depends, in part, on the extent to
which the radial artery supplies the ulnar side of
the hand. Patients also experience downstream
embolisation, causing intermittent episodes of
digital ischaemia.

An Allen’s test will confirm absence of flow
through the ulnar artery, with an associated ten-
derness or palpable mass in the ulnar side of the
proximal palm. Angiography or MRA provides
detail of the segment of vessel involved and will
allow accurate management planning. An early
sign of ulnar artery thrombosis seen on angiogra-
phy provides a ‘string of beads’ appearance and
indicates alternating fibrosis and dilatation but
must not be over-interpreted as this appearance
may arise from corkscrew dilatation of the post-
traumatic or aged ulnar artery [28].

The goal of treatment is the restoration of ade-
quate blood flow and should include conservative
measures such as cessation of smoking and
avoidance of cold. There can be an indication for
thrombolytic therapy in the early stages [30] or
vasodilatory interventions, such as cervicotho-
racic sympathectomy, stellate ganglion blocks
and oral sympatholytics, if the symptoms are pri-
marily the result of abnormal physiologic control
rather than the underlying structural damage.

Surgical intervention is indicated in acute
onset thrombosis or in the presence of inadequate
collateral circulation and persistent distal isch-
aemia or recurrent distal embolisation. It involves
resection and reconstruction of the involved ves-
sel with an appropriate graft. The ulnar artery is
explored proximal to the wrist and followed dis-
tally to the occluded segment and beyond to the
superficial palmar arch and its 3 common digital
arteries. After assessment of the extent of vascu-
lar damage a bypass conduit can be planned using
the saphenous vein and its branches from the dor-
sum of the foot.

The radial artery may also suffer from occlusive
thrombosis and be the source of embolisation. It
can occur in the anatomical snuffbox and may
result from compression from the first dorsal exten-
sor compartment tendons. Far more commonly,
brachial or radial artery thrombosis is the result of
an iatrogenic injury following cannulation for arte-
rial pressure monitoring or angiography. Temporary
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thrombosis can occur in 40 % of cannulations but
rarely produces major ischaemic problems [31].
Pallor, and occasionally paraesthesia and pain of
the index finger and thumb, should prompt rapid
removal of the cannula. Surgical resection and
reconstruction of the involved segment of vessel
yields good symptomatic relief [27].

Embolism

Emboli to the upper limb account for 15-20 % of
all peripheral emboli and mostly originate from
the heart (70 % of cases) secondary to conditions
such as cardiac arrhythmias, ventricular aneu-
rysms, myocardial infarction and bacterial endo-
carditis. The remaining 30 % result from upper
limb vascular abnormalities such as subclavian
artery aneurysm secondary to thoracic outlet
compression and radial and ulnar artery thrombo-
sis mainly secondary to cannulation [32].

Emboli of cardiac origin tend to be larger and
will most commonly occlude the brachial artery
bifurcation. Distal emboli to the hand and wrist is
usually the result of micro embolic showers,
originating from the subclavian artery or periph-
eral vessel. The defining clinical feature is one of
acute onset ischaemia. The limb distal to the
embolic occlusion will be painful, cool, pale and
pulseless. Evaluation should include a targeted
history and examination with complementary
investigations including echocardiography and
upper limb angiography as indicated.
Angiography can be helpful to determine the site
of a proximal source of emboli and to differenti-
ate embolism from acute arterial thrombosis [33].

For brachial artery macro emboli, anticoagu-
lation with therapeutic heparin infusion and
embolectomy with a Fogarty catheter is indi-
cated. Embolic events in the hand may require
anticoagulation and thrombolysis or surgical
management of embolic sources with vessel
resection and reconstruction [30]. Thrombolysis
will not be effective on athero-emboli.

Intra arterial injection injuries, from illicit
drug use, occupational injuries involving high
pressure solvents and paint products or inadver-
tent injection of medical therapy, causes arterial
occlusion from chemical endarteritis, secondary
vasospasm and particulate embolisation. Patients
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present with a painful, mottled and cool periph-
ery. The management is aided by colour Doppler
evaluation and angiography to define the arterial
damage and extent of distal occlusions. Typically,
multiple distal embolic events preclude arterial
reconstruction and systemic or intra-arterial ther-
apy is the only option. The medical management
lacks any universally agreed protocol. Many
combinations of vasodilator, thrombolytic ther-
apy, steroids and anticoagulant have been tried.
Heparinisation should be initiated to prevent the
propagation of thrombus and further therapy con-
sidered depending on the relative influence of
vasospasm and established thrombosis [34-36].

Aneurysm

Aneurysms comprise the majority of acquired
vascular tumours of the upper extremity and typi-
cally result from repetitive trauma. The most
common site is the ulnar artery, often where it
abuts the hook of the hamate [37]. Alternatively,
aneurysms can occur in the superficial palmar
branch of the radial artery between the abductor
pollicis brevis and opponens pollicis, or the sub-
clavian artery, where aneurysms occur as a result
of thoracic artery compression (related to tho-
racic outlet syndrome and cervical ribs) and post
stenotic dilatation [38]. At any point on the limb
partial vessel injury from penetrating trauma or
cannulation can result in the formation of a pseu-
doaneurysm. Unlike true aneurysms, which
involve all three layers of the arterial wall, pseu-
doaneurysms are haematomas adjacent to the
injured artery that become cannulated by blood
flow.

Aneurysms usually present as a result of
symptoms from distal embolic events, or from
the palpable mass. Presentation is only rarely as
vascular insufficiency from obstructive thrombo-
sis. On examination aneurysms present as a pain-
less, palpable mass located along the line of a
vessel. They often exhibit a thrill or bruit and the
diagnosis is confirmed with the aid of colour
duplex imaging or angiography.

In the majority of cases, the potential of com-
plications such as rupture and thromboembolism,
warrants surgical management by resection and
reconstruction of the involved vessel. The artery
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proximal and distal to the aneurysm should be
explored and segmental resection performed with
vessel reconstruction.

latrogenic

Iatrogenic arterial injuries can occur from can-
nulation or inadvertent arterial drug injections.
Many patients require arterial blood studies or
indwelling arterial catheters for blood pressure
monitoring and the radial artery at the wrist is the
most common target in adults. Repeated vessel
injury risks thrombotic occlusion or pseudoaneu-
rysm formation with the possibility of distal
embolisation. The brachial artery can also be the
site of iatrogenic thrombotic occlusion as it is
often catheterised for coronary angiography. This
causes local thrombosis in up to 10 % of patients
and necessitates percutaneous intra-vascular
intervention or acute surgical repair in a little less
than 1 % of procedures [39].

Prior to radial artery cannulation an assess-
ment of the hand collateral circulation with an
Allen’s test is recommended. It is thought that
noncritical occlusion occurs in around 2540 %
of cannulated arteries, although most of these
will undergo recanalisation over time [31]. In the
event of symptomatic occlusion, surgical inter-
vention is often required in the form of explora-
tion and reconstruction of the damaged vessel
segment. In adults this is preferred to thrombo-
lytic therapy or simple thrombectomy.

A difficult population at risk of iatrogenic
thrombotic arterial occlusion are neonatal and
paediatric patients. The survival rates for prema-
ture and sick infants has significantly improved
and so the incidence of vascular injury from arte-
rial catheterisation has increased. The conse-
quences of arterial thrombosis range from limb
or tissue loss, Volkmann’s contracture, neural
damage, or long-term growth disturbance sec-
ondary to ischaemic growth plate insult. These
patients are placed at a high risk of thrombotic
occlusion due to reduced endothelial tolerance to
injury, small vessel diameter, increased tendency
to vasospasm and a diminished fibrinolytic sys-
tem [40].

Due to vessel size, the brachial artery is often
the site of catheterisation, this places the limb at
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Fig. 1.4 Raynaud’s
phenomenon

particular risk as it functions as an end artery to
the hand. Catheterisation of the radial artery is
much preferred as it preserves collateral flow in
the event of thrombosis. In the event of
symptomatic occlusion all patients should be
aggressively anticoagulated with intravenous
heparin infusion, in around 50 % of patients
further intervention in the form of thrombolysis
or surgery will be necessary to restore adequate
flow [41].

Vasospastic Injuries

Vasospastic disease is an inappropriate, revers-
ible vascular constriction in the distal extremities
in response to a variety of stimuli. It is most com-
monly a disorder of small arteries, precapillary
arteries and cutaneous arteriovenous shunts of
the fingers and is characterised by a three-phasic
colour change and decreased skin temperature.
The vasospastic cessation of digital artery flow
produces pallor (white), followed by vasorelax-
ation and subsequent post capillary venule con-
striction resulting in desaturated blood-producing
cyanosis (blue) and finally post ischaemic hyper-
aemia (red). The clinical picture is referred to as
Raynaud’s phenomenon and is a consequence of
primary idiopathic disease or an associated

symptom of a number of secondary causes,
including normal physiological healing (Fig. 1.4).
In primary Raynaud’s disease patients have an
abnormally strong vasospastic response to cold
and emotional stress with anatomically normal
blood vessels. It typically has an early age of
onset (second or third decade), occurs in young
women, is bilateral and is very rarely associated
with digital ulceration or digit threatening isch-
aemia, but can be painful. Secondary Raynaud’s
phenomenon has been associated with a host of
underlying causes, such as collagen vascular dis-
orders and occlusive disease. The classification
into primary and secondary is important as it
affects prognosis, severity and treatment.
Raynaud’s phenomenon typically precedes
the clinical onset of any systemic rheumatic con-
ditions and as such its presence often precipi-
tates aggressive assessments for underlying
disease. Many non-inflammatory processes and
most systemic rheumatic diseases have been
linked to Raynaud’s, the most frequently seen
association is with systemic sclerosis (sclero-
derma). Raynaud’s is thought to occur in more
than 90 % of patients with scleroderma, 10-45 %
with SLE, 30 % of patient’s with Sjogren’s, 20 %
with dermatomyositis and 10-20 % with rheu-
matoid arthritis [42]. Furthermore, chronic occu-
pational exposure, in the form of mechanical
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vibration caused by pneumatic equipment, can
cause secondary Raynaud’s phenomenon [43, 44].
As can antineoplastic and chemotherapeutic
medications, such as bleomycin and vinblastine,
heavy metal intoxication, and a range of vasoac-
tive drugs [45].

The goal of diagnostic testing in this instance
is to allow differentiation of Raynaud’s phenom-
enon from other vaso-occlusive conditions and
to help distinguish between primary and second-
ary Raynaud’s. In patients with mild disease and
normal serology and sedimentation rates, the
risk of an associated illness is small, it is likely
the overall risk of progression to a systemic
illness following the diagnosis of Raynaud’s
phenomenon is less than 10 % over 10 years
[42]. Anticentromere antibodies (ACA) can be
important in the early assessment, as ACA-
positive patients have a much higher risk of pro-
gression to systemic sclerosis and digital
ischemia leading to amputation [46].

Physical examination includes an assessment of
the quality of pulses, evidence of fingertip necrosis
and trophic change. An Allen’s test performed at
the wrist and digit will reveal any underlying
occlusive disease. Bedside evaluation of nail fold
capillaries under magnification is useful to distin-
guish early secondary systemic sclerosis associ-
ated Raynaud’s. As the presence of characteristic
enlarged and tortuous capillaries with ‘drop out’,
has a high specificity for scleroderma [47].

Irrespective of the causes, the symptoms and
signs are manifest via vasospasm of the small
muscular arteries and arterioles of the digits.
Normal vasomotor homoeostasis is maintained
by the interaction between endothelium, smooth
muscle and autonomic and sensory nerves that
innervate the vessels. In primary Raynaud’s phe-
nomenon where the underlying cause is unknown,
the primary defect is related to aberrant auto reg-
ulation of the microvasculature. The pathogenesis
is likely in part to be caused by the altered con-
centrations of endothelial-dependent vasoregula-
tors, specifically, a raised plasma endothelin
concentration and reduced endothelial release of
nitric oxide.

Endothelium related vasoregulation certainly
plays an important role in secondary Raynaud’s
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phenomenon, in which endothelial damage is
common. Damaged endothelial cells exacerbate
vasospasm and further compromise perfusion by
mediating contraction of smooth muscle cells.
There is an enhancement of procoagulant activity
and reduction of fibrinolysis that promotes the
formation of intravascular microthrombi and
activates local inflammatory processes. Further
debate on the pathogenesis questions the relative
contributions of other vasoregulatory influences,
such as the sympathetic nervous system, platelet
activation and circulating factors.

Management is largely supportive, mild dis-
ease can be improved with measures such as ces-
sation of smoking and avoidance of cold. These
patients should also avoid substances that pro-
mote vasoconstriction such as p (beta) blockers,
ergot alkaloids, amphetamines, cocaine, decon-
gestants and caffeine. When pharmacological
treatment is necessary it is generally oriented
towards promoting vasodilatation [48].

Vasodilator therapy tends to be more effective
in primary than secondary Raynaud’s. Calcium
channel antagonists such as nifedipine, are the
mainstay of medical management. This group of
drugs has a higher selectivity for vascular smooth
muscle and reduced effects on cardiac function.
Other pharmacologic modalities used include
Angiotensin converting enzyme inhibitors, topical
nitrates and iloprost; a synthetic prostacyclin ana-
logue. Each has equivocal efficacy and their own
set of unfavourable side effects [42]. Recently the
use of Botulinum toxin A has shown promising
results. It has been used effectively in primary and
secondary Raynaud’s, to provide symptomatic
relief and heal long standing digital ulceration [49].

Surgery is reserved for refractory severe
Raynaud’s, with digital ischaemia or non-healing
ulcers, options include reconstruction of occluded
vessels or modification of sympathetic tone [50].
A sympathectomy can effectively reduce the
severity of attacks, though results are poor in
scleroderma associated disease [48]. Cervico-
thoracic sympathectomy has limited use in the
treatment of upper extremity vasospastic disease,
and digital sympathectomy has become the treat-
ment of choice [51]. It involves separation of the
digital arteries from the nerves, division of digital
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nerve branches to the vessels and periarterial
adventitial stripping. The superficial arterial arch
is stripped over its entire distance, the origins of
the three common digital vessels are exposed and
periarterial sympathectomy is carried out along
these vessels for at least 1 cm.

Arteriovenous Fistula

An arteriovenous fistula may be acquired surgi-
cally for the benefit of haemodialysis in renal
patients, or be the consequence of penetrating
trauma. Traumatic fistulas establish a direct
arterial-venous communication that can cause
vascular shunting sufficiently significant to result
in compromise of distal perfusion. Recognition
relies on a clinically detectable mass and palpa-
ble thrill, aided by colour duplex ultrasonogra-
phy. Surgical correction requires excision of the
fistula and arterial reconstruction.

A distal hypoperfusion ischaemic syndrome
occurs occasionally after dialysis access place-
ment of arteriovenous fistulas (AVF). The distal
ischaemia in these patients may be a result of
elevated venous pressures, occlusive/stenotic
arterial lesions or because of steal phenomenon.
Steal phenomenon is characterised by retrograde
flow in the artery segment distal to the anastamosis
and occurs to some degree in most patients with
radio-cephalic AVFE. Typically the steal phenome-
non is subclinical and only rarely leads to distal
ischaemia. In the event of ischaemic complica-
tions consideration should be given to maximising
the collateral circulation, for example by perform-
ing an angioplasty of the ulnar artery in a patient
with steal phenomenon from a radio-cephalic fis-
tula. Often the solution is to tie off the offending
AVF and create a new site for haemodialysis
access on the other limb. If this is not possible, a
graft that bypasses the fistula to revascularise the
distal limb, with ligation of the artery just distal to
the fistula, will prevent the retrograde flow and
re-establish adequate distal inflow [52, 53].

Systemic Processes Causing Vessel
Injury

There are numerous systemic processes that can
affect the vascularity of the upper limb.

H. Giele and R. Barton

Connective Tissue Disease

Connective tissue disorders are a heterogeneous
group of disease entities with considerable over-
lap. The associated upper limb vascular disorders
are characterised by the reduced calibre of the
ulnar, radial and digital arteries, often with super-
imposed vasospasm and areas of narrowing inter-
spersed with normal segments. The segmental
occlusion of vessels is secondary to antibody-
antigen complex deposition, which results in
endothelial damage, fibrinoid thickening and
intimal hyperplasia. This ultimately leads to an
obliterative endarteritis and symptoms such as
digital ischaemia that can predate the systemic
signs of the disease by many years.

Systemic scleroderma refers to a variety of
connective tissue disorders characterised by arte-
riosclerosis and varying degrees of extracellular
collagen accumulation, leading to tissue and vis-
ceral fibrosis. Several subcategories exist, includ-
ing systemic sclerosis and CREST syndrome
(calcinosis cutis, Raynaud’s Phenomenon, esoph-
ageal dysfunction, sclerodactyly, telangiectasia).
The ulnar artery is occluded in over a third of
cases, while the radial artery is invariably spared.
As with other vasculitides, the proper digital
arteries are the most commonly affected vessels.
Patients frequently suffer from recalcitrant digi-
tal ulceration because of the impaired cutaneous
blood flow. Surgical intervention to fuse joint
contractures in better positions of function, and
to revascularise digits, reconstruct arteries, and
sympathectomize digits may improve the perfu-
sion of digits, heal ulcers, improve pain and
improve function [54].

Polyarteritis nodosa is a rare disease with a
male predilection, characterised by progressive
necrotising inflammation of small to medium
sized arteries. The resulting exudations contrib-
ute to the formation of palpable nodules and to
irregularity throughout the course of the vessel.
Immune mediated damage to the vasculature is
thought to be the underlying process.
Characteristic lesions in the hand include multi-
ple short-segment stenoses of the proper and
common digital arteries. Angiography and tissue
biopsy are important tools in the diagnosis [55].
Steroids, Infliximab and immunosuppressants are
the current therapies rather than surgery.
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Fig.1.5 Ischaemic digit tips
after noradrenaline infusion in
Intensive Therapy Unit

Buerger’s disease also known as “thrombo-
angitis obliterans” is an inflammatory disorder
affecting segments of the small arteries of the
peripheries of male smokers. Presenting initially
with symptoms similar to Raynaud’s the intermit-
tent pain, coldness, colour change and sensory
symptoms can become constant and progress to
ulceration and gangrene. Stopping smoking is the
treatment, perhaps allied with attempts at neo-
angiogenesis [56].

Sepsis

Toxins produced by pneumococcal and meningo-
coccal sepsis result in sluggish peripheral blood
flow, vasoconstriction and hypercoagulation.
These features are often accentuated in a very ill
patient by vasopressive medical therapy such as
noradrenalin. The result is bilateral distal isch-
aemia that is mainly managed expectantly and
may include splinting the hand and wrist in a safe
position and passive manipulation of joints to
ensure optimum potential for functional recov-
ery. There has been a recent discussion regarding
the benefit of “prophylactic fasciotomies” or skin
and soft tissue releases in order to reduce the risk
of amputation [57-60] (Fig. 1.5).

Blood Disorders
Several forms of prothrombotic blood dyscrasias
can also be associated with upper extremity distal

artery occlusion such as cryoglobulinaemia,
myeloproliferative diseases, hyperviscosity syn-
dromes and the presence of cold agglutinins. The
pathophysiology is thought to involve small
artery thrombosis and diagnosis is confirmed by
specific laboratory testing.

Renal Insufficiency

The typical type of vascular disease that occurs in
patients with renal insufficiency involves calcin-
phylaxis, which can produce calcification of the
media of the digital arteries demonstrable on
plain x-ray. These changes are typically found in
patients with diabetes, chronic renal failure or
post renal transplant and can result in gangrene or
severe ischaemia of the hand. The prognosis is
particularly poor [61].
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Introduction

The first known reference to the central nervous
system is found in the Edwin Smith Medical
Papyrus, a manuscript originating in approxi-
mately 3500BC which contains the word “brain”
along with a description of the coverings of the
brain [1]. Early physicians, such as Hippocrates,
did not distinguish peripheral nerves from ten-
dons, and even when Galen made the distinction
in the second century AD, nerve repairs were not
attempted. Surgeons worried that manipulating
the nerve stumps would cause convulsions, or
assumed that function would recover regardless
of whether repair was attempted. The develop-
ment of the science of neurophysiology between
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1830 and 1870 led surgeons to attempt to repair
nerves, and by World War I primary neurosynthe-
sis was accepted practice.

The management of peripheral nerve injuries
advanced significantly as a result of the clinical
experience gained during each World War. In the
latter twentieth century the evolution of micro-
surgical techniques, improvements in surgical
equipment, and the consistently advancing field
of neuroscience also contributed. In the 1970s,
work by Millesi [2] and Terzis [3], amongst oth-
ers, showed both clinically and experimentally
that tension across a neurosynthesis inhibits
nerve regeneration, and as a result many surgeons
adopted the use of nerve grafts to bridge defects.

Nerve injury is common. One study from
Canada reported that 2.8 % of trauma patients
had an injury to at least one major peripheral
nerve [4]. Estimates from the US suggest that
200,000 peripheral nerve lacerations are sus-
tained nationally every year.

This chapter discusses the management of
nerve injury, and its basis in neuroscience.
Normal nerve anatomy and microanatomy will
be considered, as will the science of nerve divi-
sion and repair. The pathophysiology of nerve
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crush or traction will also be discussed and devel-
opments in the fields of nerve grafting, nerve
conduits and neuroprotection will be reviewed.

Nerve Anatomy and Microanatomy
Nerve Micro-Anatomy

The basic cellular component of a nerve is a neu-
ron, consisting of a cell body and an axon. The cell
body of a motor neuron lies in the anterior horn of
the spinal cord whilst sensory neuron cell bodies
reside in the dorsal root ganglion. Axons lie in
continuity from the cell body to distal target
organs, and may be myelinated or unmyelinated.
Mpyelinated axons are wrapped in the bilayer base-
ment membrane of an accompanying Schwann
cell. Manufacturing and energy exchange occur in
the cell body and nucleus and include the enzymes
required for neurotransmitter synthesis. Some
intracellular components may travel along the
length of an axon at speeds of 410 mm per day,
whilst other components such as structural pro-
teins move at a maximal rate of 1-6 mm per day
[5]. It is this slower transport mechanism that lim-
its the rate of nerve regeneration.

Perineurium

Schwann cell

Fig. 2.1 Diagram showing the internal
anatomy of a peripheral nerve
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An axon and its associated Schwann cell
sheath is called a nerve fibre, and each nerve fibre
is surrounded by a sheath (the endoneurium). A
bundle of nerve fibres (which is surrounded by
collagen and elastin) is called a nerve fascicle. A
fascicle is invested with perineurium, composed
of concentric layers of flat cells with prominent
basement membranes that fit together and are
linked by “tight junctions”. The perineurium
serves to resist traction, and also acts as an exten-
sion to the blood brain barrier by controlling the
intraneural environment via active diffusion con-
trol (Fig. 2.1).

A fascicle is the smallest subunit of a nerve
that can be surgically manipulated. Fascicles are
not separate cables that run in parallel through-
out a length of nerve, but instead have numer-
ous interconnections that result in the formation
of a complex intraneural plexus. The plexus
complexity varies over the length of a nerve.
Generally, interconnections are most numerous
in the proximal part of major nerves, indeed
by the time a nerve had reached the forearm,
fascicles may be dissected over long distances
before they fuse with adjacent fascicles [6].
Identification and mapping of fascicles and fas-
cicular groups has an impact on the management

Epineurium

Interfascicular
epineurium

Endoneurium
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of peripheral nerve injuries. Fascicular groups
may be isolated over greater distances than
individual fascicles and connections are fewer
between fascicular groups [6, 7]. Corresponding
fascicular groups can be identified in distal and
proximal segments, and should be used to orientate
the divided nerve before repair, optimising sen-
sory and motor recovery.

A collection of fascicles is a nerve. It is
ensheathed by epineurium, a loose connective
tissue composed mostly of collagen, which
adheres to nutrient vessels as they enter the nerve.
This epineurium is usually haemorrhagic after
contusion or traction injury, and it is the epineu-
rium which thickens after chronic nerve com-
pression [8]. It is the epineurium that is dissected
during intraneural neurolysis. The percentage of
nerve cross sectional area that is occupied by epi-
neurium differs along each nerve, from nerve to
nerve, and between individuals. Higher amounts
of epineurium are often found around joints, and
the proportion of epineurium may vary widely
from 25 to 75 % of the cross sectional composi-
tion of a nerve [9].

Epineurium may reach 2-3 mm thickness in
chronic inflammation and much of the scar
formed after nerve traction results from prolifera-
tion of epineural fibroblasts. It is the epineurium
that is sutured in most nerve repairs.

Blood Supply and Surgical Anatomy

Peripheral nerves have a rich segmental blood
supply. Nerves are supplied by longitudinal ves-
sels in the epineurium, which in turn supply a
segmental plexus that lies within the perineurium.
This segmental plexus gives rise to capillary
sized vessels that spread uniformly throughout
the fascicles. There are no lymphatics within the
endoneurium. Because of this longitudinal inter-
connections between arterioles and venules, an
in tact peripheral nerve may survive extensive
mobilization from its bed, although this property
is proportionally lost if the nerve is transected, as
this disrupts the blood supply as well as the axons.

Peripheral nerves rarely cross a joint at its axis
of motion. Consequently a nerve moves relative
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to its surrounding tissue and changes in length as
a consequence of joint motion. The mesoneurium
is loose areolar tissue around the outside of a
nerve that allows for this translation, and the seg-
mental blood supply enters through this layer.
The changes in nerve length can be dramatic, for
instance the median nerve must elongate by
4.5 % on arm extension and shorten by 4.5 %
during full flexion from a resting position [10].
Surgery can create fibrosis within the mesoneu-
rium that leads to tethering and, as a consequence,
traction with normal joint motion.

Nerves have viscoelastic properties such as
stress relaxation (decreasing tension when pulled
to a fixed length) and creep (elongation with con-
stant tension). Normally nerves are elastic and
under little tension, although towards the end of
joint excursion, increased strain raises intraneural
pressure and hence decreases perfusion. An injured
nerve has altered biomechanics and therefore is
more susceptible to the reduced perfusion caused
by joint motion, and also has higher perfusion
requirements at the site of repair. Increased neural
ischaemia, scar formation and subsequent reduced
axon regeneration, may lead to impaired recovery
of nerve function. Prevention of this chain of events
may require avoidance of tension by nerve graft-
ing, or other manoeuvres such as anterior transpo-
sition of the ulnar nerve at the elbow.

Nerve Division

Physiology of Peripheral Nerves
Following Injury

Augustus Volney Waller, an English neurophysi-
ologist, originally described the changes that
occur in a nerve following a transection or crush
injury. Wallerian degeneration (also known as
anterograde or orthograde degeneration) is a pro-
cess in which the part of the axon separated from
the neuron’s cell body as a result of the injury,
degenerates. The length of the proximal segment
that degenerates is proportional to the nature of
the injury and the amount of force that is absorbed
by the nerve. A nerve that is transected by a sharp
division has less proximal injury than one that is
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avulsed in a heavy machinery accident. Within
24 h after transection, each single axon begins
regenerating by sending out multiple axon
sprouts. At the tip of each sprout is a “growth
cone” that consists of tentacularfilopodia rich in
actin. The tips of these filopodia explore the dis-
tal environment in search of fibronectin and lam-
inin, which are found in the basal lamina of the
distal endoneurial tubes.

In the absence of any mechanical barrier, the
growth cones are guided by neurotropic factors
that are present in the surrounding environment.
Once the regenerating filopodia encounter the
appropriate substrate, they adhere to the structure
and draw the entire growth cone distally. This
process of contact guidance causes the axon to
grow further towards the distal nerve segment.

In the distal nerve segment, anterograde
Wallerian degeneration occurs along the entire
length of the nerve. After transection, Schwann
cells proliferate and phagocytose the degenerat-
ing myelin and axonal components. Endoneurial
tubes collapse, and the proliferating Schwann
cells organise themselves along channels. As the
axon sprouts from the proximal nerve stump
regenerate into the distal nerve remnant, they find
the fibronectin and laminin in the basal lamina
and are drawn distally.

The preference of a nerve fiber to grow toward
a nerve instead of other tissue depends on a criti-
cal gap across which the fibre responds to the
influences of the distal nerve. Current research
suggests that the expression of various Schwann
cell and myelin-associated glycoproteins may
facilitate or impede the regeneration of damaged
axons to their correct targets.

The axon continues to grow until it reaches an
end organ or a mechanical barrier. If an appropri-
ate end organ is reached, as when a motor axon
that reaches a motor end plate, neurotrophic hor-
mones signal the cell nucleus and the surround-
ing tissues and the axon is allowed to mature. If
an inappropriate connection has been made, such
as a motor axon to a Meissner’s corpuscle, the
errant axon involutes.

The end organ itself, whether a motor end plate
or a sensory receptor, also undergoes atrophy. Unlike
the motor system in which functional recovery is
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limited after a period of 12—18 months, recovery of
Meissner’s corpuscles, Pacinian corpuscles, and
Merkel cells is possible years after nerve injury.
Functional recovery depends on the number of
motor fibers correctly matched with motor endplates
and the number of sensory fibers correctly matched
with sensory receptors, in a timely fashion.

Morphology of Peripheral Nerves
Following Injury

The microscopic appearance of peripheral nerves
following injury was described by Terenghi in
1998 [11].

The proximal stump of a divided nerve shows
regenerating clusters of unmyelinated and
myelinated axons as one moves proximo-distally.
This is succeeded by an outgrowth zone of mini-
fascicles of myelinated and unmyelinated axons,
and their associated Schwann cells, all lying
within a well vascularised collagen-rich matrix,
as the neuroma is approached. There is a corre-
sponding change in the perineural sheath over the
same length of nerve. The perineurium becomes
disorganised at the distal tip of the proximal
stump and disappears in the outgrowth zones.
However there are perineural-like cells present
which may migrate with the regenerating axons
and Schwann cells.

The neuroma of the nerve consists of masses
of irregular minifascicles, each one enclosed by a
layer of perineural-like cells. These axons are
associated with Schwann cells positive for the
S-100 stain and these in turn are associated with
a basal lamina.

In the distal stumps, collagen deposition and
endoneurial tube shrinkage are uniformly present.
The level to which evidence of re-innervation is
seen varies. However, all stumps contain PGP-9.5
positive axons, which are co-localised with S-100
positive Schwann cells, with some containing vari-
able amounts of myelinated axons. There appears
to be fewer immunoreactive fibres present in the
distal stumps than in the proximal stumps.

Schwann cells were demonstrated to be pres-
ent within these stumps at a period of 53 months
post injury. There was no Wallerian degeneration
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seen and no evidence of fragmentation of the
basal laminae.

This study by Terenghi et al. [11] confirmed
that the morphology following injury is similar in
humans to that described in animal models. It
was noted that even a neuroma in continuity
seemed to provide a rich source of regenerating
axons, although few of these entered the distal
stump, which conformed to the view that a chron-
ically denervated stump provides a less condu-
cive microenvironment for axon regeneration.

If one accepts that the morphology within
injured peripheral nerves is similar in mammalian
animal models and humans, then given the findings
in rat studies on axon-Schwann cell interactions,
one might presume that human axon-Schwann cell
interactions in chronically denervated nerves are
also inadequate, which may contribute to the poor
outcome after nerve reconstruction.

Giannini and Dyck [12] has described the
appearance of the basement membrane in Schwann
cells following denervation. Electron micrographic
studies (in rat peroneal nerves) showed that as time
progressed following denervation, the basement
membrane became discontinuous and eventually
dispersed. It is suggested that this alteration in the
scaffold by which axons are able to reinnervate dis-
tal nerve stumps, may partially explain why it takes
longer for distal nerve stumps to recovery if they
have been denervated for a prolonged period.

Furthermore, it has been shown experimen-
tally that chronically denervated Schwann cells
down-regulate expression of receptors for axo-
nally derived ligands, specifically c-erbB4 or
c-erbB-2 [13], such that axonal growth cone che-
motaxis is reduced, as there is a close correlation
between levels of receptor expression by dener-
vated Schwann cells and the extent to which dis-
tal stumps are reinnervated.

How Does the Response
of Denervated Schwann Cells
to Reinnervation Relate to Time?

When a peripheral nerve fibre is divided and
the two ends retract, the axons within the distal
stump degenerate. If the nerve ends can be
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sutured, or bridged with a short cable graft
then regenerating axons typically penetrate the
distal stump within a few weeks of injury.
However, if the repair is delayed or the graft
length is long, few axons will penetrate the dis-
tal stump and recovery will be severely com-
promised [14].

It has been supposed that physical changes in
the microenvironment of a chronically dener-
vated distal nerve stump, such as endoneural
fibrosis or atrophy, block axonal regeneration.
Conversely, we also know that despite this atro-
phy, they rarely lose all of their Schwann cells,
even after 12—18 months [15]. However, despite
the presence of Schwann cells, their functionality
remains to be defined fully. Any impairment of
axon-Schwann cell signaling could contribute
significantly to the failure of nerve repair.

Protection of Motor Neurons
and Sensory Neurons Following Injury

When considering reconstruction of major nerve
function following injury, the principle aim
remains motor recovery. However, sensory recov-
ery is also important if a satisfactory functional
outcome is to be achieved.

In recent years it has been established that cen-
tral loss of neurons contributes to poor nerve
recovery [16—18], and this is time and site depen-
dent. Approximately 50 % of ventral horn spinal
motor neurons die following ventral root transec-
tion, and this figure rises to 80-90 % following
root avulsion [19, 20]. Neurons can die by passive
necrosis, or active cell death (apoptosis). Necrosis
is rapid and cannot practically be prevented,
although the period of active cellular death lasts
some weeks. There is evidence that adjuvant
pharmacotherapy with N-acetyl cysteine (NAC) is
able to prevent cellular death in sensory neurons
following distal axotomy [21] and in motor neu-
rons following ventral rhizotomy [22]. Though
surgical intervention may also benefit neuronal
survival, it is often less practical in vivo for a vari-
ety of reasons.

Protection of the proximal motor neurons
from active cell death may in future allow a
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potentially delayed and refined intervention to be
applied to the injured nerve, which subsequently
may allow improved recovery.

Clinical Assessment
of the Injured Nerve

History

Trauma to the upper limb that results in a wound,
a crush or traction, should raise the suspicion of
an injury to a peripheral nerve. The mechanism of
injury determines how much degeneration occurs
in the proximal nerve segment, and also indicates
whether one should anticipate a nerve deficit. It is
important to determine the sharpness and width of
the cutting object, the degree of traction or crush-
ing, together with an estimate of the force that
was involved and its duration of application.

The time elapsed since the injury is also
important. Most nerve injuries are seen within
the first 24 h, although injuries may not present
until much later. Delayed presentation implies
scar tissue at the nerve stumps and the possibility
of intractable nerve retraction. In addition, fol-
lowing repair, return of motor function may be
poor depending on the level of injury and the
length of time that the muscle has been dener-
vated, as a result of motor endplate decay.

Symptoms of numbness, paraesthesia or weak-
ness should be elicited. It is also important to
determine preoperatively whether there was any
history of nerve injury or neuropathy prior to the
accident. Specific elements of the patient’s gen-
eral condition, age and occupation will also guide
planning to appropriately reconstruct the deficit.

General Assessment

In the emergency setting, where life or limb is at
risk, making a diagnosis of peripheral nerve
injury and treating the injured nerve may be low
on the list of priorities. Once the acute phase is
over, however, the loss of function of an injured
nerve or the pain related to a nerve injury often
dominates the subsequent clinical picture.
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If there are wounds, a peripheral nerve in the
region of the injury may be injured. If there are
no open wounds, a peripheral nerve may be injured
in proximity to a closed fracture or dislocation.
Detailed, repeated neurological examination,
along with the recording of examination findings,
is important in identifying and defining the injury.

Assessment of Sensory Function

Sensibility on the hand may be examined with a
blunt object such as a paper clip, and testing with
a needle is discouraged. It is worth remembering
that in the patient already in pain, this stimulus
might not be as readily perceived as it would in a
non-trauma setting.

The extent of sensory nerve injury is best
determined by moving and static two-point dis-
crimination, which are measurements of innerva-
tion density and the number of fibers innervating
sensory end organs. Light moving touch, for
example, evaluates the innervation of large A-f
fibers and can be quickly screened with the valid
and reliable “ten test” [23] (see below). Vibration
instruments and Semmes-Weinstein monofila-
ments are used as threshold tests to evaluate the
performance level of nerve fibers and are more
useful in evaluating chronic compressive neurop-
athies. Testing is also performed after nerve repair
to assess the quality of nerve repair, determine the
need for revision, and monitor recovery.

Division of the median, ulnar, or radial nerves
should not be a diagnostic dilemma in the coop-
erative patient. In the acute setting, the examiner
will elicit the presence or absence of gross sensa-
tion in the following areas (Fig. 2.2):

* Volar, proximal third of the distal phalanx of
the index or long finger for the median nerve

¢ Volar, proximal third of the distal phalanx of
the little finger for the ulnar nerve

e Dorsum of the thumb index web space for the
radial nerve

* Proximal ulnar aspect of the thenar eminence
for the palmar cutaneous branch of the median
nerve

¢ Dorsal metacarpal of the little finger for the
dorsal cutaneous branch of the ulnar nerve
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Fig. 2.2 Diagram showing distribution of sensory supply to the hand

When examining digital nerves patients may
be asked to grade their appreciation of sensibility
from 1 to 10 [23]. By establishing a “normal”
score of 10 on an uninjured digit, patients will
often record 8-9 out of 10 where no nerve injury
is seen but the digit is generally swollen, 67 out
of ten where the digital nerve is contused and 2-3
out of ten where the nerve is divided. These

guides are less reliable in the patient presenting
several days after their injury.

More proximal or brachial plexus injuries are
better assessed by dermatome assessment.
Knowledge regarding the distribution of the sen-
sory dermatomes in the upper limb allows sharp
and light touch, together with vibration, to be
assessed in each area, thus guiding the examiner
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towards the correct identification of the injured
nerve root or brachial plexus element.

When assessing hand sensibility following
severe proximal injuries it may not be practical to
carry out a detailed assessment, and the clinical
situation is often best defined by the answer to
questions such as:

* Can you feel me touching you?

e Can you tell which side of the hand I am
touching?

e Can you tell which finger I am touching?

Assessment of Motor Function

The extent of a motor nerve injury is determined
by an evaluation of weakness, loss of function, and
muscle atrophy. Evaluation of motor function is
generally easier than evaluation of sensibility. If a
motor nerve is completely divided then the muscle
that is innervated by that nerve does not volun-
tarily contract. To test a given muscle, the exam-
iner first asks the patient to make active movement.
To determine power, the examiner places the
patient into the position to which they would be
moved if the muscle were functioning, then asks
the patient to maintain that position against a force
directed in the opposite direction.

For example, to evaluate median nerve motor
function at the wrist the abductor pollicisbrevis
muscle is tested. The patient’s thumb is placed
into palmar abduction, while the examiner’s fin-
ger is placed on the thenar muscles. The patient is
then asked to resist as the examiner attempts to
push the thumb into adduction. The examiner
then notes any contraction or fullness in the the-
nar eminence. Other examples of muscles that
can be tested for nerve injury in the forearm are
the flexor pollicis longus and the flexor digitorum
superficialis for the median nerve, the abductor
digiti minimi and the flexor carpi ulnaris for the
ulnar nerve and the extensor pollicislongus, the
extensor carpi radialis longus, and extensor carpi
radialis brevis for the radial nerve.

The Medical Research Council (MRC) grad-
ing of muscle power is widely used to assess
muscle function. The patient’s effort is graded on
a scale 0-5:
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* Grade 5: Muscle contracts normally against
full resistance

e Grade 4: Muscle strength is reduced but mus-
cle contraction can still move joint against
resistance

e Grade 3: Muscle strength is further reduced
such that the joint can be moved only against
gravity with the examiner’s resistance com-
pletely removed. As an example, the elbow
can be moved from full extension to full flex-
ion starting with the arm hanging down at the
side

* Grade 2: Muscle can move only if the resis-
tance of gravity is removed. As an example,
the elbow can be fully flexed only if the arm is
maintained in a horizontal plane

* Grade 1: Only a trace or flicker of movement
is seen or felt in the muscle or fasciculations
are observed in the muscle

* Grade 0: No movement is observed
The value of this grading system in the upper

limb is, however, limited to the large proximal

joints. Gravity has little influence over the pos-

ture and movement of the intrinsic muscles of

the hand or the supinators/pronators of the

wrist. When recording the power of these move-

ments it is more useful to use descriptive terms

such as:

* Flicker of movement

* Movement, but not against resistance

* Limited ability to overcome resistance

* Strong movement against resistance

* Normal power
In cases of delayed presentation, muscle

fibers lose trophic stimulation and decrease in

bulk. Clinically this is apparent as muscle

wasting which implies prolonged loss of

innervation.

Clinical Pearl
An accurate knowledge of dermatome and
sensory distribution is essential to accu-
rately assess nerve injury.

Similarly, a thorough knowledge of
muscle innervation and action is important
to detect motor deficit.
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Other Techniques

In the child or unconscious patient, a rarely used
but helpful test for nerve division is the water
immersion test. A normally innervated fingertip
wrinkles within 4 min when placed in 40 °C
water [24]. The absence of wrinkling of a finger
when it is immersed indicates that the peripheral
nerve that innervates that fingertip is not in
continuity.

A more straightforward assessment may be
made of sweating within the dermatome of the
nerve in question. If the nerve is not functioning,
the skin will feel characteristically dry to touch as
it loses the ability to excrete sweat. If nerve func-
tion returns, the skin will once again be able to
excrete sweat and the normal tactile qualities of
the skin will be restored.

Nerve Recovery After Direct Repair
Following Division

Terms

Although individual nerve fibres support axo-
plasmic flow, nerves are not hollow tubes.
Therefore joining two ends of nerves is best
termed a nerve repair or neurosynthesis, not an
anastomosis. When sutures are placed through
the epineurium, any neurosynthesis is an epineu-
rial neurosynthesis. When the sutures are placed
through the epineurium and perineurium, joining
individual fascicles, the repair is called a fascicu-
lar neurosynthesis or epineural repair. When
several groups of fascicles are joined, the repair
is termed a grouped-fascicular neurosynthesis.
A nerve may be fixed by a direct nerve repair,
which is also called an end-to-end, abutment, or
coaptation neurosynthesis. The term “nerve
reconstruction” is used more commonly when
referring to the use of a conduit or nerve graft.
When a nerve has a segment of neural tissue
missing, there is a nerve defect. However, simple
transection of a nerve can result in a gap between
the two ends, even if no neural tissue is missing.
The difference between a 1 cm gap and a 1 cm
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defect is that the repair of a gap is not usually
under any excess tension. In addition, in a gap,
the fascicular anatomy is mirrored at the proxi-
mal and distal faces. In the case of a nerve defect,
increased tension is required to bring the nerve
ends together, occasionally making end-to-end
repair impossible. Furthermore, because of the
ever changing internal topography of the nerve
trunks, axons at the proximal and distal faces of
the nerve are usually arranged differently. This
can have an adverse effect on regeneration.

Principles of Nerve Repair

We know that once a nerve has been divided it
cannot be repaired in such a manner that sensory
and motor end organ function will be restored to
the pre-injury state [25].

The basic principles of nerve repair include
the use of meticulous microsurgical techniques
using adequate magnification, instruments, and
sutures. Ideally a primary nerve repair is per-
formed in a tension-free manner. To facilitate
repair the injured ends of the nerve may be
mobilized (or, in the case of the ulnar nerve at
the elbow, transposed) to obtain length.
Peripheral nerves intrinsically afford a limited
degree of excursion, on account of the nerve
fibres following an undulating or zig-zag course
at a microscopic level. This property gives
peripheral nerves a banded appearance, known
as the bands of Fontana, which disappear when
the nerve is compressed or stretched. If a ten-
sion-free repair cannot be achieved, an interpo-
sition nerve graft with the limb held in a neutral
position is preferred to a primary repair with
the limb in an extreme position for a prolonged
period of time.

Clinical studies have not shown fascicular
repair to be superior to epineural repair. If the
internal topography of the nerve is known to be
segregated into discrete motor/sensory groups, as
is more likely the closer to a branch of the nerve
one travels (as the fascicles become designated to
end organ territories), a grouped fascicular repair
should be better than an epineural repair. If there
is not such an arrangement, then the additional
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manipulation and increased suture material may
hinder functional recovery. For this reason epi-
neural repair is standard.

Bleeding from epineural vessels should be
controlled with gentle pressure or fine bipolar
coagulation under microscopic guidance. After
transection of a nerve the individual fascicles
tend to mushroom out from the epineural
sheath because of the endoneurial fluid pres-
sure. At the time of epineural repair fascicles
may not lie smoothly, causing a misdirection of
the regenerating fibers. Appropriate trimming
of the fascicles allows them to lie end to end
within the epineural sheath. The epineural
sutures should be placed so as not to cause
additional bunching of fascicles so the nerve
can be realigned appropriately.

Postoperative motor and sensory re-education
maximizes the surgical result.

Timing of Nerve Repair

Optimum results are obtained after immediate
repair of a sharply divided nerve. Fascicular pat-
terning and vascular landmarks are present to
guide the proper orientation of the nerve ends.
Retraction and neuroma formation, which may
result in the need for grafting, are avoided. Within
the first 72 h following nerve transection, motor
nerves in the distal nerve segment still respond to
direct electrical stimulation because of the pres-
ence of residual neurotransmitters within the
nerve terminals.

When a nerve is injured by crush, avulsion
or blast, the surgeon must consider nerve injury
proximal and distal to the site of transection. In
the acute setting the extent of injury may be
difficult to determine even using the operating
microscope. In this situation, the nerve ends
should be tacked together to prevent retraction
and repair delayed until the local area permits.
At re-exploration the extent of injury will be
defined by neuroma and scar formation. The
neuroma must be excised until a healthy fas-
cicular pattern is seen proximally and distally
and the resultant defect usually requires nerve
grafting.
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Clinical Pearl
If a repair without tension cannot be achieved,
an interposition nerve graft with the limb in a
neutral position is preferred to a primary
repair with the limb held in an extreme posi-
tion for a prolonged period of time.

Clinical studies have shown no differ-
ence in outcome between a fascicular or
epineural repair.

Surgical Technique for Nerve Repair
General Considerations

Surgical nerve repair may be classified as immedi-
ate or delayed based on the time between injury
and repair. An immediate repair is one that is per-
formed within the first 24 h after injury. A primary
repair is one that is performed within the first week
after injury. A delayed primary repair is performed
after 1 week following the original injury.

In most instances, transected nerves should be
repaired at the time of exploration. An alterna-
tive, however, particularly if there is inadequate
surgical expertise or equipment, or where the
patient condition precludes a long surgical proce-
dure, it is appropriate to simply tag the nerve
ends with a marker suture, returning later to do a
formal nerve repair. Nerve repair may also be
delayed in cases of gross contamination, or where
a nerve graft is required and soft tissue cover is
inadequate.

Delayed exploration and repair of a nerve may
be indicated where a nerve is injured by traction
or crush. In these cases, surgical exploration may
reveal the nerve to be in continuity. In such cir-
cumstances (especially with the common pero-
neal nerve at the knee) it may be apparent that
there is a considerable redundancy in the stretched
nerve, although it is still in continuity. In such
instances, the redundant nerve should be excised
back to healthy nerve ends and a graft used to
reconstruct the defect.

Such clinical findings are most easily evalu-
ated in the first few days following trauma,
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Fig. 2.3 “Mushrooming” seen at the transected end of
the median nerve in the forearm after excision of a neu-
roma (Image kindly provided by Norbert Kang (Royal
Free Hospital))

although even then doubt can exist and a “wait
and see” policy adopted. If the wound is closed
over a lesion in continuity, meticulous attention
to the anticipated signs of recovery is needed, and
early re-operation is indicated if this recovery
fails to appear.

Prior to immediate or primary repair of a
peripheral nerve, the cut ends of the nerve should
be trimmed, under magnification, until axonal
mushrooming is seen (Fig. 2.3). In delayed or
secondary repair, the nerve should be trimmed so
that there is no intra-fascicular scarring present
and fresh, viable nerve fascicles are visible. Some
surgeons employ frozen section microscopy to
decide the extent of resection, although this
requires a skilled specialist histopathologist to be
present during the operation. If this preparatory
procedure results in a nerve defect then strategies
to reconstruct the gap should be employed.

Suitable anaesthesia and (usually) a pneu-
matic tourniquet are used as appropriate.

Epineural Repair

The aim of nerve repair is to direct regenerating
axons in such a way as to allow sensory and
motor axons make optimal end organ connec-
tions. The technique most commonly used is end
to end epineural repair.

Longitudinal vessels on the extrinsic epineu-
rium may be used as landmarks to align fascicles.
Along with the varying cross-sectional areas of
fascicles, these landmarks can be used to line up
the nerve prior to repair. The first suture will pro-
vide rotational realignment and the stitch perfo-
rates only the epineurium. Most neurosyntheses
are performed with a 9-0 (or smaller) non-
absorbable suture. The epineurium should be
closed loosely. As a guide, if the nerve ends can-
not be held in approximation with a single 8.0
suture, then the nerve is under too much tension
for a satisfactory repair.

Subsequent sutures are placed to align other
anatomic landmarks, each time ensuring that the
internal fascicular alignment is correct. The
sutures should not violate the fascicles, and the
nerve should not gap. It is worth remembering
that this technique provides a physiologic tube
for nerve regeneration, although the axons them-
selves are not mechanically reattached. Of the
available techniques this is the simplest and
quickest, and is most applicable to pure motor or
sensory nerves or nerve repairs with indetermi-
nate internal topography.

One suture is usually required for each periph-
eral fascicle, and the closure should be loose,
rather than watertight, to avoid the development
of a haematoma. The use of tissue glue around
the neurosynthesis is a useful adjunct to prevent
movement around the repair, which may other-
wise dislodge or disorientate the aligned fascicles
(Fig. 2.4).

Fascicular Repair

A Group of fascicles may on occasion be repaired
in a manner similar to an epineural repair. The
external epineurium is incised, while protecting
the internal epineurium and perineurium. The
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Fig. 2.4 Direct neurosynthesis performed in divided
ulnar nerve and dorsal sensory branch of the ulnar nerve
in the forearm (Image kindly provided by Norbert Kang
(Mount Vernon Hospital))

largest identifiable group is repaired first, using
two or three 9.0 or 10.0 non-absorbable sutures
for each group.

This technique is most appropriate for repairing
nerves with easily identifiable fascicles, such as the
common digital nerve in the palm or the ulnar and
median nerves at the wrist. It requires considerable
effort and manipulation of the nerve compared to
an epineural repair. It is especially important that
this technique is not performed under tension
because tension at this level is transmitted directly
to individual fascicles, thus leading to ischemia at
the repair site. For this reason, further sutures may
be placed in the epineurium to take the tension
away from the internal epineurium.

Single fascicles can also be repaired, but indi-
cations are limited. The external and internal epi-
neurium must be incised, while the perineurium
is preserved. The suture material should be 10-0
or 11-0 material, with few sutures per fascicle.
This type of repair is usually only indicated in
partially transected nerves.

Many in vitro and in vivo studies have com-
pared whether fascicular repairs or epineural
repairs result in better outcomes [26-28]. To date,
evidence is insufficient to suggest one technique
is superior to the other. If it were possible to align
the fascicles perfectly with minimum surgical dis-
ruption, it is theoretically likely that fascicular
repair would produce better clinical results than
an epineural repair. However as fascicular repairs
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almost certainly (but unintentionally) result in
misalignment of some fascicles, and cause addi-
tional intraneural damage to an already trauma-
tised nerve, this theoretical improvement is not
seen. Despite an epineural repair being inexact, it
does allow neurotropic factors to exert their influ-
ence on the direction of nerve fiber growth and
this is probably why this less exact technique pro-
duces the same clinical results as fascicular repair.

Results of End to End Neurosynthesis

The results of end to end neurosynthesis of acute

nerve transection varies widely from patient to

patient. Motor and sensory return have been
found to correlate closely with four factors:

* Age (the single most important factor): young
patients have better results than older patients.

* Level of transection: the more distal the transec-
tion, the more functional return can be expected.
This is due to the shorter time to reinnervate end
organs, and the more discrete fascicular anat-
omy leading to better fascicular alignment.

* Mechanism of injury: sharp transection has a
better outcome than crush, traction or avulsion
injuries. Blunt injuries have a longer section
of injured nerve so precise axonal matching is
more difficult.

* Pre-surgical delay to exploration.

Usually, none of these factors is within the
control of the surgeon. Sensory end organs may
be reinnervated several years after injury but
motor end plates appear to become refractory to
reinnervation after approximately 15—18 months.
Since axons only regenerate at a rate of 1.0-
1.5 mm per day, in brachial plexus injuries, even
where primary repair or grafting is carried out
promptly, there is such a delay before reinnerva-
tion reaches the hand, that good motor recovery
of the intrinsic muscles rarely occurs.

Post-operative Care
and Complications

Postoperative care is usually straightforward.
The soft tissue envelope is closed and the limb is
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splinted in a manner that is appropriate for the
nature of the surgery. Because the neurosynthesis
is not under tension, prolonged protection of
range of motion is not necessary for the nerve
itself, but may be indicated following repair of
other injured structures. For isolated nerve inju-
ries, movement should be started within 3 weeks
of surgery to prevent joint contractures and to
promote sliding of the nerve relative to the sur-
rounding tissue.

In patients with a nerve injury that results in a
motor deficit, the limb should be splinted in a
safe position. Concurrently the strength of the
functioning muscle is maintained with an exer-
cise program, which also helps to prevent con-
tracture of the denervated muscle.

Oral antibiotics may be given, depending on
the amount of wound contamination. Unlike bone
or cartilage, nerve is well vascularised and so is
not at a greater risk of infection than other soft
tissues. Pain control is important, as decreased
pain leads to decreased inflammation and swelling.
The patient should take enough oral analgesia to
eliminate sharp or burning pain and to permit par-
ticipation in postoperative therapy.

The most common complications of nerve repair
or reconstruction are failure to achieve the desired
functional outcome, painful neuroma in continuity,
or both. Some patients present with adequate distal
nerve recovery, but complain of having painful
scars. This may be due to scarring between the
nerve and the skin (or surrounding tissues), which
produces traction. Scar massage and desensitisation
therapy are indicated in these patients.

Occasionally nerve repair or reconstruction may
result in complex regional pain syndrome. The
detailed treatment of this disorder is beyond scope
of this chapter, but early recognition and interven-
tion are essential. Hand therapy, TENS, medica-
tions including corticosteroids, and regional
indwelling anaesthesia all have a role to play.

Clinical Pearl

A blunt or traction injury and delay to sur-
gery all have negative effects on the clinical
outcome.
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Complex Injury
Traction Injury

Peripheral nerves may be stretched approxi-
mately 10 % without losing function and approx-
imately 15-20 % with temporary loss of function
(neurapraxia) [29, 30]. Stretch of greater than
20 % results in the elastic limits of the perineu-
rium being exceeded and therefore creates at
least an axonotmesis and sometimes a neurotme-
sis or complete rupture.

The most common causes of traction inju-
ries in the UK are motor vehicle collisions,
sports and birth related trauma. Such injuries
may recover over a period of months if a neura-
praxia has been sustained, or may result in per-
manent loss of function if there has been
extensive disruption of axons with secondary
intraneural fibrosis.

The diagnosis of traction injury requires clin-
ical suspicion based on the mechanism of
injury and knowledge of other injuries sus-
tained. If the injury has resulted in an open
wound, the relevant nerves should be explored
at the same time as any vascular/bony/soft tis-
sue repair. If the wound is closed, immediate
surgical exploration is not usually carried out
solely for the purpose of evaluation of the
nerve. With a closed wound diagnosis is based
on repeated physical examinations, and elec-
trophysiology studies.

Classification

The classification of nerve injuries was first
described by Seddon in 1947 (three classes of
injury) and expanded by Sunderland in 1951
(five classes of injury). This classification sys-
tem remained unchallenged until Mackinnon
added a sixth category representing a mixed
injury pattern.

e First-degree injury (neurapraxia) — a localised
conduction block in a nerve segment that
remains structurally in tact, with normal con-
duction proximal and distal to the segment,
and trophic activity maintained. Axons are not
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injured therefore regeneration is not required
and complete recovery should occur.

* Second-degree injury (axonotmesis) — axonal
disruption in which the distal segment under-
goes Wallerian degeneration. By definition
connective tissue layers are uninjured.
Recovery is complete unless the distance of
the injury from the motor endplate results in
such prolonged denervation of the receptor
muscle that motor recovery is adversely
affected.

e Third-degree injury — Wallerian degeneration
is combined with endoneurial fibrosis.
Recovery is incomplete because scar within
the endoneurium may block axonal regenera-
tion or cause mismatching of regenerating
fibers with the appropriate end organs.

* Fourth-degree injury — the nerve is in continu-
ity, but only the epineurium remains in conti-
nuity. Thus a complete scar block (neuroma in
continuity) means regeneration will not occur
unless the block is removed and the nerve is
repaired or grafted.

» Fifth-degree injury (neurotmesis) — nerve is
completely divided and must be repaired
before any regeneration can occur.

* Sixth-degree injury — a combination of any
of the previous five levels of injury. Because
of the longitudinal nature of crush injuries,
different levels of nerve injury can be seen
at various locations along an injured nerve.
This is the most challenging nerve injury for
the surgeon, as some fascicles will need to
be protected and not “downgraded,” whereas
others will require surgical reconstruction.
The degree of injury is important in deter-

mining treatment. First, second, and third
degree injuries have the potential for recovery
and generally do not require surgical interven-
tion. A first degree injury recovers complete
function within 3 months. A second degree
injury recovers completely but slowly (some-
what less than 1 mm per day from proximal to
distal), whereas recovery after third degree
injuries is slow and incomplete. Fourth and
fifth degree injuries will not recover without
surgical intervention. A sixth degree injury
shows a variable recovery.
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Neurapraxia

Neurapraxia is a localised conduction block in a
nerve segment that remains structurally in tact,
with normal conduction proximal and distal to
the segment, and trophic activity maintained.
Axons are not injured, regeneration is not
required and complete recovery should occur. It
is therefore very important to be able to recog-
nize neurapraxia, as surgery is not indicated in
such cases.
Factors within the history and examination
suggest when a neurapraxia has occurred:
* History of minor or low energy trauma, or pro-
longer low pressure crush
e Often not all function modalities are lost
(motor and proprioception is lost preferen-
tially, while vibration, pain and hot versus
cold discrimination are often preserved)
* No Tinel’s sign on examination, and no mus-
cular fibrillation
* No trophic changes are seen, and minimal
muscle atrophy occurs
e Sensory recovery occurs ahead of motor
recovery (sensorimotor dissociation)
* Sudden, sporadic, non-sequential recovery of
motor function occurs
If a neurapraxia is suspected, then regular and
repeated examinations should be undertaken to
monitor recovery and confirm the diagnosis.
EMG studies may also be of value to demonstrate
preservation of distal action potentials which
lends weight to the diagnosis.

Gun Shot Wound

Gunshot wounds are severe, high energy and
unique. They are capable of dividing a nerve
(grade V injury) but most often their damage is
due to blast effect (grades I-IV injury). The for-
mer requires exploration and direct repair, the lat-
ter should be observed and managed as a traction
injury.

In general it is unlikely that a gunshot wound
would cause a transection of a major peripheral
nerve without damaging the nearby artery.
However, as almost all gunshot wounds (even
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without major vascular injury) require debride-
ment, then exploration of the peripheral nerves is
usually indicated. A delayed primary repair of a
complete or partial nerve laceration caused by a
bullet is easier than management of a neuroma in
continuity, and this can safely be undertaken
when the wound is stable.

Management of a Nerve gap
Principles of Nerve Grafting

When end to end neurosynthesis cannot be carried
out without tension, a nerve graft (or other solu-
tion) is necessary, as even minimum tension on
the nerve coaptation may compromise the final
result. Repairing a peripheral nerve with the
extremity flexed to approximate the two nerve
ends is inappropriate, as ultimately the nerve
must glide as the extremity moves not only to a
neutral position, but also into full extension.

There remains contention as to the critical
length of nerve gap that necessitates a nerve graft.
In the digit, a 1 cm gap in a digital nerve cannot
be overcome. In the arm and forearm Millesi [31]
supports mobilisation and end to end repair for
defects of 6 cm or less, if they are easily approxi-
mated without flexion of the adjacent joints. Our
experience is that a 6 cm nerve gap would be dif-
ficult to overcome without nerve graft, with the
exception of the ulnar nerve where anterior trans-
position gains some length.

Placement of the nerve graft into a healthy bed
is important for graft survival. The grafted nerve,
much like a skin graft, requires ingrowth of blood
vessels from the surrounding tissue to survive.
Thin cutaneous nerve grafts are more easily vas-
cularised than trunk or cable grafts [32]. If neo-
vascularisation of the nerve graft has not occurred
by the third day, the special components of the
nerve, such as the endoneurial Schwann cells,
involute and are replaced by fibrous tissue [32].

Nerve grafts heal by ingrowth of new vessels,
and therefore require a vascularised bed capable
of angioneogenesis (not seen in post irradiation
tissue). They also require no barriers to ingrowth
and inosculation such as infection, haematoma,
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fat on the nerve graft or metalwork. The nerve
graft should be under no tension, repaired with
sutures and minimal fibrin glue, and have a maxi-
mal surface area to volume ratio. Surgical tech-
nique is crucial in that nerve grafts should not be
clumped together to form a trunk. All fat should
be removed from the graft, haemostasis should be
obtained and antibiotics used to minimize infec-
tion. Generally, a slightly longer graft is preferred
to avoid tension. On occasion, a vascularised
would bed may need to be imported (with a mus-
cle flap), or a dry wound bed created with the use
of a silicone spacer, the latter left in situ for a few
weeks before grafting.

One of the technical challenges of nerve graft-
ing is maintaining the proper fascicular align-
ment between the proximal and distal nerve ends.
Often the internal topography of nerve will
change as it traverses a gap, or the proximal
stump will contain a different number of fascicles
to the distal stump. When nerves contain mixed
sensory and motor fascicles the problem is com-
pounded. Correct orientation is assisted by
knowledge of the internal anatomy of the nerve,
distal dissection, and careful inspection of the cut
ends of the nerve. When resecting a nerve associ-
ated with a tumour, if the nerve is functioning
before resection then individual fascicle stimula-
tion and marking may help orientation of the
graft during reconstruction.

A further challenge is to maximize the number
of axons crossing a nerve graft through both the
proximal and distal neurosynthesis. Reversal of the
direction of the nerve graft reduces leakage of
axons through side branches, and -effectively
funnels regenerating axons distally. Making use of
the maximum possible number of cables of nerve
graft across a gap also increases the number of
axons which may potentially regenerate (Fig. 2.5).

Clinical Pearl

The key to success of a nerve graft is surgi-
cal precision. Any graft should be under
little or no tension and sit in a good vascu-
lar bed. It is also important that the fasci-
cles are aligned as accurately as possible.
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Fig. 2.5 Multiple cables of sural nerve graft crossing a
7 cm nerve gap in the common peroneal nerve, following
resection of injured nerve after posterior knee dislocation

Donor Nerves

The sural nerve in adults can provide 3040 cm
of graft, with 11-12 fascicles being reliably pres-
ent [33]. In 80 % of dissections it is formed by
the medial sural cutaneous nerve and the pero-
neal communicating branch. The communicating
branch can contribute an additional 10-20 cm if
required. The nerve is adjacent to the lesser saphe-
nous vein posterior to the lateral malleolus, and is
usually harvested through a longitudinal incision
(so as to avoid compromising the quality of the
nerve graft), though some surgeons prefer multiple
transverse incisions, or to harvest the nerve endo-
scopically. The consequent area of numbness on
the lateral foot is well tolerated. The disadvantages
of this donor site are the separate distal donor site,
and the relatively high proportion of connective tis-
sue to axons when compared to upper limb nerves.

When a small amount of nerve graft is
required, the medial or lateral antebrachial cuta-
neous nerves may be harvested from an injured
upper limb. The lateral antebrachial cutaneous
nerve (LACN) lies adjacent to the cephalic vein
along the ulnar border of brachioradialis, and
8 cm of graft can be harvested in adults. The
medial antebrachial cutaneous nerve (MACN)
lies in the groove between triceps and biceps
alongside the basilic vein, and has an anterior and
posterior division. Twenty centimeter of nerve
graft may be harvested if both divisions are taken,
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although sensibility is lost over the elbow and
resting part of the forearm if the posterior divi-
sion is harvested.

For short grafts, to reconstruct digital nerve
defects for instance, the posterior interosseus
nerve may be used. It is most accessible where it
lies in the radial part of the fourth dorsal extensor
compartment at the wrist, and a short incision
allows easy harvest of a 2.5 cm graft. Loss of
wrist joint sensibility and proprioception is well
tolerated if the anterior interosseus nerve is left
undisturbed.

Surgical Technique of Nerve Grafting

The surgical technique of nerve grafting that was
developed by Millesi [34—-36] is similar in many
ways to primary nerve repair. The surgeon pre-
pares the proximal and distal ends of the nerve by
evaluating and excising the damaged or scarred
nerve. The harvested nerve is then placed across
the gap between proximal and distal stumps
without tension. The involved extremity is moved
through a passive range of motion before setting
the length of the graft. One end of the graft is
sutured, the graft is positioned in the gap, and the
other end trimmed to fit the defect. Two or three
fine sutures are all that are required to secure
each graft to the nerve stumps. It is our practice
to reinforce the neurosynthesis with fibrin glue.
Major nerves may require several cables of nerve
graft, while a digital nerve will only require a
single cable in most instances.

When insetting the nerve graft, it is important
to try to achieve an appropriate sensory and motor
fascicle match at the proximal and distal repair
sites. Techniques to assist in the orientation of the
nerves have been discussed previously. In proxi-
mal extremity grafts, the fascicles at the proximal
stump are frequently mixed and so the fascicular
alignment of the grafts cannot be specific. At the
distal nerve stump, the alignment can usually be
more specific. Occasionally it may be useful to
direct all reinnervation into the restoration of a
critical motor function. For example in radial
nerve injuries, the proximal level of the graft is
frequently a point at which the fascicles are mixed
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motor and sensory. Distally, however, the sensory
fibers of the superficial radial nerve can be com-
pletely excluded from the graft so that all regener-
ating fibers are directed into the distal motor
fascicles and none into the sensory fascicles.

Vascularised Nerve Grafts
and Allografts

In conventional nerve grafting, success is
inversely proportional to the length of the graft.
This is because the longer the graft is, the more
likely it is that part of the graft will not revascula-
rise. Vascularised nerve grafts aim to circumvent
this problem, particularly where the wound bed is
poor or the graft is long.

Potential donor nerves include anterior tib-
ial, saphenous, superficial peroneal, deep pero-
neal, superficial radial, ulnar, and sural nerves.
Although clinical series have proven the fea-
sibility of performing vascularised nerve grafts
in humans, a definite clinical role in peripheral
nerve repair is yet to be defined. Currently there
is little experimental evidence to demonstrate
their superiority to justify the additional surgical
morbidity and effort.

Rarely, a situation arises where an otherwise
salvageable extremity has a peripheral nerve
injury that is unreconstructable with autogenous
nerve grafts because of insufficient donor sites.
Mackinnon and Hudson [37] have reported
obtaining protective sensation in the foot by
using a 23 cm, ten cable allograft to reconstruct a
sciatic nerve and Bain has used this technique in
seven patients who needed major nerve recon-
struction [38]. Although still experimental, this
technique may provide an excellent alternative
source of graft material.

Nerve Conduits

A conduit is a tubular structure used to connect the
two transected ends of nerve across a gap. The
potential role of conduits in the repair and recon-
struction of peripheral nerves has interested sur-
geons for many years. Ever since Biingner reported

Fig. 2.6 Short segment bio-absorbable nerve conduit
placed experimentally in the hind leg of a rat model

successful nerve regeneration through an arterial
graft in 1891 [39], we have known that severed
nerves can grow across a gap through a conduit.

The theory underpinning conduit repair of
peripheral nerves is that the enclosed space
allows neurotropic agents released by the distal
stump to establish a uniform concentration
through the conduit, thereby inducing chemotactic
attraction to the proximal sprouting axons, which
results in more numerous axonal reconnections.

However, there is a limit to how far a bare
axon sprout can grow and various growth factors
are required by the growth cone to survive. Some
are provided through internal axonal transport,
others are obtained from the surrounding millieu.
Schwann cells begin to surround the new growth
cone and provide metabolic support, and at the
same time, fibroblasts begin to lay down collagen
to provide structural support.

Nerve regeneration across (short defect) bio-
absorbable polyglycogen tubes (Fig. 2.6) has been
shown in both animal and human models, and has
been comparable to a standard nerve grafts [40].
More recent work on introducing neurotrophic
factors to the surface of these conduits has lead to
encouraging improvements in the regeneration
seen. Micro-engineering of the internal surface of
conduits has also allowed the potential length of
the conduit to be extended in animal models.

Commercial conduits are available for recon-
struction of short defects in small and large
diameter nerves, although their uptake is not
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widespread. As confidence in the efficacy of
these devices grows, and use increases, it may
eliminate the morbidity associated with harvest-
ing donor nerves. Currently, however, they are
best considered experimental rather than clini-
cally efficacious.

Finally, vein grafts have been used to recon-
struct short, distal, sensory nerve defects, but
results are not as satisfactory as using conven-
tional nerve grafts [41].

Nerve Transfer
Indications

Nerve transfers involve using nerves with rela-
tively less important roles, to restore function
to a more useful nerve that has been injured.
The use of nerve transfers has expanded as a
consequence of the improved knowledge of the
internal topography of peripheral nerves in the
limbs.

Nerve transfers are indicated in very proximal
peripheral nerve injuries or root avulsions where
a proximal stump is unavailable for primary
repair or grafting. Even when grafting is possible
the injury may be so proximal that a nerve trans-
fer facilitates better re-innervation of distal
motor endplates than does a nerve graft. Nerve
transfers are also indicated to avoid operating in
regions of severe scarring, when nerve injuries
present in a delayed fashion, when partial nerve
injuries present with a well-defined functional
deficit, or when the level of injury is unclear
such as in idiopathic neuritides or radiation-
induced nerve injury.

Principles

Nerve transfers are based on the same principle
as tendon transfers, namely, the sacrifice of a
less important function to restore a function of
greater importance. An example is the attach-
ment of the superficial branch of the radial
nerve to the ulnar most palmar digital nerve to
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restore sensibility to that side of the hand in a
patient who has an unreconstructable ulnar
nerve injury.

The characteristics of an ideal donor nerve to
transfer for motor function are:

* Expendable donor motor nerve with a large
number of pure motor axons.

e Located in close proximity to target motor
endplates, thus minimising the distance and
time regenerating axons need to travel to re-
innervate their target.

¢ Donor nerve innervates a muscle that is syner-
gistic with its target.

Clinical Application

The most common application of motor nerve
transfers is after brachial plexus injuries and
includes the restoration of elbow flexion, shoulder
abduction, ulnar-innervated intrinsic hand func-
tion, forearm pronation, and radial nerve function.

To restore elbow flexion, the medial pectoral,
thoracodorsal, or intercostal nerves can be trans-
ferred to the musculocutaneous nerve. The flexor
carpi ulnaris branch of the ulnar nerve [42] and
the flexor carpi radialis branch of the median
nerve can also be transferred to the biceps and
brachialis branches of the musculocutaneous
nerve to more specifically restore elbow flexion
and limit donor nerve morbidity.

To restore shoulder abduction, the distal acces-
sory nerve can be transferred to the suprascapular
nerve, or the triceps branch of the radial nerve can
be transferred to the axillary nerve. To restore
intrinsic hand function, the distal anterior interos-
seous nerve can be transferred to the ulnar nerve.
Transferring redundant fascicles of the flexor
carpi ulnaris branches of the ulnar nerve to the
median nerve-innervated pronator teres can
restore forearm pronation. Alternatively, the
flexor digitorum superficialis, or palmaris longus
branches of the median nerve, can be transferred
to its pronator branch. The radial nerve is most
commonly reconstructed by transferring a portion
of the ulnar nerve supplying flexor carpi ulnaris.

After dissecting out the functional proximal
and nonfunctional distal nerves, the surgical
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technique is essentially the same as a standard
nerve repair. Care must be taken to ensure that,
like a tendon transfer, the nerve transfer is sur-
rounded by adequate soft tissue to provide pro-
tection from external trauma and is not obstructed
or placed under compression by the anatomic
structures along its course.

End to Side Neurosynthesis

End to side neurosynthesis is a technique in
which the distal end of a transected nerve is
coapted to the side of an intact nerve. Axons from
the intact nerve theoretically sprout from the
interrupted side and grow down the attached
nerve to the distal end organ. End to side nerve
repair was reported in patients at the turn of the
century [43] after experimental work undertaken
in the early 1990s [44].

Since then, a great deal of research has been
published that supports the idea and refines it for
clinical use. It was initially unclear where the
“sprouting” axons were originating from, but
double-labeling experiments demonstrated that
true collateral (nodal) sprouting from the nodes
of Ranvier really occurs [45]. Sensory and motor
nerves are capable of collateral sprouting, and
there appears to be only minimal loss of donor
nerve function [46].

The technique involves mobilising the distal
end of the transected nerve and aligning it next to
an appropriate donor nerve. The donor nerve
should be of a synergistic muscle group if it is
used for motor reinnervation, or from a neighbor-
ing dermatome if it is used to reconstruct a sen-
sory defect. Under magnification, a window that
is the size of the transected nerve end is created in
the epineurium, and fine sutures are used to
secure the coaptation.

End to side neurosynthesis has been used in
cases of facial palsy, brachial plexus injury and
median, ulnar, and digital nerve injuries, all with
mixed results. It appears to be more useful for
sensory reconstruction when nerve grafting is not
feasible, although more research is needed for
this to become a reliable replacement for nerve
transfers.

a

Investigations After Nerve Injury
Investigation

With the exception of injured nerve roots, which
maybe investigated by contrast myelography or
high resolution MRI, radiologic imaging is of lit-
tle practical value in the diagnosis of a peripheral
nerve injury. Ultrasound may be useful in a few
cases to establish nerve continuity or the presence
of a neuroma, although these instances are rare.

Electrophysiological diagnosis has many pit-
falls. Its major limitation is that even a com-
pletely divided motor nerve may have normal
findings for the first 3 weeks after the injury.

In the case of suspected peripheral motor
nerve injury, serial electromyography (EMG)
can demonstrate whether a muscle is innervated
and beginning to undergo progressive reinner-
vation (nascent or polyphasic potentials) or
remains denervated (spontaneous spike poten-
tials at rest and denervation potentials). This
may be useful to guide whether surgical explo-
ration of the nerve is indicated. Measurement at
4 weeks post injury is the first occasion where
the information becomes useful, and combined
with clinical assessment a diagnosis of neura-
praxia may be tentatively made (Fig. 2.7).

In certain circumstances, somatosensory evoked
potential measurements may be a useful clinical test
in the unconscious patient, as somatosensory evoked
potentials can determine the integrity of the neural
pathways from the fingertip to the postcentralgyrus.

Exploration

If there is still clinical doubt after a thorough his-
tory and physical examination, the diagnosis of a
potential nerve injury can best be made by surgi-
cal exploration of the wound.

Summary
Nerve repair, transfer and grafting have ben-

efited from the development of microsurgical
techniques and advances in the field of
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Fig. 2.7 Electromyography
4 weeks after injury may
assist in decision making
when combined with serial
clinical assessment
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neuroscience. Optimum outcomes from nerve
repair not only demand precise surgical tech-
niques, but also additional measures to direct
nerve regeneration to its original function.

Although nerve grafting remains the gold
standard for reconstruction of a nerve gap, syn-
thetic conduits now play a limited but important
role in the peripheral nerve surgeon’s armamen-
tarium, and this role is likely to increase over the
coming decades.
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Introduction

We are all guilty of complacency in our belief
that all is well with flexor tendon surgery and that
our knowledge of this subject is complete. Like
many other parts of hand surgery, when one looks
a little more closely, one discovers that much that
seemed fully understood is far from understood
and what we have assumed to be based on hard
fact often rests on opinion. Although, currently,
there is debate about many details of technique,
the central tenet of modern flexor tendon surgery
is to repair and move divided flexor tendons
within a few days of injury.

Repair of the divided flexor tendon to achieve
normal, or near normal, function is a problem
which we have not yet solved and primary flexor
tendon surgery remains difficult, with each result
still being uncertain. Over and above the actual
technical difficulties of repairing tendons, we
face the complications of rupture and adherence
of repairs during healing and these two problems
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have dominated thought on primary flexor tendon
surgery for a century. Healing the flexor tendon
takes about 3 months and, for much of that time,
tendon continuity depends largely on the strength
of our sutures. Unfortunately, this period is some-
times longer than that for which the hand can be
kept free of activities, or accidents, liable to snap
the repair. In any healing area, a glue of fibrin-
loaded oedema is formed which later converts to
scar tissue. Unfortunately, the body does not limit
this healing process to those structures which
are injured. Everything in the vicinity becomes
involved in the healing process with the result
that all the tissues become ‘spot-welded’ together.
Although the body then remodels the scar tissue,
this is generally too little and too late to allow a
return to normal function for structures, such as
those in our hands, which must move to function.
The devastation this can cause, not only to the
flexors but also to the nerves, extensor tendons
and joints of the hand, is the cause of a great deal
of the morbidity of hand injury and the source of
much of our secondary surgery. This ‘spot-
welding’ by scar adhesions can occur anywhere
along the length of a flexor tendon, but is a par-
ticular problem in the fingers themselves, where
the flexors are confined within the tendon sheath
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in a system as finely bored as the pistons in an
engine.

Historical Background

In 1913, Lexer introduced early mobilisation of
repaired flexor tendons to avoid the effects of
scar adhesions, by mobilising the hand 6 days
after flexor graft surgery [1]. In 1917, Harmer
adopted this approach following primary flexor
tendon surgery in Boston in the United States of
America [2]. He introduced a new and special
suture which he claimed was strong enough to
allow early active motion within hours of primary
tendon repair, using no splint. In the same year in
Vienna, Kirchmayr described the same, using his
new special suture, which we now know as the
Kessler suture after its re-inventor 30 years ago
[3, 4]. Lahey, writing in 1923, rather cleverly
managed to upstage everyone by backdating his
experience of early mobilisation of primary
flexor tendon repairs to 1907 [5]. Even Bunnell,
writing in 1918, agreed that this approach could
be taken in selected patients [6]. How successful
these early surgeons actually were and how many
cases ruptured the repairs is not known because
all of these papers describe only a technique of
management and none of the authors reported
their results. However, in their works we see an
earlier realisation of the problems of rupture and
adherence which we still face. We also see the
beginnings of the ‘surgeons’ solution, namely
stronger sutures and early mobilisation, which
remains the predominant direction of thought in
this field today.

In 1920’s, Bunnell decided that primary flexor
tendon surgery was unsafe in most hands. He
advised that these injuries should not be repaired
as a primary treatment, but that the skin should
simply be closed and secondary tendon grafting
carried out at some later date when the patient
was in the hands of an experienced tendon sur-
geon. This attitude was to prevail until the 1950s
when three groups of surgeons — Kleinert’s team
in Louisville, Kentucky, Young and Harman, also
in the United States, and Verdan in Switzerland —
started repairing flexors immediately in zones 1
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and 2 again and also moving them very early
after repair [7-10]. To do this with what they
considered reasonable safety, they introduced
protective splinting regimes intended to reduce
the force on the repair during early mobilisation.
This was the beginning of primary flexor tendon
surgery in our era.

An alternative approach to reducing the
effect of adhesions on movement of the repaired
tendon which has been considered periodically
is to try to minimise the formation of adhesions
by chemical means. This has been attempted
with a variety of drugs, including cytotoxics,
hyaluronidase, Adcon and, most recently,
Hyaloglide. The last of these drugs has been
show to be effective in limited clinical trials
[11] but its use has not yet caught on and it
remains to be proven whether this, or any other,
drug reducing adhesions should be used rou-
tinely following flexor tendon repair.

Early mobilisation does not, of course, pre-
vent adhesions entirely, but it does seem to cre-
ate a form of scarring which allows us to regain
much of the range of movement and, some-
times, even return function to normal. Because
rupture defeats this aim, there is a need to cre-
ate sutures and suture techniques strong enough
to allow this movement. In our time, surgeons
have almost all felt a need also to protect the
sutures from the full brunt of normal activity by
use of some system of protective splinting.
Consequently, research drive over the last
50 years has been largely two-pronged and has
been dominated by attempts to modify the
suturing techniques and to modify the rehabili-
tation regimes, with different individuals and
different generations of surgeons moving one
line of advance, or the other, or, occasionally,
both, forwards in fits and starts through the
twentieth and early twenty-first centuries.

Clinical Evaluation

Because of the close proximity of the flexor
tendons to the skin surface along most of their
length, the need for exploration of the palmar/
flexor surface of the hand, wrist and
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forearm to determine whether there has been
injury to the flexor system arises under almost
all circumstances in which this surface of the
distal part of the upper limb has been cut
through the full thickness of the skin to a sig-
nificant degree.

Fingers, and occasionally the thumb, lying
in a position of extension relative to the other
digits or to the normal resting hand position
may make flexor tendon division(s) obvious.
Where pain does not preclude active movement
by the patient or passive wrist tenodesis and
forearm squeezing tests, these means may also
be used to help confirm tendon division.
However, a high index of suspicion should be
present, even in the absence of positive clinical
findings, when the skin has been breached over
the flexor tendons.

Clinical Pearls - Suspect open flexor

tendon injury if:

Any full-thickness skin breach over flexor
surface of finger

Finger lies extended relative to normal
cascade

Positive wrist tenodesis test

Positive forearm squeeze test

Closed rupture of the flexor tendons in a
healthy hand and forearm, without previous
injury, is unusual and largely confined to detach-
ment of the profundus flexor tendons of the ring
and little fingers from their insertions onto the
distal phalanx. A history of sudden forced exten-
sion of the finger while the flexor tendons are
active, as occurs in the typical rugby jersey inci-
dent, which is the commonest cause of this injury,
and clinical testing for profundus function in
the involved finger will make this diagnosis.
Although radiological investigations, in particu-
lar ultrasound, have been used and recommended
in the diagnosis of both detachment of the pro-
fundus tendon and rupture of flexor tendon
repairs, these are used little in the primary diag-
nosis of open flexor tendon division(s). Diagnosis
remains, primarily, clinical.
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Surgical Anatomy

It is essential both to evaluation and to treat-
ment of the flexor tendons to understand their
anatomy and that of the pulley system of the
tendon sheaths (Doyle and Blythe, 1975; Idler,
1985) (Fig. 3.1) [12, 13]. It is also necessary to
understand the classification of the digital
flexor tendons into the zones described by
Verdan and Michon in 1961, and later modified
by Kleinert and Weiland (1976), as this is the
basis of discussion of current treatments
(Fig. 3.2) [14, 15]. Zone 1 is that part of the
finger profundus flexor tendon between its
insertion into the distal phalanx and the distal
edge of the insertion of the FDS tendon into the
middle phalanx. Zone 2 is that part of the con-
tents of the flexor sheath from the distal edge of
the FDS insertion to the proximal edge of the
Al pulley. Zone 3 is that part between the proxi-
mal edge of the Al pulley and the distal edge of
the carpal tunnel and Zone 4 is the part within
the carpal tunnel. Zone 5 is that part proximal
to the carpal tunnel. In the thumb, the zones are
less specifically defined. Zone 1 is that part of
the FPL tendon from its insertion to the proxi-
mal edge of the A2 pulley and Zone 2 is that
part between the proximal edge of the A2 pul-
ley and the proximal edge of the Al pulley.
Zone 3 is that part in which the tendon passes
through the thenar eminence. The proximal
zones (4-6) correspond to those of the fingers.
More recently, Tang has divided zone 2 into
four sub-zones (Fig. 3.3) [16]: zone 2A is the

21 A& ClAICLA4L3 AS

Fig.3.1 The flexor pulley system (Picture courtesy of Mr
N Nirinjan FRCS, Consultant Plastic Surgeon)
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THE MODIFIED VERDAN
FLEXOR TENDON CLASSIFICATION

Distalend of
the A2 pulley

Proximal edge
of Alpulley —

Proximal attachment — —
of thumb muscles

__ Distalend of
FDS insertion

_ .Proximal end of
the A1 pulley

____ Distalend of the
Carpal ligament

Proximal end of the
77 Carpal higament

Fig. 3.2 The modified Verdan flexor tendon classification (Picture courtesy of Mr N Nirinjan FRCS, Consultant

Plastic Surgeon)

insertion of the FDS tendon into the middle
phalanx, Zone 2B includes those parts of the ten-
dons between the proximal edge of the FDS
insertion and the distal edge of the A2 pulley,
Zone 2C includes those parts of the tendons
under the A2 pulley and Zone 2D those parts
proximal to the A2 pulley but still within the
flexor sheath. The author and his colleagues have
also subdivided zone 1 injuries into three subdi-
visions (Fig. 3.3) [17]. Zone 1A is that part of the
profundus tendon adjacent to its insertion into
which it is impossible to insert the distal half of a
Kessler suture, necessitating re-attachment of the
tendon to the bone of the distal phalanx. Zone IB
is that part of the profundus tendon between zone
1A and the distal edge of the A4 pulley, while

Zone 1 Cis that part of Zone 1 which lies beneath,
or proximal to, the A4 pulley. These subdivisions
of zones 1 and 2 have clinical implications and
represent attempts to analyse these important
injuries more usefully and in greater detail
than has been possible by the original Verdan
classification. Another useful addition to the
zoning system would be to sub-divide zone 5
into (a) tendinous distal injuries and (b) those
within the muscle bellies, as it is easier to feel
happy with early mobilisation of the former than
repairs actually within the flexor muscles, unless
it is possible to find the intramuscular continua-
tions of the tendons to ensure strong suturing.
By convention, a flexor tendon injury is
classified according to the point of penetration
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SUBCLASSIFICATION
OF ZONES 1 AND 2
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Fig.3.3 Subclassification of Zones 1 and 2 (Picture cour-
tesy of Mr N Nirinjan FRCS, Consultant Plastic Surgeon)

of its sheath for zones 1 and 2 or, in the
more proximal zones, its immediate surround-
ing soft tissue.

Timing of Repair

Primary repair of the flexor tendons should be as
early as possible after the injury. However, there
is a body of evidence to show that delay of
24-72 h is not followed by poorer results and it is
likely that delayed primary repair by an experi-
enced surgeon will achieve a better result than
immediate surgery by an inexperienced surgeon.
Transfer of patients to specialist units and delay
to investigate and treat more pressing problems is
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acceptable practice. Although primary treatment
is necessary within 72 h, this surgery need not be
considered an emergency, or treated as such.

Technique of Repair (See Appendix)

Primary flexor tendon surgery should be per-
formed under tourniquet and full arm or general
anaesthesia and should rarely be attempted under
local or ring block anaesthesia as the surgery is
often more lengthy than predicted and the ten-
dons may have to be handled, or retrieved, in
more proximal zones than that in which they
were injured. More recently, the practice of
‘wide-awake- flexor surgery, or use of local
anaesthetic with adrenaline injection into the
hand has been introduced to avoid the need for a
tourniquet and allow the patient to help evaluate
the effectiveness of the surgery by active mobili-
zation of the flexor tendons on surgical request
on the table. This has followed the increasing
claim that use of local anaesthetic with adrena-
line is entirely safe. The author has no experi-
ence of wide-awake surgery.

The flexor tendons are generally approached
through zig-zag (modified Bruner) skin incisions
which are deepened through the subcutaneous
tissue, although some surgeons prefer to use
mid-lateral incisions in the digits. In zones 1 and
2, the tendon sheath has to be circumvented and
this is done with as little disruption as possible
while providing sufficient exposure to examine,
then repair, the injury to the tendon(s). A win-
dow of 2-4 mm in length is created by enlarging
the primary wound in the sheath to a transverse
opening across its full width then splitting the
lateral attachments of the sheath proximally, dis-
tally, or in both directions, to allow it to be folded
back, exposing the tendons. Where the tendons
have been cut with the finger in extension it is
often unnecessary to open the sheath more than
this to repair the divided tendons as the tendon
injury lies directly below the original breach of
the sheath. Where the tendons were cut with the
finger in flexion, the tendon injury will lie distal
to the original cut in the sheath, except when the
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finger is held in the same degree of flexion as it
was at the time of injury. In such cases, the ten-
dons can only be repaired with the finger in a
greater degree of extension that that at the time
of injury and greater distal exposure is neces-
sary. The skin incision is extended and the win-
dow in the sheath is either enlarged or, if this
would involve undue division of the pulley sys-
tem, the sheath is opened through a second win-
dow overlying the distal end of the tendon when
the finger is extended sufficiently to allow repair.
Because the A2 and A4 pulleys are generally
considered to be the most important to function
[12, 18], the sheath is opened in such a way as to
preserve as much of these pulleys as possible. It
is often necessary to divide one lateral attach-
ment of the A2 or A4 pulley along part of the
pulley length either to effect repair of the ten-
dons or to allow the repair to glide freely through
a full range of motion without snagging on the
edge of a pulley, because a flexor tendon repair is
inevitably of greater diameter than the original
tendon and the uninjured tendons already fit very
tightly within the sheath. Fortunately the A2 pul-
ley is of sufficient length that one third, or
slightly more, of its length can be released later-
ally when necessary without resulting dysfunc-
tion. The whole of the A4 pulley can be released
laterally, although complete release is seldom
necessary, without bow-stringing across the dis-
tal finger provided sufficient of the A3 and C
pulleys have been retained. Distal bow-stringing
will occur if all of the sheath is absent between
the distal edge of the A2 pulley and the A5
pulley.

Methods of Repair

The method of repair of the flexor tendons has
been a matter of considerable debate for many
years. The first recognition of the advantage
of a primary repair of sufficient strength to
allow immediate mobilisation was in 1917 [2,
3]. Because of Bunnell’s teaching, it was not
until the late 1950s that early mobilisation after
primary repair appeared again. Since that time,
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there have been very many papers written rec-
ommending different suture types and materi-
als and a variety of post-operative immediate
mobilization regimes for early mobilization of
tendons, albeit now in splints and more cau-
tiously than advocated by the first pioneers.
A balance of sufficient early mobilisation to
achieve good finger mobility and avoid scar
adherence of the tendons, but with the minimum
number of ruptured tendons is the goal of this
endeavour. At the time of writing, there is no
‘best’ suture material or ‘best’ suture technique
and the choice of each in anyone unit, country
or area of the world is more often determined by
opinion, historical precedence and availability
of particular materials than by science. A land-
mark paper in the assessment of the strength
requisites of these repairs was that of [19]. This
paper remains the gold standard for our efforts,
although there is a need to repeat this work in
the light of the many changes of suture materials
and techniques since 1975.

At present, most surgeons feel that flexor
tendon repair should include a suture within the
tendon, the ‘core’ suture, and a continuous ‘cir-
cumferential’, or ‘epitendinous’, suture around
the edge of the repair. The principle of the core
sutures in common use is that the suture grips the
tendon at a distance from the cut ends to prevent
the suture pulling through the tendon fibres when
subject to longitudinal tension during mobilisa-
tion in the first few weeks after repair, at which
time the tendon ends soften [20]. This softening
of the tendon ends eliminates any advantage of
strength of different suture materials [19]. Until
the beginning of this century, the commonest
core suture used in the United Kingdom was
the two-strand Tajima modification of the suture
originally described in 1917 by Kirchmayr [3]
and re-described in 1969 by Kessler and Nissim
[4]. The Tajima modification buries a single
knot in the centre of the tendon. The Strickland
modification of the Kirchmayr/Kessler core
suture in which two knots are buried in the cen-
tre of the tendon was more popular in the United
States [21]. The Kirchmayr/Kessler suture is
generally made with a 3/0 or 4/0 monofilament
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polypropylene (Prolene) or braided polyester
(Ticron) suture material, with both materials
being of adequate strength and each having rela-
tive benefits. We use the polypropylene sutures,
partly out of habit, partly because we find it
easier to pull them through the tendon and partly
because they are less bulky to knot. Following
the work of Savage in 1985, showing that a six
strand Kirchmayr/Kessler-type of core suture
was very much stronger than the original two-
strand repairs, there has followed two decades of
intense activity to find a four, or six, strand suture
which achieves a similar strength but is more eas-
ily placed within the cut tendons than the Savage
suture [22, 23]. Many four and six strand core
sutures have been described and tested, mostly
in vitro, and the ‘best’ of these still remains to be
identified. Currently most repairs are done with
four-strand core sutures.

The tendon repair has been commonly
completed using a continuous circumferential
over-and-over suture, usually of 5/0 or 6/0 mono-
filament nylon (Ethilon) or polypropylene
(Prolene). This was originally introduced to tuck
in ragged parts of the tendon edges to allow eas-
ier gliding. However, it became evident that the
circumferential suture has considerable strength
and is much more significant than the tidying role
originally ascribed to it [24, 25]. Several papers
then described elaborations which increased the
strength of this part of the repair to a point where
it could be greater than that of the core suture and
many times greater than that required to prevent
disruption of the repair during early mobilisation.
All of these new circumferential sutures act by
gripping the tendon in each throw of the suture in
much the same way as the core sutures have
done, so that the circumferential suture will grip
the tendon on either side of the division with
eight, ten or more ‘bites’. Like the Savage core
suture, these elaborated circumferential sutures
are not so easy to insert neatly and with the
degree of precision suggested in line drawings by
authors of research papers. A further problem of
increasing the elaboration of this suture on the
surface of the tendon is increasing resistance to
free gliding of the tendon within the tendon
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sheath [26] and it was never established which of
the new circumferential sutures provided the
most useful balance between additional strength
and increased resistance to movement. Although
elaboration of the circumferential suture raised
the possibility of dispensing with the core suture
entirely, the pendulum of research activity has
swung back more recently to increasing the core
suture strength, with simple circumferential over-
and-over suturing being the commonest finishing
suture in current use. This may reflect the diffi-
culties of inserting the more complex circumfer-
ential sutures, particularly along the deep surface
of the tendon repair after completing the core
suture and, particularly, in the tight confines adja-
cent to the A4 pulley. Placing these sutures along
the ‘back wall’ of the repair prior to completing
the core suture, a technique commonly used with
simple circumferential suturing to avoid bunch-
ing of the repair, is very much more difficult with
the complex circumferential sutures.

Critical analysis of the rupture rates in the
clinical papers written during the last 10 years
fails to show a consistently significant reduction
in rupture of repairs, despite the laboratory evi-
dence that these sutures are stronger than two-
strand repairs. Most reported series of primary
flexor tendon repairs in zone 2 of the fingers,
which has been the testing ground of flexor
tendon surgery for 50 years, include a rupture
rate of approximately 5 %, whatever method of
core and circumferential suturing is used. As yet,
it remains to be seen whether any of the new core
or circumferential sutures have affected these fig-
ures, although many have been shown in the lab-
oratory to have considerably more strength than
the conventional core and circumferential sutures.
In 1994, and again in 1999, we presented results
with a 4-5 % rupture rate of 17 of 397 (4 %) fin-
gers with tendon injuries in zones 1 and 2 follow-
ing use of a conventional two-strand Kirchmayr/
Kessler core suture of 3/0 or 4/0 polypropylene
(prolene) and a running circumferential over-
and-over suture of 5/0 or 6/0 monofilament nylon
(Ethilon) or polypropylene (Prolene) [27, 28].
These results still stand nearest to Savage’s rup-
ture rate of 1 of 31 (3 %) of finger tendon repairs
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in Zone 2. There is also some limited evidence
that suture material has a deleterious effect on
tenocyte activity and, hence, a possibility that
increasing amounts of suture material increase
this effect [29].

While researching repair of the flexor polli-
cis longus (FPL) tendon, we experienced a
much higher rupture rate of repairs of this ten-
don than the 5 % occurring in our zone 2 finger
flexor repairs [27]. Difficulty carrying out pri-
mary repair of the FPL tendon, probably
because of the particular tendency of this mus-
cle to retract more than the finger flexor mus-
cles, has been well recognised in the literature
from as long ago as 1937 [30], although this
particular flexor has received little attention
since the 1950s and 60s. The higher rupture rate
of this repair makes it particularly suited to
testing the adequacy of the newer sutures clini-
cally, in preference to the time-honoured zone 2
model. We found that addition of one of the
newer circumferential sutures, described in
1993 by Silfverskiold and Anderson [31], to a
conventional Kirchmayr/Kessler suture reduced
the rupture rate of the FPL repair considerably
[32]. In a more recent series of FPL repairs, in
which a second Kirchmayr/Kessler suture,
inserted at right angles to the first (which is one

of many new methods of creating a four-strand
core suture) with the Silfverskiold circumferen-
tial suture, has reduced the mechanical rupture
rate to zero [33]. This work would suggest we
increase the complexity of the core sutures, the
circumferential sutures or both.

However, inserting these more complicated
sutures may be at a cost. They are more difficult
to insert and make an already complicated proce-
dure even more so. Bearing in mind that most
primary flexor tendon surgery is carried out by
trainee hand surgeons world-wide, this may
prove a serious disadvantage to their use. An
alternative approach has become increasingly
popular in the Far East, where Tsuge described
a single suture repair with a looped double
strand nylon suture which acts to grip the ten-
don on either side of the division in a manner
which is akin to a single, large epitendinous
suture (Fig. 3.4B) [34, 35]. This was elaborated
by Tang, who suggested using three Tsuge
sutures spaced evenly around the circumference
of the tendon [36]. Tang and his colleagues exam-
ined the strength of a number of suturing tech-
niques, including both their own ‘triple-Tsuge’
technique and the combination of a two-strand
Kessler suture and a Silfverskiold circumferen-
tial suture which we had used in FPL repairs [37].

Fig. 3.4 (a) The current splint for early active motion
used by the author’s unit, incorporating the sleeve to
encourage interphalangeal extension. (b) The hand is

shown in the sleeve between exercises and with the fingers
out of the sleeve to allow exercises
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While all of the more elaborate sutures used in
this study showed greater strength than a simple
two-strand Kessler suture, and all were suffi-
ciently strong to resist early mobilization, the
Tang technique proved the strongest. However, it
is not particularly the strength of the Tsuge-Tang
approach which is most appealing, as Tang and
his colleagues still could not avoid the inevitable
small rupture rate in their earlier clinical study,
but its simplicity at a time when the Western
approach may be becoming too complicated. The
most recent of our studies of FPL repair included
fifty FPL divisions repaired by the Tang suturing
technique and mobilized actively with no rup-
tures during mobilization [38].

Management of the Tendon Sheath

The period of closing the tendon sheath com-
pletely has passed. The repaired tendons, which
are inevitably greater in diameter than the origi-
nal tendon, are more likely to suffer restriction
of their free movement if the sheath has been
closed. Results in studies 30 years ago in which
the tendon sheath was only laid back, but not
sutured, were as good as in those with complete
sheath closure. However, even with a policy of
simply laying the sheath back, catching of some
repairs on the main pulleys remains a problem.
It had become recognized that one had to pre-
serve, or reproduce, the A2 and A4 pulleys, as a
minimum when carrying out secondary tenolysis
surgery if the mechanical function of the flexor
system was to be preserved [12, 18]. This became
translated into an absolute need to maintain the
A2 and A4 pulleys in their entirety during pri-
mary tendon repair, despite their being the main
cause of repairs catching. Complete preservation
of these pulleys had become almost sacrosanct,
although work by Savage (1990) had shown that
parts of these pulleys, and even the whole A4 pul-
ley, could be removed without significant loss of
mechanical function, provided the remainder of
the sheath was mostly intact [39]. This work has
been confirmed by others [40—42].

In 1998, we examined one hundred zone 2
repairs between the distal edge of the A2 pulley
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and the zone 1/ zone 2 interface, at the distal end
of the flexor digitorum superficialis insertion into
the middle phalanx (Tang’s zones 2A and 2B)
[43]. The repairs had been done by senior regis-
trars in Plastic Surgery with considerable experi-
ence of operative hand surgery. This study shows
that 64 % of these repairs require some lateral
venting of the A2 or, more commonly, the A4
pulley. Sometimes, partial pulley venting of the
A4 pulley was necessary at an early stage to place
the core suture into the distal tendon end, as the
transverse pass of this suture has to be placed
0.5-0.75 cm distal to the tendon division, and this
is sometimes under the A4 pulley in these par-
ticular injuries. Sometimes, either the A2 or A4
pulley had to be partially vented to get a full free
range of passive motion of the tendon repair
without catching on the pulleys, before closing
the finger. The degree of venting of the A4 pulley
in our study varied from 10 to 100 %. Complete
division of the A4 was necessary in 14 cases.
When we analysed these 14 cases carefully, we
realised that it was inevitable that some flexor
tendon injuries would be placed such that the A4
pulley either had to divided completely for one of
the two reasons described above, or for a combi-
nation of both. It has yet to be proven that vent-
ing, partial or complete, has no effect on the
long-term results of primary repair. However,
over and above these observations of the necessi-
ties of clinical practice, venting the pulleys would
seem, intuitively, correct unless perfect repair of
the tendons, exactly reproducing the original
diameter of the undivided tendons, is routinely
being achieved. Repairs snagging on pulleys
treated by early mobilisation will either restrict
movement of the finger or cause the repair to
snap. In reality, this is only a problem of the A4
pulley, as the A2 pulley is of sufficient length that
one can excise any third of it to allow repair and
free movement of the repair and still have a pul-
ley which is one, or more, centimetres in length
and, so, functional. In that there appears to be no
indication in secondary flexor tendon surgery to
reconstruct an A4 pulley alone for bow-stringing
at the DIP joint level, it is unlikely that the A4
pulley, in itself, is vital to flexor tendon function
when most of the remainder of the sheath is
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intact. Distal bow-stringing will only occur if all
of the sheath is absent between the distal edge of
the A2 pulley and the AS pulley. It is, therefore,
beholden on the trauma surgeon, when the pro-
fundus tendon is cut in the proximal part of the
finger with the PIP joint flexed, to open a separate
window beyond the PIP joint to repair this ten-
don distally, so preserving most, or all, of the
A3 and C pulleys.

It is now our practice to simply lay the sheath
back over the tendons after adequate lateral
venting of the pulleys to allow free running of the
repairs. Free movement of the repair is then
tested for a final time by passive movement of
the finger through a full range of motion before
closing the skin of the finger. Haemostasis of the
wound is then carried out and the skin closed.
The hand is placed on a padded POP dorsal splint
which prevents finger extension beyond mid flex-
ion and the hand elevated overnight.

Post-operative Management

The fundamental need to mobilise repaired flexor
tendons early to avoid adhesion and loss of ten-
don gliding is now generally accepted, as is the
fact that healing of the flexor tendon, at least in
the digits, does not necessitate the formation of
adhesions. Experimental evidence would also
suggest that this early movement encourages
more rapid tendon healing under the influence of
longitudinal forces [44—47]. At the present time,
flexor tendon repairs are mobilised by most sur-
geons in a dorsal blocking splint as an additional
safeguard against tendon rupture. Early mobilisa-
tion of repaired flexor tendons without protection
was first advocated nearly a century ago but we
have not yet returned to this freedom of post-
operative activity since the re-introduction of
early mobilisation 50 years ago. A definitive dor-
sal thermoplastic splint is generally applied
24-72 h after surgery, whatever the technique of
rehabilitation. While the interphalangeal joints
are invariably allowed to fully extend, the precise
angles to which the wrist and MCP joints may
extend in these splints vary from unit to unit. The
degree of standardisation of splint construction
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possible in clinical practice probably belies such
precision in print and the variability of the state-
ments in the literature would suggest that the pre-
cise degree to which these joints are allowed to
extend may not be of great significance. This is
discussed further later.

The first of the early mobilisation regimes has
come to be known as “Kleinert traction”’; after one
of its pioneers, but is more accurately described as
“active extension -passive flexion” mobilisation.
The original intention of this regimen was to
move the fingers in a dorsal splint preventing full
extension of the wrist and metacarpophalangeal
joints, with extension of the fingers by active use
of the extensor tendons but flexion of the fingers
passively by rubber bands attached between the
fingertips and the flexor aspect of the mid-fore-
arm,. This was intended to achieve flexor tendon
gliding without subjecting the tendon repairs to
direct tension during finger flexion. Although it
has undergone several modifications, the tech-
nique remains unchanged in principle. Probably
the most significant of the modifications has been
the change of direction of the line of pull of the
rubber bands to encourage interphalangeal move-
ments by the addition of a palmar bar [48, 49]. All
early mobilisation regimes suffer the problem of
how diligently the patient actually carries out the
finger movements at home, but this one has the
additional problem of whether the patient actually
uses the rubber bands to passively flex the fingers,
or uses the repaired flexor tendons and actively
flexes the fingers, despite the presence of the rub-
ber band driven alternative. Another criticism has
been the fact that the fingers rest in the flexed
position between exercise sessions. In those less
able and/or co-operative patients who move the
fingers seldom, the fingers spend long periods
flexed and may develop flexion contractures of
the proximal interphalangeal joints, which are dif-
ficult to correct later. Although this has been iden-
tified as a particular problem of Kleinert traction
in the past, modifications, such as suggested by
Sifverskiold and May, in 1994, which prevent
prolonged resting with the PIP joints acutely
flexed, can prevent this [50]. Tensioning the bands
is also a problem as the forearm attachment of the
bands often moves and the bands slacken,
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sometimes within a few minutes of being ten-
sioned by the therapists. Many more recent papers
describing use of this technique have incorporated
features of the alternate techniques described
below, to try to overcome the problems of the
original method [50, 51]. Variations of this regi-
men remains the most commonly used of the
early mobilisation techniques worldwide today
although the popularity of the ‘Kleinert’ regimen
is declining.

Throughout the 40 years since Kleinert
traction was introduced, two alternatives have
been developed. In one, the repaired flexor ten-
dons are mobilised completely passively in both
directions, either by a therapist or by the patient
with his/her other hand. This technique was
introduced by Duran and Houser in 1975 and
embraced by Strickland and his colleagues in
Indianapolis [52, 53]. Although the original
authors had a 15 % rupture rate and only 53 % of
the digits achieved a good or excellent range of
motion in the second paper, this technique has
been used widely, particularly in the United
States. However, it is very expensive in therapy
time which militates against its use in most coun-
tries. More recently, features of this regimen have
been added to the basic Kleinert regimen by
many surgeons in North America to try to achieve
fuller ranges of extension and flexion.

Through-out the period since the introduction
of the Kleinert regimen, a number of surgeons
have described techniques of mobilisation by
both active flexion as well as active extension of
the fingers, as proposed by the pioneers at the
beginning of this century, but with protective dor-
sal blocking splints. Most of these active regimes
have involved variations of suturing to cope with
the perceived increase in tensions on the repair
during active flexion. In 1989, the Belfast sur-
geons actively moved flexor tendon repairs in
zone 2 without any addition to the suture tech-
nique, effectively a Kleinert regimen without the
rubber bands [54]. The original name of “early
active motion” has been changed in some subse-
quent publications to “controlled active motion”
and the detail of this technique of mobilisation
varies slightly between units, but the principle is
unchanged. Subsequent reports from units using
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variants of the Belfast regimen through the early
1990s achieved results similar to those reported
using the Kleinert technique [27, 55-57]. The
advocates of the “Belfast” regimen believe it to
be simpler, cheaper and easier to manage for both
patients and therapists than the “Kleinert” regi-
men and its variants.

Of the ongoing controversies in flexor surgery,
possibly the one most often discussed is which is
the best of the mobilization techniques today:
Kleinert, now often amalgamated with Duran-
Houser, or Early Active Mobilization. This dis-
cussion is an unproductive exercise. If one looks
at both techniques closely, one realizes that both
are moving towards freer movement and both are
pushing repairs ever harder during the early post-
operative period. The series reported by
Sifverskiold and May, in 1994, from Gothenburg
in Sweden, has the best results reported from a
civilian unit, to date, in the world [50]. It actually
combines features of Kleinert, Duran-Houser and
Belfast mobilizations. As we all get more aggres-
sive in our mobilization of repaired flexor ten-
dons, the problem is not which regimen of
mobilization to use, but how far we can go along
this track without increasing the rate of tendon
rupture.

We examined our own rupture patients to try
to identify a soluble common cause for the prob-
lem [28]. Unfortunately, a 5 % rupture rate means
only 5 people in every 100 flexor repairs are
available to study, so it takes a long time to col-
lect a meaningful series of rupture patients. We
also added zone 1 to the zone 2 cases to increase
the numbers and still only managed to collect 23
digits with ruptures in 23 individuals out of
approximately 500 digits with flexor tendon
repairs in 6 years. Our study shows a rupture rate
of 5 % and 4 % in zone 1 and zone 2, respec-
tively. Forty-seven percent of these patients rup-
tured their repair doing something stupid, with
one patient having ruptured his repair while lift-
ing furniture. Some had taken off their splint and
some ruptured in their splint, although our splint
is intended to stop active hand use. Several years
ago, we felt that one of the advantages of Kleinert
traction over the Belfast regimen, in this respect,
was the fact that the rubber bands prevented the
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patients placing objects in the palm and gripping
them, so we added what the patients referred to as
‘anti-beer can bars’ to our splint to achieve the
same effect. Most ruptures in both sexes occur in
young patients who, as an age group, are, per-
haps, more inclined not to listen and do inadvis-
able things with their injured hands. However,
there was a small group of older men, in their for-
ties, who ruptured their tendon repairs despite,
mostly, doing exactly as instructed by our thera-
pists. So, increasing age in the male, or, possibly,
in either sex, may be another factor making
repairs more liable to rupture. Unfortunately, we
would have had to analyse another two to three
thousand patients for this observation to achieve
statistical significance. This study does suggest
that the only practical way to reduce the rupture
rate, at present, is to strengthen the sutures, so
that moving furniture during the early post-oper-
ative period can be accommodated — even if not
recommended!

For the last 20 years, we have used a variant of
the regimen of early active mobilisation described
in Belfast in 1989 (Table 3.1). Our own prefer-
ence at present is to have the wrist in approxi-
mately the neutral position and the MCP joints at
40° of flexion, which angles represent a slight
modification of the wrist position of 30° of flex-
ion and MCP position of 30° of flexion which we
advocated in 1994. While the precision with
which these angles are described may not be
important, the reasons for the modifications pro-
vide a useful vehicle for consideration of some of
the finer points about rehabilitation. The degree
of flexion of the wrist is probably less significant
than previously believed. In fact, the extreme
flexion advocated in early papers is almost a
Phalen test position and can have the same effect
on the Median nerve as this test, particularly
when associated with the considerable local
oedema of a zone 5 injury. Savage (1988) sug-
gested that flexion of the wrist did not achieve
less tension on flexor tendon repairs distal to the
wrist because any relaxation of the flexor mus-
cles was countered by increased tension on, and
spontaneous firing of, the extensor muscles,
applying force to the repairs in the opposite direc-
tion [58]. He suggested that the position achiev-
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Table 3.1 The St Andrews early active mobilisation
regimen (2014)

Week 1 Discharge from hospital when pain is
controlled by simple oral analgesics, the
patient is able to do any necessary dressings
and is achieving full extension to the splint
and active flexion to 25 % of full flexion.
Patient instructed to carry out ten active

flexion and extension exercises per hour.
Seen by surgeons and therapists. Full
extension to splint and active flexion to
50 % of full flexion. Ten exercise
repetitions per hour. Passive flexion
exercises started.

Week 2

Weeks 3
and 4

Seen weekly by therapists only. Full
extension to the splint and progression
to full range of active flexion as soon

as possible (usually achieved by the end
of week 3). Ten exercise repetitions per
hour. Passive exercises. Ultrasound started
if necessary in week 3.

Seen by surgeons and therapists. Splint
removed, except at night and when there
is risk to the hand (e.g. in crowds). Wrist
extension started, at first with the fingers
relaxed.

Week 5

Weeks 6
and 7

Seen weekly by therapists. Progression
to full range of movements of wrist
and fingers.

Week 8 Splint discarded completely. Passive
extension exercises and dynamic extension
splinting started, if necessary. All but heavy
activities allowed, including driving. Return
to work (except heavy manual workers)

Weeks
10-12

Progressive return to heavy work
by week 12.

ing least tension on repairs in the fingers and
palm was the ‘resting position’ in which we
commonly splint hands, with the wrist in slight
extension. Several units now splint the wrist in
this position. We examined fifty patients mobil-
ised in this wrist position and found no increase
in tendon ruptures with the same percentage of
good and excellent results as we had reported
previously with the wrist in the flexed position
(Elliot, 1999). Loss of full extension of the inter-
phalangeal joints remain a problem of both cur-
rent active mobilizing regimes, and achieving full
extension of the PIP joints, particularly that of the
little finger, is still difficult. In fact, it is docu-
mented that the results of repair in the little finger
are worse than in the other fingers, with rupture
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of the primary repair more likely and re-rupture
of any re-repair also more likely [59].

As early as the first week, when necessary, our
therapists place a pencil, or one of their own fin-
gers, behind the proximal phalanx during active
extension to lift the fingers away from the splint,
so increasing the flexion of the MCP joints
temporarily in order to encourage full PIP
joint extension. Passive extension exercises and
dynamic extension splinting are also now started
slightly earlier, during the eighth post-operative
week. Our therapists feel that the recent small
increase in MCP joint flexion of our current splint
helps increase the action of the intrinsic extensor
tendons on the PIP joints, so reducing this prob-
lem. Unfortunately, these methods of increasing
MCP flexion are ineffective in zone 5 injuries to
the tendons of the little finger which include divi-
sion of the ulnar nerve, and, so, paralysis of the
intrinsic extensor muscles. Failure to extend the
PIP with secondary contracture of the PIP palmar
plate ligament of the little finger continues to be a
problem of this particular injury. A few years ago,
we introduced a modification of the original splint,
to further encourage PIP joint extension. The pro-
tective palmar bars added to the dorsal splint in the
nineteen-nineties have been replaced by a sleeve
of elasticated open weave material for the period
of continuous splinting (Fig. 3.4). This is worn at
all times and exerts a slight extension force on the
inter-phalangeal joints. The sleeve is rolled proxi-
mally into the palm when doing exercises.
Ultrasound is introduced at an earlier stage of
healing when finger movements are more sluggish
than expected, previous fears about ultrasound
having a deleterious effect on the early stages of
healing now being believed to be incorrect.

Whatever the method of rehabilitation, there
appears to be relative consensus of opinion about
the length of rehabilitation, although the source
of the timing of the various stages of this assisted
recovery is obscure. Whichever technique of
early mobilisation is used, flexor tendon repairs
are mobilised in dorsal splints with no active
grasping with the fingers for 4-5 weeks. There
follows a period of 3-4 weeks of gradual
increase of activity, with the splint only being
worn at night and in public places, where the fin-
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gers might be accidentally pulled into extension.
Full use of the hand for light activities and ther-
apy to correct failures of finger extension begins
only after 8 weeks, with heavy grasping activities
being avoided for 12 weeks. Patients return to
sedentary manual activities at 8—10 weeks and to
heavy manual labour at 12 weeks after surgery.
Although suggestions of shortening of the period
of splinting are sometimes aired in meetings,
they have not yet appeared in print. Our finding
that all but one patient who ruptured a primary
flexor repair in the fingers did so in the first five
weeks, with three of twenty-three ruptures (13 %)
occurring in week five and none in week six
(Harris et al., 1999) would suggest that the cur-
rent period of splinting is close to correct [28].

Adequate analgesia is necessary and the use of
anti-inflammatory drugs during the early post-
operative period is of particular value not only for
their general analgesic effect but also in allowing
the therapists to encourage early movement in
nervous patients and those with a low pain thresh-
old and/or concomitant painful nerve injuries.

Most units publishing in this field report only
about 70-80 % of patients achieving good or
excellent finger mobility in exchange for a
rupture rate of about 5 % and a similar incidence
of tendon adhesion, whatever the method of
rehabilitation. Clinical testing of cases with
incomplete ranges of movement very frequently
identifies a passive loss of flexion of the involved
digit, indicating that extensor tendon tethering by
fibrin and, later, scar to its surrounds is a more
common reason for this problem than flexor
tendon adherence to the sheath [60]. However,
both may occur concurrently.

Hand surgeons currently report their results
using systems of assessment in which ‘excellent’
may be a result less than normal. For example,
in the Strickland I Assessment, ‘excellent’, as
defined, may only be 85 % of normal function
[53]. Bearing this in mind, an international audit
from units which are probably achieving results
which are better than their national average in
which only 70-80 % of results are reported as
good or excellent, with one in every ten repairs
either rupturing or adhering, is not impressive
and concern to make improvement is justifiable.
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Repair in Other Zones

Almost all of the research on flexor tendon sur-
gery has been carried out in zone 2 injuries,
which early researchers perceived to be the most
difficult zone in which to get good results.
Indicative of this concentration on zone 2 is the
finding that there have been nearly twenty
methods of assessment of flexor tendon repairs
described since 1950 and all of them had been
designed for assessment of zone 2 injuries [61].
As a result, Zone 2 methodology has been
extrapolated to the treatment of the other zones,
despite the enormous differences anatomically
in the different zones, both in the tendons them-
selves and in their surrounds. As a pure flexor
tendon injury, the zone 2 injury is, arguably, the
most difficult technically to repair, although the
space in which one is operating is much more
confined in the less frequent zone 1 injury.
However, as a total injury, injuries of zones 3, 4
and 5 are often more devastating to hand func-
tion and more difficult to rehabilitate, not so
much because of the tendon injury per se but
because of the associated damage done to the
other structures in the zone. There is a need to
analyse injuries in the other zones in more detail
and to examine whether our zone 2 surgical and
mobilisation techniques are directly applicable.
Our current ways of assessing the results may
also not be entirely appropriate in the other
zones, as we discovered when analysing our
zone 1 results [17].

In the 1970s, Kleinert wrote that he could see
no reason not to apply the lessons of zone 2 sur-
gery to zone 5, so early mobilization and repair of
both flexor tendons in zone 5 became the norm.
As a consequence, every divided structure in
flexor wrist wounds has been repaired at the first
operation for the last 40 years, although there had
been a long held belief before Kleinert that only
the FDP tendons should be repaired in these inju-
ries, as also repairing the FDS tendons caused
tethering problems. A small study paper pub-
lished in 1992 by Stefanich and his colleagues
reported only 37 % of 19 patients to have achieved
independent FDS action after zone 5 immediate
repair and early mobilization in a Kleinert regi-
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men [62]. We were intrigued and started a pro-
spective study of zone 5 [63]. We examined 50
patients with zone 5 injuries mobilized in the
Belfast manner. Our results showed independent
FDS action in only 66 % of 161 fingers with one,
or both, flexors cut at the wrist but good, or excel-
lent, ranges of motion in 90 % of the fingers. For
the first time, this paper attempted to assess the
interaction between the fingers when more than
one set of flexor tendons had been injured. These
results were rather better than Stefanich’s paper
had suggested, but indicated far from perfect FDS
function. Independence of FDS action in the fin-
gers, while not of great importance to power grip-
ping, is a significant factor in the more controlled
and individualised finger movements we use in
finer hand function, so a more effective mobiliza-
tion regimen for the zone 5 injury is needed.

In 1991, a paper by Gerbino and his colleagues
in the United States, reported a series of 20
patients with zone 1 injuries which found very
significant difficulties in this zone, with a compli-
cation rate of poor ranges of motion, sticking
repairs and rupturing repairs of 35 % [64]. This
was a very small study but it was one of only two
studies which we could find in the English litera-
ture at that time in which zone 1 injuries had been
treated in approximately the same surgical man-
ner, with two-strand Kessler core sutures and
circumferential sutures, which we were using.
Gerbino and his colleagues reported results of
zone 1 injuries mobilised using Kleinert traction
while we were using an early active mobilisation
regimen. In 1990, a paper reporting the results of
an American physiotherapist, Evans, who had
treated the patients of many different American
surgeons local to her practice using a variant of
the Duran-Houser passive mobilisation regimen
recorded an even higher complication rate [65].
We reviewed our results of zone 1 injuries over a
period of 8 years [17]. The study included 93 zone
I tendon divisions in 89 patients, repaired with a
Kessler core suture and a simple circumferential
suture, then mobilized in the same early active
mobilisation regimen as used for zone 2 injuries.

In respect of the good and excellent results in
this study, our results were similar to those of
Gerbino et al. in their US Army study, with good
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or excellent results in 60 % of fingers using the
original Strickland assessment and 47 % of fingers
on DIP only assessment, and both studies had a
rupture rate of 5 %. However, only 4 % of our
repairs required tenolysis while Gerbino et al.
reported a complete loss of DIP movement in
30 % of their cases, which they attributed to gap-
ping of the repairs from over-zealous mobiliza-
tion. We believe the problem in these cases is
catching of the repairs on the A4 pulley after com-
pletely closing the sheaths following tendon repair.
Our policy is to vent, or cut, the A4 pulley as much
as necessary at the time of zone 1 repair to allow
free movement of the repair and, then, to leave the
sheath completely open. We think this is more
realistic in the very closed confines of zone 1.

Severe Injuries

We all use the same mobilising regimen for the
flexors in severe finger and palmar trauma that we
use for simple tendon divisions but this is, yet
again, an extrapolation of the study of simple
injuries of zone 2 and the author is not aware of
any work having been done to examine whether
we should be doing anything different either
surgically or post-operatively for more severe
injuries. We simply expect poorer results for
worse injuries and we tend to get them! The poor
results in bad injuries may also be a result, at least
in part, of applying the same surgical techniques
which we use in simple injuries to a much more
complex situation. In the 1960s, surgeons were
uncertain whether one could repair both tendons
in the tendon sheath without causing problems of
tendon adhesion. Both Kleinert and Verdan
showed that this was not only possible but, in fact,
preferable in terms of achieving maximum
strength and better independent finger function. It
also led to fewer complications. Recently, this has
been questioned by Tang for those injuries occur-
ring in what he has defined as zone 2C, which is
the part of zone 2 under the A2 pulley at the base
of the finger [36]. This is the tightest part of the
sheath, where the FDS also wraps itself around
the FDP. Tang examined 37 fingers in 33 patients
with zone 2C injuries and showed better results in
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those fingers in which he repaired the FDP alone.
This problem area of zone 2 has been recognized
before: Boyes and Stark, in 1971, identified this
same trouble spot under the A2 pulley as that
where tendon adhesion was most likely to occur,
although they did not go so far as to propose sin-
gle tendon repair as a solution [66]. In a study of
zone 2 injuries (Kwai Ben and Elliot, 1998), we
looked at zone 2C with Tang’s idea in mind but
could find no particular problems in our 31 zone
2C injuries, when compared with the injuries else-
where in zone 2, to substantiate his idea of single
tendon repair in zone 2C [43]. The author believes
there is a role for this idea in more complex inju-
ries and for repair of simpler injuries in Zone 2C
and D if being carried out by inexperienced sur-
geons. Over the last 20 years, the author has
treated eleven patients who had had severe inju-
ries of the distal palm and bases of the fingers in
whom both flexor tendons were repaired by train-
ing surgeons in zones 2C or 2D routinely at pri-
mary surgery. The tendons subsequently became
swollen and became stuck under the A2 pulley. At
secondary surgery, both tendons immediately
proximal to the A2 pulley were swollen to a
degree that each was the diameter of both together
in their normal state. The FDS tendons were
removed and the FDP tendons alone only just
moved freely under the A2 pulleys. Like many
surgeons, I have repaired only the FDP in replants
for a long time. Tang’s single tendon repair seems
logical for other severe injuries in this part of the
hand, such as tendon divisions of all four fingers,
bad crush or lacerating injuries, and replantations
and revascularisations at the bases of the fingers
or in the distal palm, to try to avoid secondary sur-
gery. The same problem arises if all of the flexors
are repaired in the carpal canal after severe inju-
ries at this level, such as the typical machete
wound to the ulnar side of the wrists when an
unarmed person raises his, or her, hands to protect
the face during such attacks.

The Zone 2’Black-Box’

While zone 2 has become the testing ground for
mobilization techniques and the means whereby
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individual units announce their presence on the
flexor tendon stage, most of the well- known clin-
ical papers on this subject report only 50 or 60
cases, at most. So, it is obviously difficult to col-
lect more than about 50 cases of zone 2 injuries in
one unit in a reasonable period of time. As a
result of this logistic dilemma, three problems
arise. The first is that the total number of clinical
studies in the world literature remains small
because few units can accumulate a respectable
number of cases. The second is that most studies
are small in themselves and, in many cases, too
small to examine scientifically and the third is
that the available numbers are too small to allow
analysis of what is actually inside the ‘black box’
which we have chosen to call “ZONE 2’, as
everything has to be grouped together to get
enough patients to achieve a publishable series.
Zone 2 is far from homogeneous in a number of
ways. There are eight permutations of tendon
injury within this part of the tendon sheath. We
simply ignore all partial injuries and group the
others together, although these include five dif-
ferent tendon injuries. Recently, we have exam-
ined this and, although this study is not yet
finished, it appears that there may be differences
in the results of treatment of the different injuries,
with certain combinations of tendon lacerations
having worse results than others after mobilisa-
tion using our current rehabilitation regime.
Another possible problem of treating zone 2 as a
‘black box’ may arise in fingers in which both
tendons have been divided. There will be two ten-
don suture lines. If the tendons were cut with the
finger in a partially flexed position, these will be
a long way apart when the finger is extended and
only come together in flexion. By contrast, when
the finger is cut in extension, the tendon repairs
remain close together all through flexion and
extension. Consequently, one might expect the
results to differ between these two injuries and it
might be advantageous to rehabilitate these two
injuries differently. Another fact about zone 2
which we ignore is that the sheath is not a cylin-
der of unchanging topography along the length of
the zone. This is also true of Zone 1. So the ten-
don environment is varying quite dramatically
along both zones. As mentioned earlier, Tang
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has tried to split zone 2 into 4 subzones and we
have split zone 1 into 3 subzones, but most
authors do not have sufficient numbers to subdi-
vide the zones in this way. Larger series are
needed to make more meaningful comments
about these unanswered questions locked in the
zone 2 black box.

Classification of Injuries

We continue to describe our flexor tendon inju-
ries using a system of classification which may
have outlived its usefulness, at least in part.
Although the current zoning was a modification
by Kleinert and Weiland in 1976 [15], the zones
were actually defined by Verdan in the 1950s
before the problems of the pulleys had been
studied in any detail [9, 10, 14]. Although all the
other zone interfaces were defined by recogniz-
able extra-tendinous anatomical structures,
Verdan defined the interface of zones 1 and 2 as
the distal end of the attachment of the FDS ten-
don to the middle phalanx. This has come to be
meaningless: in a recent study, we found that this
interface lies under the A4 pulley in 70 % of
fingers while the FDS insertion is completely
proximal to the A4 pulley in 30 % of fingers
[43]. Once the pulleys had been identified, this
particular zone interface should have been re-
defined, or abandoned. Perhaps, we should be
recording those finger lacerations which divide
the flexor tendons with greater attention to the
detail of the tendon injuries themselves and their
relationship to the pulley system during flexion
and extension of the finger than to the place of
penetration of the tendon sheath, according to
Verdan’s classification, as we do currently. The
zoning system also causes confusion as a result
of the movements of the tendon injuries with the
movements of the finger. Consider a mid-palmar
laceration, cutting the flexor tendons when the
fingers happened to be in mid- flexion. By defi-
nition, this will be a zone 3 injury, but, when the
fingers are straightened, the cut tendons will
move distally into zone 2 and this injury will
have the problems of a proximal zone 2 (zone
2D) injury of sticking under the Al, or A2, pul-
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leys. The same applies to tendons cut in flexion
in the distal part of zone 2, moving into zone 1
on extension of the finger. The time may have
come to rethink some of the ground rules for dis-
cussion of flexor tendon surgery. We appear to
be trying to apply a zoning system which has
become too crude for the finer analysis neces-
sary to scrutinise this subject more closely. Just
as the term ‘No- Man’s Land’ eventually had to
be replaced, perhaps the time has come to recon-
sider the zone system for discussion of these
injuries.

Specialisation in Flexor Tendon
Surgery and Rehabilitation

The last 50 years is notable for the reversal of
Bunnell’s policy of universal secondary tendon
surgery and recognition that results after primary
or delayed primary flexor tendon repair, that is
within a few days of tendon division, can be bet-
ter than after delayed tendon grafting. However,
this is only true if surgery is carried out by ade-
quately trained surgeons and followed by early
mobilisation of the repaired tendons. The growth
of specialist hand therapy during this period has
been an essential factor in this change. For the
future, emergency services should be arranged
to relocate these injuries to appropriately
trained surgeons and hand therapists. Where this
is possible, training of hand surgeons should
be organised to allow maximum exposure to
acute flexor tendon surgery as this treatment will
deal with 80-90 % of all injuries to the flexor ten-
don system.

Appendix: Fine Detail
of the Technique of Primary Flexor
Tendon Repair

1. This surgery should be performed under
tourniquet control, so, requires adequate
anaesthesia proximal to a tourniquet which
will maintain the patient’s limb comfortable
for a minimum of one hour for a single digit.
This is longer than it takes to suture two flexor
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tendons but the exact extent of the injuries are
not known before exploration.

. Draw a conversion of the skin wound into a

modified Bruner incision to allow access. At
the level of the injury, the Bruner incision may
need to allow access to the neurovascular bun-
dles to repair them. Proximally and/or distally,
the incision only needs to allow access to the
tendon sheath so the width of the points of the
Bruner incision need be less and never extend-
ing out to the mid-lateral line.

. Open this skin marking adjacent to the skin

wound only, extending it as necessary as the

operation progresses rather than opening the

whole length of the finger at the beginning.

(i) ascertain if the neurovascular bundles
are cut.

(ii) expose the wound of the tendon sheath.
Widen the sheath wound slightly by
excising 2-3 mm of the sheath to identify
the precise injuries to the two tendons and
whether the tendons have been cut in fin-
ger flexion or extension. The exact order
of events to effect repair will depend on
both of these factors. For the purpose of
describing the various ‘tricks’ which are
commonly used to facilitate repair, a
division of both tendons at the common-
est injury site, viz. just proximal to the
PIP joint crease, is considered below.

. If the tendons have been cut in finger

extension, the tendon ends will be visible, at,
or in the vicinity of, the tendon sheath open-
ing. The Bruner incision is opened by a small
amount proximal and distal to the initial skin
wound. Then, sufficient of the sheath is
opened by longitudinal incision laterally on
one, or two sides if necessary, from the sheath
wound to allow tendon repair. Repair is car-
ried out partly by delivering the cut tendon
ends from the sheath and partly by opening
the sheath, with the former increasing and the
latter decreasing as the experience of the oper-
ator increases. The proximal tendon ends are
first delivered into the opening in the sheath.
The ends may appear in the sheath opening or
sufficiently near to this opening to be held and
pulled into the operative field with a small
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toothed forceps or arterial clamp gripping the
centre (but never the sides) of the proximal
tendon end. In other cases, the proximal ten-
dons can be exposed by flexing the joints
proximal to the tendon end and ‘milking’ the
forearm flexor compartment from proximal to
distal. If the tendon ends have still not been
retrieved, it is reasonable to pass a small,
curved artery clamp into the proximal sheath
for 1-1.5 cm and try to grip the tendon end
centrally. The confines of the sheath will not
allow the clamp to open sufficiently to grip the
circumference of the tendon. Repeating this
manoeuvre more than once, or twice, with the
proximal joints flexed and the forearm milked
is rarely successful. If unsuccessful, open the
palm with a 2 cm C-shaped incision at the
level of the distal palmar crease in the line of
the involved digit and identify the two flexor
tendons just proximal to the beginning of the
tendon sheath. Without pulling the tendons
proximally and delivering their cut ends into
the palmar wound, pass a fine sterile plastic
medical tube up the sheath alongside the ten-
dons to the wound in the finger, then suture
the tube to the profundus tendon in the palm
with a side-to-side suture and use the tube to
pull the proximal tendon ends into the injury
wound in the finger. When both tendons have
been divided, if attention is directed at one of
the two tendons, the other will also move dis-
tally because of their anatomical arrangement.
As they are moved distally by pulling on the
plastic tubing from the finger wound, the pro-
fundus tendon will also remain in its correct
position between the two halves of the super-
ficialis tendon. If only the profundus tendon
has been divided, then care has to taken that
the plastic tube and the profundus tendon pass
through the chiasma of the superficialis, and
not around it, during this manoeuvre. This can
be done by visualising the chiasma from the
finger wound as the tubing is passed distally.
Deliver just more than 1 cm of the proximal
tendon ends into the injury wound, and insert
a core suture into the deepest tendon and
then use this suture to maintain the distal hold
on the tendon ends. As the superficialis ten-
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don will lie behind the profundus at this level
of injury, it is repaired first. Allow the tendons
to drop back to the original position and
remove the tube and suture used to deliver
them from under the A2 pulley through the
palmar wound. Occasionally, for proximal
digital and palmar injuries, this same manoeu-
vre is necessary at the wrist to achieve retrieval
of the proximal tendon ends from the carpal
tunnel. Pulling the core sutures distally again
from the injury wound, move the proximal
ends until they are just within the operating
field at the injury level but not fully delivered
and occupying all of this, very limited space.
Secure this proximal tendon position by pass-
ing a fine hypodermic needle transversely
through the sheath and the tendons 1-1.5 cm
proximal to the working area, making sure to
lodge the sharp end of this needle safely in fat
without injuring a neurovascular bundle, but
so neither operator nor assistant suffers a
needle-prick injury during the tendon repair.
The distal tendon ends are then delivered into
the wound by flexion of the interphalangeal
joints and the second half of the superficialis
core suture passed through the distal tendon
end. This is easier if the proximal tendon ends
have not been fully delivered into the wound.
At this stage, the hypodermic needle holding
the fixed position of the proximal tendon ends
can be removed as the proximal tendons are
now linked to the distal tendons and cannot
drop back into the palm. Having removed the
needle, the proximal end of the superficialis
can now be moved distally to meet the distal
end. A common problem of flexor tendon
suture which makes the repair bulkier than the
remainder of the tendon and which may
impede gliding later is ‘bunching’ as a result
of the core suture being too tight. This can be
eliminated almost completely in every case by
suture of the back wall of the circumferential
suture at this stage, before knotting the core
suture. The core suture is then tightened and
knotted using the back wall suture line as an
indicator of adequate core suture tension to
prevent bunching. The front part of the super-
ficialis circumferential suture is then com-
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pleted. When the superficialis tendon has been
divided slightly closer to its insertion, it is in
two parts and each needs be sutured indepen-
dently. Occasionally, each has sufficient sub-
stance to hold a core and a circumferential
suture, inserted as described above, but often
the tendon has thinned to a pair of thin flat rib-
bons which will not take a core suture.
Horizontal mattress sutures of the gauge used
for the circumferential suture, or one size
larger, with the knots tied laterally outside the
sheath are a practical alternative. The suturing
procedure is then carried out for the profundus
tendon. At this stage, it is necessary to ensure
that the repairs, inevitably wider than the orig-
inal tendon, will move through a full range of
flexion without catching on edges of the adja-
cent pulleys. This is tested by passive move-
ment of the finger. If the tendons have been
cut in extension, the repair will only have to
move proximally. It may be necessary to
release, or ‘vent’, the sheath laterally at the
distal edge of the pulley immediately proxi-
mal to the repair. With the injury just proximal
to the PIP joint crease, this ‘venting’ involves
loss of a small part of the total length of the
A2 pulley. When the injury is in zone 1, this
may require partial, or complete, venting of
the A4 pulley. The sheath is then laid back
without suturing, the tourniquet released and
haemostasis achieved. It is generally quicker
to close the skin in a bloodless field so the
tourniquet is re-applied and the skin sutured.

If the tendons have been cut in finger flexion,
the cut ends will be distal to the wound of the
sheath with the finger in extension and will
only become apparent at this wound on flexion
of the finger. As the practicalities of perform-
ing repair require that the finger be straight, or
nearly straight, the sheath needs be opened at
the level of the distal tendon ends in the
extended finger position. Therefore, the Bruner
skin incision is extended distally until the dis-
tal tendon ends are seen inside the sheath. The
sheath is opened transversely, then windowed
further by lateral longitudinal incisions, as
described above. Because the repairs of the
two tendons will be at different levels, this
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sheath opening is often longer than is neces-
sary to repair tendons divided in finger exten-
sion. This mostly involves defunctioning of
part of the C1 — A3 — C2 part of the pulley sys-
tem. It is advisable to try to retain as much of
this as possible in case the A4 pulley has to be
fully vented to achieve full passive mobiliza-
tion of the repair (see below): distal bowstring-
ing of the profundus tendon will occur if there
is no sheath between the distal edge of the A2
pulley and the proximal edge of the A5 pulley.
The proximal tendon ends are delivered in the
manner described above into the original
wound of the tendon sheath. The core sutures
are now placed in the proximal tendon ends by
passing the sutures through the sheath from the
opening at the level of the distal ends so that
these sutures can be used to pull the proximal
tendon ends distally through the sheath
between the original wound and the more dis-
tal opening. When the superficialis tendon
repair will be deeper than the profundus repair,
the superficialis is pulled through the sheath
between the two sheath wounds and repaired
first. The distal end of the superficialis tendon
lies in the distal opening of the sheath and
requires no further exposure. To repair the pro-
fundus tendon requires exposure of 0.75—
1.0 cm of the distal tendon to achieve the
lateral passes of the core suture. Where the
repair is just proximal to the A4 pulley, this is
difficult but can often be achieved by an assis-
tant holding the finger with the PIP joint com-
pletely straight and the DIP joint in extreme
flexion to deliver the distal end of the tendon
from under the A4 pulley. However, some-
times part of the proximal part of the A4 pulley
has to be vented laterally to achieve a good bite
of the distal profundus tendon end. Because
repair is often done with the finger in slight
flexion, it is essential in such cases to test that
the repair does not snag on the proximal edge
of the A4 pulley after completion of the repair,
when the DIP joint is fully straightened pas-
sively. If need be, further A4 venting laterally
is carried out and, occasionally, the whole A4
pulley will have to be divided if the patient is
to achieve full active DIP extension.
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6.

Suture of the flexor tendons is carried out by
a variety of methods. Currently, we use two
two-strand Kirchmayr/Kessler core sutures of
3/0 Prolene, or 4/0 for smaller tendons, in
planes at right angles to each other [67], with
the sutures tied using a single knot between
the tendon ends, as described by Tajima, and a
simple circumferential suture of 6/0 or 5/0
Prolene or Nylon for finger tendons. For all
core sutures, we prefer to use Prolene, as
opposed to braided, sutures as it can be pulled
through the tendon more easily when inserted
in the complicated manner of a Kessler suture.
The memory of Prolene is not a particular
problem at the gauges used for core sutures
but is more of a nuisance at the finer gauges
used for circumferential sutures and some of
us prefer to use nylon for these for this reason.
Our suture uses and configurations for repair
of the FPL tendon have varied considerably
because this tendon has been our tool for
research into flexor tendon rupture during
early mobilisation. Currently, the FPL tendon
is repaired using the same suture materials but
using two Kessler sutures inserted into the
tendon ends at right angles to each other and
with both knotted with a single knot between
the tendon ends. The simpler of the two cir-
cumferential sutures described and illustrated
in 1993 by Silfverskiold and Andersson is
then used to complete these repairs. In all dig-
its, when the tendon division is so close to the
distal phalanx that it is impossible to insert a
Kessler suture into the distal tendon end, we
attach the proximal tendon, through the distal
stump and without excising this, to the bone
of the distal phalanx. This is carried out by a
technique which we described several years
ago in which the two strands of the Kessler
repair are passed up the lateral sides of the dis-
tal phalanx, then one strand is passed through
adrill-hole in the tuft of the distal phalanx and
knotted to the other strand, after exposure of
the distal phalangeal tuft through a fish-mouth
incision close to the nail at the tip of the digit.
This technique of tendon to bone suture avoids
the need for a button on the nail and is consid-
erably cheaper than using bone tags.
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7. Immediate post-operative management is

by dorsal splinting the hand and the mid-
forearm to just beyond the finger-tips. This
splint is set with the wrist at 20° of flexion, the
MCP joints at 40° of flexion and the interpha-
langeal joints straight. The hand is elevated
overnight. The following morning, dressings
on the palmar aspect of the hand and fingers
are removed and mobilisation started. Where
the luxury of thermoplastic splints is possible,
this is more comfortable for 5 weeks than plas-
ter of Paris and the thermoplastic splint is fitted
as soon as possible. However, a thermoplastic
splint is not essential. A plaster of Paris slab is
more likely to last for 5 weeks if it is made
with fifteen or more layers of plaster and is
ribbed along its dorsal surface to achieve the
same strengthening as corrugation of a roof. If
the distal end of the slab, lying free beyond the
palm and unbandaged to the fingers (to allow
finger flexion) is wrapped in bandage, this will
also help preserve the plaster for the full period
of early active mobilisation.
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Introduction

Extensor tendon injuries are common. They are
diverse in nature. Their complexity is often
underestimated and it is difficult to get consis-
tently good results after their repair.

In this chapter I will discuss the surgical anat-
omy of extensor tendons and the clinical diagno-
sis of tendon injury and pitfalls of diagnosis.
Closed injures to extensors include: mallet finger,
Boutonniere injury and Sagittal band rupture.
Open extensor tendon injuries are classified
according to the level of injury. The principles of
surgical treatment of open extensor tendon inju-
ries at different sites will be detailed and the reha-
bilitation and results of these repaired extensor
tendons will be discussed.
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Anatomy

The general organisation of the extensors is into
two groups. A superficial group, which takes ori-
gin from the common extensor origin of the lat-
eral epicondyle and a deep group, which
originates from the bones of the forearm and the
interrosseus membrane. In the distal forearm,
three of the deep group of muscles emerge on
their way to the thumb (Abductor Pollicis
Longus, Extensor Pollicis Brevis, Extensor
Pollicis Longus) separating the superficial group
into two groups of three muscles: the radial group
(Brachioradialis, Extensor Carpi Radialis
Longus, Extensor Carpi Radialis Brevis) and the
posterior group (Extensor Digitorum Communis,
Extensor Digiti Minimi, Extensor Carpi Ulnaris).
The only remaining muscle, Extensor Indicis,
stays deep all the way to its insertion into the
index finger.

As the extensor tendons cross the wrist, they
pass under the extensor retinaculum. This is a
strap-like ligament, which takes origin from the
anterolateral border of the radius just lateral to
Pronator Quadratus and winds obliquely over the
dorsum of the wrist to insert into the Triquetrum
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Table 4.1 Extensor retinaculum compartments

1 Abductor Pollicis Longus
Extensor Pollicis Brevis

2 Extensor Carpi Radialis Longus
Extensor Carpi Radialis Brevis

3 Extensor Pollicis Longus

4 Extensor Digitorum Communis
Extensor Indicis
Posterior Interosseus Nerve

5 Extensor Digiti Minimi

6 Extensor Carpi Ulnaris

and Pisiform. It is important to note that there is
no direct attachment of this ligament to the Ulna,
allowing the tension in the ligament to remain
constant throughout supination and pronation.
The ligament prevents bowstringing of the exten-
sor tendons when the wrist is extended.

From the deep surface of the extensor
retinaculum a series of fibrous septa pass deeply,
dividing the system into six compartments
(Table 4.1), which prevent lateral subluxation of
the extensor tendons over the convex surface of
the wrist. The compartments are numbered one to
six from the radial to the ulnar side. The first
compartment contains the Abductor Pollicis
Longus and the Extensor Pollicis Brevis. The
second compartment contains the Extensor Carpi
Radialis Longus and Extensor Carpi Radialis
Brevis tendons. The third compartment contains
the Extensor Pollicis Longus tendon as it winds
around Lister’s tubercle. The fourth compartment
is the largest compartment; it sits over the distal
radius and contains the Extensor Digitorum
Communis tendons, the Extensor Indicis tendon
and the terminal branch of the Posterior
Interrosseus nerve. The fifth compartment lies
over the distal radio ulnar joint and contains the
Extensor Digiti Minimi tendon. The sixth com-
partment contains the Extensor Carpi Ulnaris
tendon. Synovial sheaths surround the tendons of
each compartment.

There is a variable arrangement of the exten-
sors on the dorsum of the hand [1]. The most
common arrangement is a single Extensor
Digitorum Communis tendon to each of the
fingers. The index and little fingers have an
additional tendon, the Extensor Indicis and the
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Extensor Digiti Minimi, allowing the border
digits a greater degree of independent control
than the middle and ring fingers. The Extensor
Digiti Minimi usually consists of two parallel
tendons; it is the predominant extensor to the
little finger. In some cases the Extensor Digitorum
Communis tendon to the little finger is absent and
replaced by a junctura from the ring finger.

Proximal to the Metacarpophalangeal joints
Juncturae Tendinum provide inter connections
between the Extensor Digitorum Communis
tendons [2]. These are variable. The most com-
mon arrangement is a strong junctura between
the little and ring finger tendons, often replacing
the tendon to the little finger, as explained above.
There is usually a junctura from the ring to the
middle finger tendon, and finally there is often a
flimsy transverse junctura between the Extensor
Digitorum Communis tendons of the middle and
index fingers, which passes superficial to the
Extensor Indicis tendon.

Over the proximal phalanx the extensor ten-
don trifurcates into a central slip, that inserts into
the base of the middle phalanx, and two lateral
bands that pass along either side of the middle
phalanx. The lateral bands coalesce over the
distal interphalangeal joint and insert into the
distal phalanx as a single tendon. The lateral band
and the central slip each receive contributions
from the interroseus and lumbrical muscles to
complete the extensor expansion.

In contrast to the flexor tendon system, which
is safely cocooned within the concavity of the
transverse and longitudinal arches of the hand,
the extensor apparatus is precariously balanced
on the convex surface of these arches, and the
working position of the tendons is maintained by
a sophisticated series of ligaments. At the wrist,
the compartments of the extensor retinaculum
prevent lateral subluxation. The extensors to the
fingers are stabilised over the dorsum of the hand
by the Juncturae Tendinum. Over the metacarpal
head the extensor is maintained in a central posi-
tion by the sagittal bands. Across the back of the
middle phalanx the Triangular Ligament extends
between the two converging lateral bands and
prevents their volar subluxation. The Transverse
Retinacular Ligament extends from the side of
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the proximal interphalangeal joint to the lateral
bands and prevents their dorsal subluxation. The
Oblique Retinacular Ligament arises from the
flexor sheath and the proximal phalanx and
passes obliquely dorsally and distally, blending
with the lateral bands just before their insertion.
It becomes tight as the proximal interphalangeal
joint extends, and stabilises the final insertion of
the extensor tendon [3].

The extensor tendon in the finger is a
complicated and incompletely understood struc-
ture. It is beyond the scope of this chapter to
dwell on the intricacies of this extraordinary
mechanism. However, the principle of isometry
[4] must be introduced. The relative lengths of
the lateral bands and the central slip and their
position relative to each other throughout their
excursion are crucial to the coordinated function
of the interphalangeal joints. An injury to the
central slip will affect the function of the lateral
bands because their exact relationship to each
other is disturbed and vice versa. The disruption
of isometry is responsible for the swan neck
deformity following a mallet injury and the bou-
tonniere deformity. The loss of isometry is
responsible for the early physical signs following
injuries to this region and the restoration of isom-
etry between the central slip and the lateral band
is the goal of surgical repair of these tendons and
their rehabilitation.

Brachioradialis and Extensor Carpi Radialis
Longus are supplied by the Radial nerve;
Extensor Carpi Radialis Brevis is supplied by the
Posterior Interrosseus nerve before the nerve
pierces the Supinator muscle; the remaining
muscles are supplied by the Posterior Interosseous
nerve after it emerges from the Supinator
muscle.

The blood supply of the proximal tendons is
via the adjacent muscle. Within the synovial
reflections, under the extensor retinaculum, there
is a blood supply passing through the synovium
in a form of a mesentery. Over the dorsal aspect
of the hand and fingers, the tendons are richly
supplied by blood vessels from the adjacent
tissues extending into the paratenon. The
Extensor Pollicis Long