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Abstract

Cerebral palsy is a general term that includes all the sequelae of infantile
encephalopathies occurring during the perinatal period or during infancy,
responsible for a permanent disorder of the development of movement and
posture, resulting in a diminution of function. It manifests progressively during
growth, but once established, follows a non-progressive course. Surgery is one
element of the rehabilitative care, which includes primarily physiotherapy and
splinting, occupational therapy, and pharmacological treatment as needed.
Different surgical techniques are utilized to address the different components of
the deformities, namely spasticity itself, muscle contracture, joint contractures,
and paralysis.
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Partial neurectomy of motor nerves has been shown to reduce spasticity
in the target muscles. It is effective only on the spastic component of the
deformity, underlining the need for a preliminary thorough clinical examination.
Hyperselective neurectomy, which consists in following each motor ramus until
its entry point into the target muscle, aims at improving selectivity, widespread

partial denervation, and durability of the results.
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Introduction

Cerebral palsy (CP) is a general term that includes all the sequelae
of infantile encephalopathies occurring during the perinatal period,
or during infancy, responsible for a permanent disorder of the
development of movement and posture, resulting in a diminution
of function. It can also be associated with disturbances of sensation,
perception, cognition and communication, as well as behavior. It
manifests progressively during growth, but once established, follows
a non progressive course, which makes it amenable to surgical
treatment in selected cases.

The essential treatment for spasticity is physical management,
including a wide range of physical and occupational therapy
techniques [1]. Pharmacological agents may be used as an adjunct,
whether orally, intra-thecal or locally. In selective cases, surgery may
be indicated following proper conservative treatment.

The goals of surgical treatment can vary greatly, depending on
the extent of the functional impairment. Whenever possible, it is
to improve function. In some cases, however, it will be limited to
improving nursing and comfort, reducing pain, or correcting a severe
deformity.

Different surgical techniques are utilized to address the different
components of the deformities, namely spasticity itself, muscle
contracture, joint contractures, and paralysis, underlining the need
for a preliminary thorough clinical examination.

Partial neurectomy described by Stoffel [2] in 1913, and developed
by Brunelli [3] in 1983, has been shown to reduce spasticity in the
operated muscles.It is effective only on the spastic component of the
deformity. Satisfactory results of this technique have been reported

in the literature, mainly for the lower limb [4]. In the upper limb,
the results are more difficult to interpret because of the lack of
quantitative tools, and there is a general perception that recurrence is
frequent. In light of our recent anatomic studies [5-7], new guidelines
for a “hyperselective” neurectomy (HSN) have been described and we
have conducted a prospective study in order to re-evaluate the results
of this treatment.

Clinical Examination

The clinical picture may vary greatly from one individual patient
to the other, depending on the amount and location of the initial
brain insult.

Clinical examination is a critical part of the assessment. Its goal
is fourfold: evaluate spasticity, detect possible muscle contracture
and joint deformity, evaluate motor and sensory impairment in the
upper limb, and evaluate existing function, and functional needs of
the upper limb.

This examination is best performed as a team, including all the
specialists involved in the child’s care (physiatrist, physical and
occupational therapist, pediatrician, surgeon...). This should ideally
be done in a warm, quiet, and friendly environment, ensuring that
the child is comfortable and confident, both because the child’s
cooperation is essential for sensory and motor evaluation, and
because spasticity may increase considerably if he/she is frightened
or recalcitrant.

Some CP children also have limited concentration capacities, and
cannot cooperate throughout the entire examination. Therefore it is
not wise to decide on surgery after a single session, and assessment
should be repeated before any decision making.
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The data are recorded on standardized charts, which will allow
intra- and inter-comparisons of the results of surgical treatment. Video
recording of each patient before and after every step of treatment is
extremely helpful for decision-making, and for evaluation of surgical
outcome.

Examination of the upper limb is completed by a general
examination in order to seek associated neurological disorders, and
potential contraindications to surgery.

Evaluation of Spasticity

Spasticity is infrequent around the shoulder in CP children. At
the elbow, it usually involves predominantly the biceps and brachialis
muscles, but also the brachioradialis to a lesser degree. The triceps,
classically spared, can actually be quite spastic.

Wrist flexors and forearm pronators are most frequently
involved, leading sometimes to an extremely hyper flexed (100°) and
hyperpronated (150°) position.

Spasticity is difficult to assess in the fingers because of the wrist
deformity, and of the many muscle groups involved. It usually
involves the finger flexors, and to a various degree, the interossei
muscles.

In the first web space and the thumb, spasticity involves not only
the thumb adductor, but also frequently the first dorsal interosseous
and the flexor pollicis brevis. Associated spasticity of the flexor pollicis
longus leads to the classical “thumb in palm” deformity.

Spastic involvement is recorded on a standard chart for each
muscle or muscle group. Its quantification is quite difficult [4]. The
Ashworth scale has been developed to assess the efficacy of antispastic
treatment in patients with multiple sclerosis. It is descriptive, and
despite subsequent modification, remains subject to personal
interpretation, with suboptimal inter observer reliability [8]. There is
evidence that the Tardieu scale [9] is currently the most reliable tool
for evaluating spasticity [10-14].

Muscle Contracture

Muscle contracture may involve spastic muscles. Unlike spasticity,
it is permanent and cannot be overcome, although shortening the
involved articular segment can alleviate it. Contracture of the finger
flexors is assessed by the Volkmann’s angle, which is the degree
of wrist flexion required to obtain full passive finger extension.
Contracture of the intrinsic muscles of the fingers is assessed by the
Finochietto test.

Clinical distinction between contracture and spasticity may be
difficult to establish. However it is critical for the decision making. In
such cases nerve blocks or botulinum toxin are very helpful: spasticity
yields completely whereas contracture persists [15-16].

Joint Deformity

Passive motion of the involved joints may be difficult to assess,
not so much because of spasticity but because of muscle contractures.
Motor blocks are not very helpful here, as they do not alleviate muscle
contracture. Sometimes it is not until surgical release of the muscle
contracture (especially elbow flexors and wrist flexors) that the actual
range of passive motion can be evaluated. Joint contracture is rare

in young children, but may develop as a result of lack of physical
therapy, or of severe intractable spasticity.

Joint instability is more frequent in the fingers, due to increased
passive extension, especially at the thumb MP joint, and at the finger
PIP joints (leading to a swan neck deformity).

Motor Impairment

Motor examination of the upper limb is not easy in small children.
Rather than individual muscles, it is easier to evaluate muscle groups
contributing to the same function. Observation at play, and video
recording are very helpful at this stage, avoiding lengthy repetitions
of tasks.

The palsy (or ‘pseudo palsy’) usually predominates in the distal
part of the upper limb, and involves the extensor and supinator
muscles, namely the wrist and finger extensors, thumb extensors,
and supinator muscle. Motor examination of these muscles may
be difficult when the antagonist flexors and pronators are severely
spastic. Actually, rather than really paralysed, these muscles may be
present, but made ineffective by the spastic antagonists. Botulinum
toxin has proved very helpful in assessing these muscles: when
injected in the spastic antagonist muscles, it reduces dramatically
their tone for several months, making it possible to evaluate and
exercise the ‘paralysed’ muscles, which may end up demonstrating, in
a number of cases, a satisfactory voluntary control.

The flexor, adductor, and pronator muscles, mostly spastic,
usually retain some voluntary control. However, their examination
is made difficult when severe deformities are present. For example,
extreme flexion deformity of the wrist prevents evaluation of the
strength of the finger flexors, which are rendered ineffective because
of the mechanical shortening of their muscle-tendon unit.

We have not found electromyographic (EMG) studies to be
helpful in quantifying the motor function of either the pseudo-
paralytic or the spastic muscles. Three dimensional movement
analysis is complex in the upper limb, and not routinely utilized [17-
18].

Involuntary movements, whether spontaneous (chorea, athetosis)
or voluntary (dystonia) are recorded: they may be a contra-indication
to surgery.

Sensory Impairment

Sensory examination is practically impossible before the age of
four to five. Light touch and two-point discrimination are generally
intact, whereas complex sensations (fine sensibility, proprioception,
stereognosis) are more readily affected.

Pain may be present, but is difficult to evaluate, especially in
children. It may be linked to severe contractures, or to a deformed
joint, or, occasionally at the wrist to a Kienbock’s disease secondary
to a severe flexion deformity [19].

Functional Assessment

The International Classification of Functioning, Disability
and Health (ICF) provides a standard language and framework for
assessing function and disability [20]. According to the ICF evaluation
of activity distinguishes capacity and performance. Capacity is the
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ability to execute a task at the highest possible level of functioning.
Performance is the spontaneous use of the hand during activities or
play. They differentiate what the patients can do versus what they
actually do, for a better understanding of their ability [21].

Indeed, in a number of cases the CP child neglects the upper
extremity in spite of some potential function. In these cases, the
child may persist in ignoring it even when functional ability can be
improved through surgery.

Validated tools for assessing capacity include some multi-
task tests (MUUL, SHUUE, Jebsen Taylor) and unitask tests (Box
and Block, Nine Hole Peg). Performance can be accessed through
questionnaires (AbilhandKids, CHEQ) and tests (AHA, VOAA).

General Preoperative Assessment

The aim of this general examination is to evaluate the real
benefit the child could gain from surgery, taking into account other
neurological impairments, the patient’s age, intellectual status,
motivation and environment.

Surgery is not indicated for abnormal movements or dystonia.
Contra-indications may also include lack of compliance, emotional
disorders, or unrealistic expectations. Cognitive problems are not per
se contra-indications, but must be carefully evaluated prior to surgery.

Medical Treatment: The Role of Botulinum
Toxin

Besides systemic medications such as benzodiazepines, dantrolene
sodium, baclofen, or tizanidine, and intrathecal baclofen which are
used for treating generalized spasticity, some agents are effective
locally [22]. Nowadays, rather than lidocaine, alcohol or phenol [15],
the efficacy of botulinum toxin (BT) has gained wide recognition.
Injected in the body of the involved muscle(s), it produces a reduction
of spasticity lasting up to several months. It is now routinely used in
the cerebral palsied upper limb with measurable and reproducible
effects [23-24]. Charts are available which indicate the effective
dose for each age group and for each individual muscle. The role of
associated physiotherapy and splinting has been emphasized [25].

BT may be repeated as required, sometimes yielding a permanent
improvement if the antagonist muscles improve their strength, thus
balancing the spasticity more effectively. But if spasticity recurs after
each injection, a more definitive procedure can subsequently be
performed. BT plays, in such cases, an educational role in simulating
the effect of surgery [26-27].

BT is also useful as a preoperative test, in order to decide which
muscles require a permanent surgical reduction of spasticity. This is
particularly informative in groups of muscles with the same function,
in order to understand which of them should be treated (ex: elbow
flexors).

Finally BT may be used pre- or immediately postoperatively to
attenuate the spastic tone of the antagonists muscles when performing
a tendon transfer, in order to protect and facilitate education of the
transferred muscle.

Surgical Treatment: The Role of Neurectomy

Three groups of surgical procedures may be indicated in the

spastic upper limb, in isolation or together: those which aim at
reducing spasticity, those which aim at reducing muscle and/or joint
contracture, and those which aim at reinforcing paralysed muscles.

Spasticity may be addressed surgically by selective neurectomy,
performed at the neuro-muscular level, or by neurosurgical
procedures (rhizotomy). This paper deals with the surgical reduction
of spasticity by selective neurectomy.

Neurotomy

Neurotomy (complete section of a nerve trunk) may be indicated
in non-functional upper limbs with severe spasticity, in order to
facilitate hygiene and nursing, and to improve cosmesis.

It has a single indication in the upper limb, in non-functional
hands with severe spasticity of the intrinsic muscles, where a
neurotomy of the motor branch of the ulnar nerve at the wrist will
reduce the deformities, and improve hygiene and cosmesis. It creates
a flaccid palsy of the involved muscles, but is ineffective on established
muscle contractures.

Selective Neurectomy

Selective or “partial” neurectomy involving only part of the nerve
fascicles had been suggested as early as 1913 in an attempt to retain
some function [2]. This technique has gained some popularity after
Brunelli published a series of clinical cases in 1983 [3], coining the
term “hyponeurotization”. The procedure is performed at the entry
point of the nerve into the muscle, where it usually divides into several
fine fascicles. Under magnifying loops, part of the fascicles is resected.
Brunelli initially advocated removing 50% of the fascicles, but after
experiencing some recurrence of the spasticity, he recommended
resection of a larger amount of fibres. He also recommended planning
a second partial neurectomy 6 months later in cases of recurrence.

Anatomical Study

We performed several anatomical studies to establish
“cartography” of the motor branches of the musculo-cutaneous,
median, ulnar, and radial nerves in the forearm, as well as the terminal
motor branch of the ulnar nerve in the hand. In total 96 cadaveric

upper limbs were dissected [5-7].

In 16 cadaver dissections, the musculo-cutaneous nerve gave off 1
to 5 trunks for the biceps, which reached the muscle from 18 to 64%
of the arm length; then it gave off 1 to 3 branches for the brachialis,
which reached the muscle from 35 till 75% of the arm length [5].
Therefore the skin incision for selective neurectomy of the musculo-
cutaneous nerve should run from 18 to 75% of the arm length.

Motor branches of the median nerve in the forearm had the most
complex and variable distribution [7]. In 20 cadaver dissections,
the median nerve gave off 1 or 2 trunks for the pronator teres (PT),
starting at 3% of the forearm length, 1 trunk only for the flexor carpi
radialis (FCR), which in almost all cases arose as a common trunk
with other branches from 21 to 41% of the forearm length. For the
flexor digitorum superficialis muscles (FDS), there were 2 to 4 trunks,
which reached the muscle from 20 to 77% of the forearm length.
For the flexor digitorum profundi (FDP), the anterior interosseous
nerve (AIN) gave off 1 to 5 branches between 29 and 72% of the
antebrachial segment. For both the FDS and the FDP, part of the
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Figure 1: Combined approach of the median and ulnar nerve for HSN of the
wrist flexors. (NM: median nerve; NC: ulnar nerve, O: medial epicondyle).

Figure 2: Microdissection of the 4 motor rami to the flexor carpi radialis atr the
neuro-muscular junction, immediately before they enter the muscle.

terminal branches were located under the muscle bellies, requiring
detaching these muscles for access to the nerve-muscle junction. The
flexor digitorum profundus was most frequently innervated by 1
branch of the AIN, which reached the muscle between 44 and 63% of
the antebrachial segment

The ulnar nerve, in a further dissection of 20 upper limbs, gave
off 1 to 4 trunks for the flexor carpi ulnaris, which originated from 20
mm above the medial epicondyle till 38 mm below, and reached the
muscle between 0 and 50% of the forearm length [6]. The majority
of these branches originated from the posterior aspect of the ulnar
nerve, stressing the importance of elevating the nerve trunk, in order
to identify all of them. The FDP received in most cases a single branch
from the ulnar nerve, originating on average 50 mm from the medial
epicondyle, and no motor branch was found after the ulnar artery
joined the nerve. Therefore skin incision for NHS of the flexor carpi
ulnaris should extend from just above the medial epicondyle until
50% of the forearm length.

Combined approach of the median and ulnar nerve for HSN of
the wrist flexors may be performed trough a single C-shape incision
starting above the elbow, curving towards the medial epicondyle, and
then turning anteriorly (Figure 1).

Similar studies have been done for the radial nerve and the
terminal motor branch of the ulnar nerve in the palm (20 cadaver
dissection each, unpublished data). The radial nerve gave off one
to three trunks for the brachioradialis muscle, and the branches
penetrated the muscle from 66% of the arm segment until 10% of the
forearm segment (distal to the lateral epicondyle). The motor branches
of the ulnar nerve for the adductor pollicis (AP) and the 1st dorsal
interosseous was easily identified distal to the point on penetration of
the ulnar nerve between the two heads of the adductor pollicis. There
was more than one terminal branch for the oblique head of the AP in
95% cases, and for the transverse head in 62%. And there was more
than one terminal branch for the 1st dorsal interosseous muscle in all
cases, making HSN possible in most cases.

Surgical Technique

Depending on the involved nerve, the surgery can be performed
under local anaesthesia, i.e. axillary block, or general anaesthesia (for
proximal nerves). Peroperative nerve stimulation is most helpful, and

therefore curare is contraindicated during induction.

The skin incision follows the guidelines from anatomical
dissections. Combined approaches of the median and the ulnar
nerve may be performed through a single incision for hyperselective
neurectomy of the wrist flexors. Once the main trunk has been
exposed, its motor branches are identified. Common branches for
several muscles are frequent, thus the need for nerve stimulation in
order to select the target motor branches. There are usually several
rami for each involved muscle, and all of them must be identified for
a complete result. Each ramus is dissected until the neuro-muscular
junction (Figure 2). Then with micro-surgical instruments and
magnifying loops [28], the required amount of fascicles is resected
from each ramus (usually two-thirds, depending on the amount of
spasticity and the anticipated result). Some authors coagulate the
proximal stump in order to prevent nerve regrowth [29].

Post-operative care consists in a simple dressing for two weeks.
Then gentle exercises of the involved muscles and joints are initiated.
A temporary paresis of the target muscles is frequent during the
first few weeks. Not unfrequently, this technique is associated with
other procedures (tendon lengthening, tendon transfers...), and the
postoperative regimen will vary according to the requirements of
these other procedures.

Indications

Selective neurectomy is indicated when one wishes to reduce
spasticity permanently. Resection of the motor fibres usually includes
2/3 of the fascicles, knowing that it will reduce the strength of the
muscle in the same proportion as spasticity.

It has no effect on muscle or joint contractures; muscle
contractures should be addressed by muscle or tendon lengthening,
and joint contractures by arthrolysis, bone shortening or osteotomies.
Neither is it effective on true paralysis of the antagonist muscles,
which must be addressed by reconstructive procedures (tendon
transfers). But, as it reduces the tone of the spastic agonist muscles,
it may allow a previously weak antagonist to become effective by
restoring the balance.

More general contra-indications of surgery in spasticity of the
upper limb also apply to this technique: dystonia or predominant
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abnormal movements. Cognitive problems are not necessarily a
contra-indication to this technique, as long as the patient can cope
with a surgical procedure.

The postoperative regimen includes a dressing for 12 to 15 days,
then return to the usual physiotherapy routine. The neurectomized
muscles as well as the antagonist muscles are exercised ideally three
times a week.

Results

Our earlier experience with this technique in the previous years
had been globally satisfactory, although at times unpredictable.
Following our recent anatomic studies, we have adjusted our skin
incisions in order to include for certain all branches of the motor
nerves and perform a truly hyperselective neurectomy. We report our
prospective results following this modification. Between November
2013 and October 2015, 20 patients including 11 adults and 9
children have undergone 22 HSN. There were 14 males and 6 females;
ages ranged from 12 to 59y.0. (average 33y.0). The cause of spasticity
was cerebral palsy in nine, stroke in eight, head injury in two, and
brain tumour in one patient. Patient selection was based on repeated
clinical examination, and the results of pre-operative botulinum
toxin injections. All patients had previous medical treatment for the
spasticity: medications, physical and occupational therapy, orthoses
as needed, and botulinum toxin injections (1 to 12).

Pre and postoperative assessment was based on spontaneous limb
position, active and passive motion, and muscle strength (MRC scale).
Spasticity was evaluated with the modified Ashworth and the Tardieu
scales. Functional results were evaluated with the House score and an
ADL questionnaire. Patient satisfaction was rated according to the
VAS scale.

HSN involved 63 muscles (11 biceps, 11 brachialis, 4
brachioradialis, 10 FCR, 8 FCU, 5 PL, 7 pronator teres, 2 subscapularis,
2 teres minor, 2 supraspinatus and 2 infraspinatus, and 1 pectoralis
major), amounting to 2.9 neurectomies per surgery. Associated
procedures were performed simultaneously in 11 cases, including
24 muscle lengthening, one first web opening and one interosseous
membrane release.

There were two postoperative complications: one hematoma in a
patient treated by Coumadin, and a complete failure of the procedure
(HSN of the infra-spinatus) related to a technical problem.

After a mean follow-up of 10 months (1.5-20), spontaneous
position, which was recorded for the elbows, improved on average
from 97° to 40°, active motion of the involved joints improved by
19, 4 degrees and passive motion by 15 degrees. Spasticity decreased
from 1.9 to 0.4 on the Ashworth scale, and from 45.6 to 8,5 on the
Tardieu scale (V1-V3). Loss of strength was minimal, from 4.1 to
3.8. The House functional score increased from 2 to 3.1. Patient
satisfaction averaged 6.9 /10. In the six cases with a follow up longer
than 12 months (average 17.5 months), results have remained stable
over time.

Discussion

Favourable results have been reported after partial neurectomies
in the upper limb [29-39].

However there is little consensus on the technique itself, its
indications, and even the results. We performed a literature search
[40] in order to analyse the different techniques of partial neurectomy
in the upper limbs of spastic patients and their results. We were able
to retrieve 14 articles which met our inclusion criteria, amounting to
425 cases of partial neurectomy.

The terminology was confusing in 5 articles, where the term
partial neurectomy (or neurotomy) described resection of the whole
of the motor branch with conservation of the sensory branch (1
musculo-cutaneous nerve, 4 terminal motor branches of the ulnar
nerve in the hand).

The technique varied: some authors, following Brunelli’s original
description, follow the motor branches until they enter the muscle,
and perform the partial neurectomy at this level [35,37]. Others, in
order to simplify the procedure, have chosen to perform a partial
neurectomy at the level of the main nerve trunk, without approaching
the target muscle(s). The motor fascicles are identified proximally
using a stimulator and partially resected [4,34,38-39]. While faster
and more limited in exposure, this technique is less accurate, with
possible errors in target muscles, possible insufficient reduction of
spasticity by missing some branches, and potential injury to sensory
fibres [4].

Some authors coagulate the proximal stump to avoid nerve
regrowth, or put a metal clip [29], but others don’t, fearing to damage
the remaining fibers.

And even in those who follow Brunelli’s original technique, it
often appears through a critical analysis of their material (operative
description and photographs) that incisions were often quite
small, compared to the branching pattern of the motor nerves, and
that some motor branches may have been missed [40]. From our
cadaveric studies [5-7], it appears that skin incisions should be longer
than generally reported in the literature. As for the FDS and FDP,
our findings suggest that HSN is not feasible without harming the
muscles, in contradiction with Brunelli’s experience [3].

The amount of fibres resected varies in this literature review
from 33 to 80%. Some authors decide on the amount of neurectomy
depending on the Ashworth score [35] whereas others rely on the
response to peroperative stimulation after resection of 50% fibres
[37]. One must keep in mind in mind that excessive resection might
cause paralysis.

Brunelli initially advocated removing 50% of the fascicles, but
after experiencing some recurrence of the spasticity, he recommended
resection of a larger amount of fibres. He explained this recurrence
by what he termed the “adoption” phenomenon, describing the
adoption of orphan muscle fibers by the remaining nerve branches,
equivalent to the“sprouting” phenomenon described by others [41-
42], rather than a nerve regrowth from the transected stumps. He also
recommended to plan a second neurectomy 6 months later in cases of
recurrence, which he states he performed in 90% cases [3]. However
stable results without the need for a “second look”have been reported
by several authors, [29,37]. Maarrawi reports 5% recurrence at 1 year
[35]. Our single case of recurrence was probably due to a technical
error.

Finally, results were difficult to analyze in terms of function,
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because out of 14 series, 9 involved mainly nonfunctional hands (65
to 100% of cases), and the neurectomy was often performed in case of
failure of all other treatments.

After extensive cadaver studies, we have been able to develop
guidelines for a hyperselective neurectomy of the major motor
nerves of the upper limb. A prospective study of 22 HSN has shown
significant reduction of spasticity quantified by current tools, with
a minimal non-significant loss of strength. Except for one technical
failure, the goal of surgery, whether functional, nursing or cosmesis,
has been attained in all cases.

Conclusion

Surgery is only one element of the rehabilitative care of CP
patients, which includes primarily physiotherapy and splinting,
occupational therapy, and pharmacological treatment as needed.
A careful clinical examination and local chemodenervation agents
(BT) are required in order to select the proper candidates for partial
neurectomy.

Although spasticity is difficult to evaluate, our results of the
technique of hyperselective neurectomy in spasticity of the upper
limb have been promising, showing effective reduction of spasticity
and improved motion, with minimal loss of strength, and some
functional gain. These results have remained stable over time in the
middle term.A longer follow-up will be necessary in order to evaluate
the long term outcomes of this procedure.
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