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General Introduction

INTRODUCTION

The aim of the studies reported on in this thesis is to get a better understanding of the long-
term consequences of a brachial plexus injury that occurred during birth, a so-called
neonatal brachial plexus palsy (NBPP). NBPP can affect the motor and sensory functions of
the shoulder, arm and hand.

The evaluation of sensation following a NBPP has so far not received much attention.
Research was merely focused on the outcome in terms of motor function and improving the
performance of various motor tasks. Standards for the assessment of sensory outcomes are
lacking, which hampers adequate evaluation of sensation and thereby also the development
of strategies to improve sensation. Optimization of treatment strategies for NBPP is only
possible when all aspects are included, both motor and sensory. This thesis focusses on the
assessment of both sensory outcome and motor development, and the relationship

between these two.

NEONATAL BRACHIAL PLEXUS PALSY

The brachial plexus is the nerve network connecting the spinal cord with the muscle and
sensory end-organs in the shoulder, arm and hand. The plexus is formed by the spinal cord
nerves C5 to T1 and the various end-nerves are formed in an elaborate branching pattern.

(Figure 1)
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Figure 1 The brachial plexus originates from the spinal nerves C5 to T1
suprascap-suprascapular nerve; ax-axillary nerve; musc cut-musculocutaneous
nerve; rad-radial nerve; med-median nerve; uln-ulnar nerve. (from Pondaag®)

A neonatal brachial plexus palsy (NBPP) is a stretch injury that occurs during delivery when
the baby’s shoulder is blocked by the mother’s symphysis. (Figure 2) Due to lateral
movement of the head of the baby, the angle between the neck and shoulder becomes too
wide, causing traction to the brachial plexus. The incidence of NBPP is 0.5 to 2.6 per 1000
live births.?

Assuming a birth rate of 169,000 live births a year, we can estimate that 85-450 children
with a NBPP are born in the Netherlands each year. While the majority will recover
spontaneously, 50-150 children will have incomplete recovery, resulting in life-long deficits.
The main risk factor for NBPP is high birth weight. In a cohort from our center, we showed a
significant correlation between a higher birth weight and a more extensive plexus lesion.?
Other risk factors, such as gestational diabetes, probably have an indirect effect as they are
related to a high birth weight.

Breech delivery carries a high risk of a specific injury type, namely root avulsion of the upper
nerves. If a root is avulsed, the nerve root filaments are pulled out of the spinal cord.*

General textbooks state that the spontaneous recovery of NBPP is good in an estimated 90%
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of cases, with complete or nearly complete recovery. A systematic review, however, showed
that 20% to 30% of children probably do not recover that well, but have a persistent
neurological deficit throughout life.®> The differences in reported outcomes among studies
can be explained by differences in the definition of complete recovery they use and the age

of the child at which the level of recovery is established.®

symphysis

Figure 2 Trauma mechanism of neonatal brachial plexus palsy: the infant’s shoulder
becomes stuck behind the mother’s symphysis during delivery as forces are
applied to deliver the child.

The most common lesion type, found in around 80% of the cases, is a lesion of the two
upper spinal nerves (C5 and C6) of the brachial plexus. This lesion type results in weakness
of the shoulder (deltoid, supraspinatus and infraspinatus muscles) and the elbow flexors
(biceps, brachialis and brachio-radialis muscles). Immediately after birth, the position of the
arm is typically in extension, internal rotation and adduction. When spinal nerve C7 is also
damaged, the extensors of the wrist and fingers are weakened as well, leaving the wrist and
fingers in a permanently flexed position. This typical position of the arm is commonly
referred to as ‘Waiter’s tip position’. (Figure 3a) In more severe lesions, C8 and T1 are
involved as well, which results in a loss of hand function. The most severe lesion form is a
complete paralysis of the arm and hand, which is usually called a flail arm. (Figure 3b)” Hand

function is impaired in about 15 % of patients.®
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a) Lesion of C5 C6 C7, with the typical b) Lesion of C5 up to T1: flail arm

P

‘Waiter’s tip” position of the arm

Figure 3 Typical arm position in relation to the number of damaged nerves

Classification of nerve injuries

The severity of the nerve injury was classified into three degrees by Seddon in 1942. His
classification is still widely used?®

e Neurapraxia: the structure of the nerve has remained intact and the function will
recover completely within a few days.

e Axonotmesis: rupture of axons but basal lamina tubes remain intact. In these lesions,
Wallerian degeneration will occur distal to the rupture site. The severed axon will re-
grow from proximal to distal to its end-organ, guided by the original basal lamina
tube. Depending on the distance between lesion site and end-organ, functional
recovery will occur over the course of months. (Figure 4)

e Neurotmesis: axons and basal lamina tubes are ruptured, and in more extended
lesions even the perineurium and epineurium are damaged. Axonal elongation is not
possible due to the lack of guidance through the basal lamina tube. A neuroma is
formed at the lesion site. (Figure 5)

This classification was expanded to five degrees by Sir Sydney Sunderland in 1951.°

Sunderland’s first-degree lesion corresponds with Seddon’s neurapraxia, and his fifth

degree with Seddon’s neurotmesis. Sunderland defined an intermediate degree

between axonotmesis and neurotmesis in more detail. In the third-degree injury, not all

axons recover; additionally, axonal misdirection will occur, further compromising
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recovery. Muscle weakness and/or sensory defect remain. In a Sunderland grade 4
lesion, the internal architecture of the nerve is lost, but the epineurium remains intact. A

so-called neuroma-in-continuity is formed.

Rupture of the axon, intact basal

a)

lamina tube

Wallerian degeneration distal to
b)

the rupture

Axonal outgrowth through the
c)

basal lamina tube

Figure 4  Axonotmesis, schematic representation of one neuron.

w Rupture of the axon and basal
a)
lamina tube

b) Unguided axonal outgrowth

c) Neuroma formation

Figure 5  Neurotmesis, schematic representation of one neuron. (from Pondaag?')

A type of nerve injury which is specific to brachial plexus traction injuries is root avulsion,
which is a pre-ganglionic injury in which the root filaments are torn out of the spinal cord.

(Figure 6)
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In successive order, rupture takes place at:

(1) the fibrous connections between
nerve and foramen,

(2) the duraand

(3) the rootlets.

DRG-dorsal root ganglion; B-bony foramen;

SC-spinal cord

Figure 6  Avulsion (Copyright ZenuwCentrum LUMC)

Differences between traumatic brachial plexus lesions in adults and NBPP

In contrast to a traumatic plexus lesion in adults, a birth-related lesion will usually not result
in complete rupture of the nerve elements. The typical lesion is a neuroma-in-continuity, an
intermediate form between Sunderland’s grades 3 and 4.1% 1! Some axons may successfully
bridge the neuroma-in-continuity, but their number is reduced and their routing is
insufficient. Further focal deficits of myelination have been found in neuroma-in-continuity,
contributing to the failure of functional recovery.’® Some of the damaged axons grow
through the neuroma to their original target, but other axons will grow to an incorrect
target, which is called misrouting. This phenomenon may explain typical clinical features of
NBPP, such as co-contraction of agonistic and antagonistic muscles.*? Apart from incorrect
innervation of motor axons, they may also end up in basal lamina tubes towards a sensory
target. Such erroneous outgrowth does not lead functional recovery. In NBPP, the absence
of motor control and sensory feedback during the time of development of central motor
programs can cause developmental apraxia,’® whereas in adults these programs are already

fully developed.

Prognosis

NBPP is a closed stretch injury of the brachial plexus, with varying severity and extent. A
mild nerve damage!! (neurapraxia/axonotmesis) will completely recover in time, but a
severe damage (neurotmesis/avulsion) will cause permanent loss of arm function. The

severity of the nerve damage can, at present, not be assessed with certainty at an early
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stage, not even with the help of imaging or other ancillary investigations. The severity only
becomes clear by observing neurological recovery in the course of time. The difficulty lies in
the fact that that the end stage of recovery may be only reached after 18 months to three
years. In case recovery is limited and nerve reconstructive surgery is indicated, a critical
amount of time has then been lost. After all, the results of nerve surgery are inversely
related to the time between trauma and repair.'* The window of opportunity for nerve
reconstruction is limited, due to the intrinsically limited recovery potential of the nerves,
and the deleterious effects of denervation on muscles, leading to irreversible atrophy and
failure of the development of cerebral control. There is agreement amongst medical
specialists that nerve surgery is indicated if spontaneous recovery is insufficient, or severely
delayed,* 1> and that the time interval after birth is preferentially kept as short as possible.
The neurological deficits in mild and severe nerve lesions are initially the same, but the

occurrence and speed of recovery will reflect the lesion severity.

Indications for nerve surgery

There are different approaches to assessing recovery, and thus to selecting infants for nerve
surgery. The first indicator of poor recovery was defined by Prof. A. Gilbert from Paris:
when the biceps muscle (mainly innervated by spinal nerve C6) has not recovered by the
age of 3 months, nerve surgery is indicated.® Prof. H. Clarke introduced a combined sum
score of different movements in an ‘active movement scale’ at different ages up to 9
months, which is used to decide whether a child should be operated 7 These algorithms
estimate the severity of the nerve lesion from the extent and speed of neurological
recovery, and serve to support the decision to perform surgical nerve repair in a timely

fashion.

The LUMC cohort study (2011)

The Leiden University Medical Centre serves as a tertiary referral center in the Netherlands
for complex nerve lesions. We sought to improve early prognostication for children with an
NBPP and undertook a cohort study with national recruitment. Children were assessed at
the outpatient nerve clinic at three different time points, namely at the ages of one week,

one month, and three months. The infants’ passive and active joint movements were
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assessed, and an electromyography study of the biceps, triceps and deltoid muscles was
performed.!8

These prospectively gathered parameters were then correlated to the presence of a severe
nerve lesion, defined as neurotmesis or avulsion, during surgery. Children who were not
operated on were followed for two years to ensure that spontaneous recovery occurred.
We included 48 infants in the study, which resulted in a model with a correct prediction in

94% of children at the age of one month.!® We called it the Leiden three-item test.

When to refer to a specialized nerve center: the Leiden three-item test
It is important that children with a severe NBPP with neurotmesis or root avulsion are
diagnosed as early as possible, enabling timely referral to a center with the necessary

expertise. The three-item test was developed to assess prognosis at one month of age.!®

(Figure 7)
pre-test
A\ 4
present item 1 absent
elbow extension
present item 2 absent
elbow flexion
present item 3 absent
EMG: biceps MUP's
A4
| good prognosis bad prognosis [«

Figure 7 Flow diagram of NBPP assessment at one month of age using the Leiden three-
item test. (from Pondaag'®)

In current practice, children are assessed clinically by the referring paediatrician, neurologist
or physical therapist, while an electromyogram (EMG) of these very young children is usually
performed at our center. The three-item test (Figure 7) starts with clinical examination of

elbow extension. (Figure 8)

10
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Figure 8 Testing of elbow extension (mainly triceps muscle): in supine position, bring the
arm in anteflexion with the elbow in flexion, and assess active elbow extension.

Failure of elbow extension at one month of age reflects paralysis of the triceps muscle,
which signifies involvement of the C7 / C8 / T1 roots, and carries a poor prognosis. These
children should be referred to a specialized center. When active elbow extension is present,

the second item to test is elbow flexion. (Figure 9)

Figure 9 Testing of elbow flexion (mainly biceps muscle): in supine position, bring the arm
in 90° abduction and external rotation, and assess active elbow flexion.

If elbow flexion is present (or has already recovered) at one month of age, the prognosis is

considered favourable. If elbow flexion is absent, the next step is to perform an EMG of the

biceps muscle. The presence of motor unit potentials (MUPs) signifies that subclinical

recovery of the biceps has taken place and the prognosis for recovery is good. If no MUPs

are found, the prognosis is poor.

The three-item test is used for prognostication at the age of 4-6 weeks, and is highly helpful

to inform parents of the expected outlook at an early stage. Additionally, it helps in the

planning of ancillary investigations (MRI) and surgery.

Irrespective of the estimated prognosis, children are re-examined at the age of three

months for a definite indication for nerve surgery. If hand function remains diminished

(involvement of C8 or C8 and T1), there is an absolute indication for surgical reconstruction

of the nerve. In other cases, lack of recovery of the biceps muscle is a reliable indicator of

11
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severe lesion of the upper nerves (C5 and C6). In this respect it is of eminent importance
that ‘trick” movements are recognized during the execution of elbow flexion, as they
wrongly suggest recovery of the biceps muscle (and thus of C5 and C6 spinal nerves), but are
in fact executed by other muscles (and other nerves). A commonly observed trick
movement to flex the elbow in supine position is by swinging the arm forward using the
pectoralis muscle. The elbow will then flex and the hand can be brought to the child’s
mouth using the effects of gravity and relaxation of the triceps muscle, whereas it suggests

active elbow flexion based on biceps muscle recovery.

Trick movements: the Steindler effect

A frequently seen trick movement has been named ‘the Steindler effect’. The name is
derived from the operation according to Steindler, in which the origin of the wrist and finger
flexor muscles is moved more proximally on the humerus. As a result, the forearm flexor
muscles will also act as flexors of the elbow joint. Likewise, some infants are able to flex the
elbow by other muscles than the original prime movers, especially by the extensor carpi
radialis muscle (in combination with the pronator teres muscle), when its origin is located
just above the elbow joint. One main characteristic of elbow flexion based on the Steindler
effect is that the lower arm is in pronation. The extensor carpi radialis muscle can act in this

way, as it is a bi-articular muscle spanning both wrist and elbow. (Figure 10)

biceps brachii muscle (C5) / C6 — musculocutaneous nerve
brachialis muscle (C5) / C6 — musculocutaneous nerve
brachioradialis muscle C6 — radial nerve

extensor carpi radialis longus muscle C7 — radial nerve

“ N W N R

pronator teres muscle C7 — median nerve

Figure 10  Elbow flexion can be executed by other muscles than the biceps brachialis and
brachioradialis muscles.

We performed a study to assess which type of nerve lesion (axonotmesis, neurotmesis or
root avulsion) was found in children who clinically showed elbow flexion using the Steindler
effect.’® We identified 28 children with NBPP (born between 1997 and 1999) at our

outpatient clinic at the LUMC who executed elbow flexion partially or completely using the

12
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Steindler effect. Among these children, 20 (72%) were found to have a severe nerve lesion,
for which nerve reconstruction proved necessary. Six weeks after their surgery, in which the
nerves to the biceps, brachialis and brachioradialis muscles were interrupted, these children
could still bend their elbow with the same Steindler effect. This finding proved that it is

possible to flex the elbow without using the biceps, brachialis, or brachio-radialis muscles.

(Figure 11)

Figure 11 Child flexing the elbow with a Steindler trick at the age of 3 months.

Legend Figure 11
Six weeks after surgery with nerve grafting of the C6 nerve outflow towards the biceps
muscle, the child was still able to flex her elbow using the Steindler trick. This finding
proved that it is possible to flex the elbow without the m. biceps, as it was too early
after nerve surgery for the latter to be reinnervated.
From this study we learned that proper differentiation between elbow flexion based on
biceps muscle activity and the Steindler effect is crucial to avoid inadequate neurological
assessment. Imprecise assessment may lead to underestimation of the severity of the nerve
lesion, while a severe lesion carrying an indication for surgical nerve repair may actually be
present.
Some children may use a combination of flexing the elbow and the Steindler effect, and with
some biceps as shown by the hand position in supination. These children may be in a
recovery phase. Palpation of the biceps muscle to see whether it contracts during flexion
may be difficult and is therefore not always reliable. We recommend that children in whom

it is difficult to differentiate between elbow flexion based on biceps function and on a

13
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Steindler effect should be monitored by a specialized team to evaluate whether neurological
recovery occurs.

We clinically observed that many children in the first month of their life flex their elbow
with a 'natural' Steindler effect, alternating between flexion with and without supination.
Perhaps supination of the forearm would be a better criterion to assess recovery of the
biceps, and thereby of the superior trunk, but this has not been sufficiently studied.

A variant of the Steindler effect has been observed where elbow extension is executed in a
situation in which the triceps muscle is paralyzed. The extension is then executed with the
flexor carpi ulnaris muscle. This trick (‘reversed Steindler effect’) can be recognized by

noticing that the wrist is moved into ulnar deviation.

TREATMENT OPTIONS

Nerve surgery

Severe nerve injuries (neurotmesis / Sunderland grade 4 lesion or root avulsion) will not
recover spontaneously, and nerve surgery may improve the outcome significantly compared
to what the natural course would have been. Nerve surgical repair techniques which can be
used include nerve grafting and nerve transfer. Nerve grafting consists of resection of scar
tissue and the neuroma and subsequently bridging the gap between the proximal and distal

stumps with a nerve graft. The graft serves as a guide for the outgrowing axons. (Figure 12)

Resection of neuroma

Axonal outgrowth through the graft

Figure 12 The principle of nerve grafting (from Pondaag?)

The best graft to bridge the gap is an autologous nerve, for which the patients’ sural nerve is

usually used. In our hospital, we harvest the sural nerves using an endoscope, via three

14
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incisions in the leg, the scar being hardly visible after one year.?° The use of the sural nerve
causes loss of sensation on the lateral side of the foot, which does not compromise the
function of the leg and foot.?! A prerequisite for nerve grafting is the availability of a healthy
proximal nerve stump that can serve as an outlet, so this technique cannot be employed in
avulsion injuries. In such lesions, a nerve transfer can be applied. This technique involves
cutting a healthy nerve in close proximity to the damaged nerve and coapting the healthy

proximal stump to the denervated distal stump of the damaged nerve. (Figure 13)

pr o

Cutting the donor and recipient

nerves

- r 7%
/ﬁ Coaptation of the stumps

/ Axonal outgrowth from the donor
#/ into the recipient

Figure 13  The principle of nerve transfer (from Pondaag?)

At the Leiden University Medical Center, nerve surgery is performed preferably at an age of
3 to 5 months. After the surgery, the baby is immobilized to prevent loss of the nerve repair.
For the first two weeks, the baby is immobilized in a synthetic shell, followed by three

weeks with the arm under the shirt. (see Figure 14)

15
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Figure 14 Immobilized arm after nerve surgery using a synthetic shell

Neurological recovery takes place only after the axons have reached the target end-organ.
As axons grow approximately 1 mm per day under ideal laboratory conditions, recovery of
function following NBPP repair can take up to 2.5 years for an upper brachial plexus lesion
and 5 years for a total brachial plexus lesion.

The results of nerve surgery of the upper brachial plexus lesion are generally good. Results
of elbow flexion recovery are excellent: approximately 95% of children will regain elbow
flexion against gravity (unpublished data). On the other hand, true glenohumeral external
rotation will only recover in 40% of children after reconstruction of the suprascapular nerve.
A functional analysis after nerve surgery, however, found that 90% of the children can reach
their mouth with their hand, and 75% are able to put their hand on their head.?? Hand
function restoration after nerve reconstruction in case of a total lesion is feasible. We found

that recovery to the functional level of an assisting hand is around 65%.%3
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Secondary surgery

Secondary surgery to improve function involves bone, joint or tendon surgery. The principle
of a tendon transfer is that a functioning muscle’s tendon is detached from its original
insertion and attached to a muscle that is not working. The indication for secondary surgery
procedures may be either to treat joint deformities, or to improve function in case of
insufficient neurological recovery. The most frequent indications for secondary surgery are
addressed below. Concerning the shoulder, one of the key challenges is to keep the
glenohumeral joint mobile. Recovery of the infraspinatus muscle following suprascapular
nerve reconstruction is usually poor.?2 An ongoing internal rotation position may lead to
secondary deformity of the shoulder joint. This may be an indication for internal contracture
release and tendon transfer of the latissimus dorsi and/or teres major muscles.?* 2>

Surgical treatment of a progressive internal rotation contracture is only possible when the

glenoid and head of the humerus are not dislocated or deformed. (Figure 15)

a b

Figure 15 a) Affected shoulder with dislocated and deformed glenoid and head of the
humerus;
b) the non-affected shoulder for comparison.
(Copyright ZenuwCentrum LUMC)
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In case of a fixed supination deformity, a pronation osteotomy of the ulna and/or radius can
be performed to improve the functional position of the hand.?® 2 When the wrist extension
is weakened, a better grip function can be obtained by tendon transfer of the pronator teres
muscle to the extensor carpi radialis longus and brevis muscles.?®

To treat weakness of the extension of the fingers and thumb, a muscle transfer of the flexor
carpi radialis muscle to the extensor communis muscle and of the palmaris longus to the

extensor pollicis longus muscle may be performed.?’-?

Splinting / bracing

There are two indications for splinting following an NBPP. The first is to functionally support
a weak joint, for example using a brace that keeps the wrist in neutral position to improve
functionality of the hand. The second is to treat contractures. The contracture that we
encounter most frequently is the elbow flexion contracture. The prevalence of elbow flexion
contracture, defined as a fixed position of the elbow, is nearly 50%.3° Severe elbow flexion
contracture, defined as more than 30 degrees, has been found in 21% to 36%.3% 3! The
etiology is multifactorial. It is presumed to result from a combination of passive tissue
restrictions (the joint itself, the muscle fascia, the subcutis and the skin), active resistance
caused by muscle contraction and poor coordination between m. biceps and m. triceps.
There is strong evidence that elbow flexion contractures are largely due to the effects of
denervation, which causes failure of the growth of the affected flexor muscles.?° The muscle
phenotype in elbow flexion contracture has been compared in children with NBPP and
children with cerebral palsy. Both contractures are caused by lack of muscle length rather
than excess of muscle strength.32 These findings imply that contracture treatments should
aim to lengthen rather than weaken the affected muscles. The efficacy of treating an elbow
flexion contracture did not differ between serial casting and a dynamic orthosis.?? It has
been suggested that contracture of the glenohumeral joint can be prevented by applying
the SupER splint.3* 3> This SupER splint holds the arm in supination and in externally rotated
position, and is recommended to be worn 22 hours per day. Unfortunately, long-term

results of the SupER splint have not been analyzed.
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Botulinum toxin

Botulinum toxin is a neurotoxic protein produced by the bacterium Clostridium botulinum. It
prevents the release of the neurotransmitter acetylcholine at the neuromuscular junction. It
causes a flaccid paralysis that lasts for several months. In children with NBPP there are a few
indications for this treatment, although controversy exists regarding its efficacy.3® Firstly,
Botulinum toxin can be used to counter a progressive internal rotation contracture.3’ At our
center, children with limited dysplasia of the glenohumeral joint are treated with Botulinum
toxin injection of the m. subscapularis.3® This procedure is performed under general
anaesthesia, immediately after MRI imaging of the shoulder has been performed to
determine the severity of the shoulder dysplasia. We found that it may be effective in
preventing the need for tendon transfers in selected patients3®, but other authors found
that the effect of Botulinum toxin was not sufficiently sustained over time to be of clinical
benefit.3® A second indication for Botulinum toxin is the treatment of co-contractions of
agonist and antagonist muscles after misrouted reinnervation. Currently, the most common
indication is the treatment of co-contractions of the biceps and triceps muscles. The triceps
muscle is weakened by the injection of Botulinum toxin, followed by rigorous physiotherapy

training of elbow flexion.3®

OUTCOME ASSESSMENT

Outcome and functioning: the ICF model

Outcome assessment for children with NBPP may include a number of aspects, which can be
classified according to the International Classification of Functioning, Disability and Health,
which is a model developed by the World Health Organization. (Figure 16) The model
includes a number of domains. The first domain is ‘Body Functions and Body Structures’
which includes features like motor function, strength, sensibility, contractures, pain, but
also cosmetic deformity and developmental apraxia. Outcomes in the ‘Activity and
Participation’ domain include aspects like self-care, mobility, school and leisure activities.
The domains are influenced by ‘Personal factors’ and ‘Environmental factors’. Ideally,
outcome is assessed for all domains and factors. A systematic review, however, showed that
the majority of studies focus on ‘Body Functions and Body Structures’ only.3° Recent papers
have started to assess outcomes in other domains.® 4% 41 Each domain of the ICF model is

relevant for all ages, but one should realize that treatment priority may shift from ‘Body
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structures and functions’ at early ages (from birth to toddler) to ‘Activity and Participation’
as the child gets older.® Perspectives of functioning and health in the ICF model may differ
between patients and their parents versus healthcare professionals.*?

Most children had little knowledge of the etiology of the brachial plexus birth lesion. The
health care specialist needed to explain the parents and their child about the cause of the
condition.*® Impact on the parents and family of having a child with a NBPP is an
environmental factor that health care specialists should take into account to provide

effective care from an early stage on.*!

Health condition (i.e. diagnosis NBPP)

A

! I |

Bodly structure/function Activity Participation
(Impairment) < > (Activity limitation) < > (Participation restrictions)
Control arm movement Catch and throw a ball Play ball games
) A )
| | |
Environmental factors Personal factors
Support and expectations from others Child’s motivation and confidence towards the
regarding playing ball games activity and participation in it

Figure 16 ICF model in relation to possible NBPP problems (Holst, van der*’)

Outcome evaluation

A large number of measures have been used to assess outcomes.3 This is why it is difficult
to compare studies, or pool data from different centers. In this respect, it would be
desirable to have a standardized core outcome set. The Leiden Nerve Center has launched
the first initiative towards such a core outcome set, which was named: iPLUTO: international
Plexus oUtcome sTudy grOup.** A Delphi round of surveys was employed using a nine-point
Likert scale to rate the suitability of different outcome measures. Consensus was defined as
a rating of 7/8/9 out of 10 by >75 % of the participants. International consensus was
reached that evaluation should take place at specified follow-up moments based on the age
of the child, namely 1, 3, 5, 7 and 15 years. The evaluation should include (1) passive range

of motion (measured in degrees) of joint excursions; (2) active range of motion (also

20
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measured in degrees); and (3) the Mallet score.*® The Active Movement Scale and MRC

grading of strength did not receive sufficient support to be endorsed in this survey.

In the first iPluto study, consensus was only reached on motor items from the ‘Body
Function and Structure’ domain. Consensus regarding additional ICF domains (functionality,

quality of life), will be addressed in future research.*

THE PEDIATRIC PHYSIOTHERAPIST

The ICF model can be applied at all ages. The treatment priorities after NBPP, however,
typically shift from a strong emphasis on body structure and body function in infancy toward
greater emphasis on activity and participation as the child gets older.® The main goal for
pediatric physiotherapists has been defined for different ages of the child: baby, toddler,
pre-school, school age and adolescent. Depending on the setting, pediatric physiotherapists

or occupational therapists perform these tasks in some countries.

Babies

The focus in this period is on the domains of body structure, active functioning and
environmental factors. The environment involved consists mainly of the child’s parents.
As early as possible (preferably within one week after birth) a baby with a brachial plexus
lesion will be assessed by a physiotherapist. In the early phase, the treatment primarily
consists of providing information about the nerve lesion to the parents. It usually takes a
great deal of repetition for the parents to grasp all available information. Most parents have
experienced the birth as a traumatic life event. Feelings of guilt and failure may have
emerged, besides feelings of anger towards the gynecologist, obstetrician, or midwife.
The second objective is to perform exercises to prevent contractures. It is of eminent
importance to start exercising as soon as possible. Joint movements relating to the
paralyzed muscles must be applied by the parents multiple times a day. The parents are
often afraid to move the affected arm, as they think that the nerve lesion may worsen or
that rest is better to allow the nerves to recover faster. The only indication for
immobilization of the affected arm is a clavicle or humerus fracture, and it will usually last
for three weeks. In all other situations, the arm has to be moved at the joints as much as

possible to prevent contractures. Comparison of joint excursions with the unaffected arm
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can thereby be very helpful. The advice is to perform the exercises during every diaper
change, resulting in practicing at least six times a day, for around five minutes. The joint
movements at risk for contracture in case of a lesion of C5 and C6 are: external rotation,
abduction, elbow flexion and supination. When C7, C8 or T1 are damaged too, care should
be taken to include mobilization of wrist extension and radial abduction. When the hand is
paretic or paralyzed, the joints of the fingers should be mobilized as well: ossa metacarpi
(MCP) in flexion, but also phalanx proximal (PIP) and the phalanx distal (DIP) in extension.
The physiotherapist provides the parents with instructions and advice on how to dress,
undress, lift and bathe the child, with special focus on handling of the affected arm. In the
early phase, these basic procedures may be challenging for the parents. The rule of thumb is
that the postures and movements of the healthy side should be reproduced at the affected
side. Care should be taken to prevent unphysiological positions or extreme movements,
especially in case of a flail arm.

The child often exhibits a gaze preference towards the unaffected side, perhaps because it
perceives movements of the unaffected arm and hand and successfully brings the
unaffected hand to the mouth. (Figure 17) The physiotherapist must instruct the parents on
how to stimulate the child to also look towards the affected side. This can be done by
turning the head in that direction, or by drawing visual attention to the affected side.

The third objective is to help the child gain awareness of the affected arm and hand, so that
the child can incorporate the affected side in their cerebral body image. This can be
achieved and stimulated by bringing the child’s affected hand in contact with different kinds
of materials. It is important to stimulate playing with two hands together and engage the
affected hand in activities. Providing stimuli drives sensibility development. Figure 18 shows
an example of how a child brings his affected hand to his mouth to lick yoghurt from his

fingers.
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Figure 17 One-week-old baby with a NBPP

Figure 18 Child (NBPP C5 to T1) brings his affected hand to his mouth, because he wants to
lick yoghurt, an exercise helping the child to be aware of his hand.

Postoperative regimen after nerve surgery

Immobilization is indicated during the first weeks after nerve reconstruction. Different
hospitals apply different immobilization schemes. In our hospital, the baby’s head, shoulder
and arm are strictly immobilized in a cast for two weeks. (see Figure 14) This period is
followed by three weeks of relative immobilization, where the head and neck can move
freely, but abduction and external rotation in the glenohumeral joint are immobilized by
putting the arm under the shirt. After this period, the physiotherapist and parents can

restart the exercises to treat joint contractures.

Toddlers, pre-school and school age
The shift in treatment goals once the toddler age is reached is towards the domains of
activity and participation, paying attention to environmental and personal factors. The end

stage of neurological recovery is reached between the ages of 2 and 4 years, either from
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natural recovery or recovery after surgery. In case of diminished hand function, recovery
will take even longer.

Some situations may require special attention. At toddler age, a diminished balance may
develop due to a favourite position veering towards the healthy side. (Figure 19) The reflex
to break a fall by stretching out the arm is impeded by the NBPP and may necessitate extra

support in learning how to walk.*®

Figure 19 A child with a right-sided NBPP of C5 to C7 puts his body weight on the non-
affected left site. His right knee is supporting his affected arm to keep it in elbow
flexion.

Most children compensate for the lack of glenohumeral movement (both active and passive)
by compensatory activity of the scapula. Such superfluous scapular movements, combined

with internal rotation contracture and/or abduction contracture, are sometimes referred to
as winging of the scapula. Another form of compensation can occur at the level of the spine,

resulting in a compensatory scoliosis. (Figure 20)
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Figure 20 Rotation of the spine, because the child compensated for the lack of active gleno-
humeral external rotation

Riding a bike is sometimes a challenge, due to the asymmetric arm positions. When this is
caused by the elbow flexion contracture, a night brace can help to reduce the contracture. If
the difference in position between the two arms persists, an adjustment of the handlebar is

an option to allow the child to sit straight on the bike. (Figure 21)

Figure 21 Adjustment of a bicycle handlebar for a child with a right-sided NBPP

Self-care requiring bimanual activities, such as dressing or making a ponytail, may need
extra support. Participation in sports and gymnastics at school (like throwing and catching a
ball with two hands) may be hindered, in which case the gymnastics teacher (or swimming
teacher) may need extra education and explanations.

Determining the best hand to write with may be troublesome in school. Most children with

a right-sided NBPP will change the dominant hand to left side.*” 40,48
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Adolescents

Adolescence may warrant extra guidance and advice to make choices regarding sports*,
education and future profession.* It is important to help adolescents find a balance
between ability and capacity, which may be needed to prevent the development of pain and
stress due to overuse. Health care professionals should be on the alert for signals of mental
problems, as adolescents with NBPP may experience being different from their peers, or
they may be teased or bullied because of their arm, which may cause disability-related
distress and worries.*® Regularly explaining what has happened to their arm is necessary for

children and adolescent to learn about their own capacities.

Teamwork

It is important that children with an NBPP are treated early after birth by specialized health
care professionals. The pediatric physiotherapist is the starting point for diagnosis and
monitoring of these children, especially within specialized brachial plexus teams. Such
multidisciplinary teams should also include specialized surgeons who can perform nerve
repair and secondary surgery. Other treating specialists in the team may be a neurologist,
and an occupational therapist. Early treatment may prevent a delay in sensorimotor
development and secondary joint disorders. Early interventions may help the child integrate
the arm as much as possible into its own body image. Possible psychological problems in

children and parents can be recognized and treated in a timely manner.

CHILDREN WITH A NBPP AND THEIR SENSIBILITY

Importance of sensibility

The importance of the sensibility of the hand was expressed by Lundborg as follows: “A
hand without sensibility is usually a hand without function”.>! The hand can be regarded as
the interface between the brain and the environment, and the philosopher Descartes
consequently called it “the outer brain”.>? The mechanoreceptors in the hand react to
tactile stimulation, and the resulting neural impulses are conducted by the peripheral
nerves along the spinal cord to the somatosensory cortex of the brain. Sensory functions
may be categorized as localization of touch and discrimination of touch, enabling the

recognition of objects without using the eyes. Roughly speaking, one could say that vital
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sensibility can warn against external influences which may disrupt the normal course of life,

while gnostic sensibility serves to analyze these influences in more detail.

Current knowledge about sensibility

In many facets of the ICF domains of impairment, activity and participation, recovery of
motor function is the primary focus. There is currently a knowledge gap as regards the
sensibility of the hand in children with NBPP. Studies reporting assessment of sensibility
have been rare and reported conflicting outcomes. Some of these studies described normal
sensibility>3->¢, while others reported diminished sensibility.?”>° These different studies are
described in detail in the Appendix to this thesis. We felt that the currently available studies
fell short in terms of methodology. One major limitation is that only two studies employed a
control group.>® % In many studies, the contralateral arm was used as control, which may be
affected by the effect of a limb preference shift, which often occurs. We chose to include a
control group and compare the affected arm with the non-dominant arm in the controls.

A normal sensory input to the somatosensory cortex in early life is essential for the
development of motor skills.’> ®1 The hypothesis in the present thesis is that the sensory
development of children with NBPP is affected to a significant degree, and this in turn will
have a major effect on motor performance, as the NBPP lesion occurs during a critical time
window of brain development. The sensibility of the hand provides crucial feedback
information to the central nervous system during development. Erroneous sensory input to
the brain will lead to central apraxia or dyspraxia.'®> One example is the absence of
automated swing of the affected arm when the child is walking or running, even when this

movement can be executed voluntarily.5% 63

PAIN

The literature on pain in children with a NBPP is scarce. It seems that the issue of pain is less
important to assess for treating physicians than it is for patients.*?> One often-cited paper
found ‘no evidence of chronic pain behavior’ in their cohort, although pain was not
assessed at all during outpatient evaluation; it was simply not spontaneously reported by
the children or their parents.>® One study that actively and systematically documented pain
in a cohort of 65 surgically treated children found a lifetime prevalence of 66%.5* These

authors reported no difference between children with upper or total plexus lesion. Another
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study reported that 78% of the 37 children with NBPP (22 with orthopedic reconstructive
surgery, 9 with orthopedic and nerve surgery, 1 with nerve surgery only and 5 with no
surgical intervention) aged between 8 and 18 years experienced pain.5> A factor that may
play a role is that children may not only experience pain in a different way than adults, but
that they may also use other words to describe pain.®* Children may express pain as ‘pain’,

but also as an ‘unpleasant feeling’

Self-mutilation may be considered another form of pain behavior. The incidence of biting
fingers following NBPP was reported to be 11% (4/37 ) in children with a total NBPP and 2%
(2/90) of children with a upper NBPP.%¢ None of the children who exhibited this form of self-
mutilation reported spontaneous pain. The third form of pain is that reported by
adolescents or adults who experience pain of the affected shoulder caused by overuse of
the muscles or shoulder joint. This pain is usually regarded as musculo-skeletal, and is thus

not discussed in further detail here.

OUTLINE OF THIS THESIS

Chapter 2 describes the results of the assessment of the hand sensibility in healthy young
children using instruments validated for adults. Testing in healthy children enabled us to
identify which test tools are suitable, to adapt them as necessary, and to compare the
dominant and nondominant sides.

After this standard had been set, the study reported on in Chapter 3 assessed the sensibility
of the hand in children with NBPP involving the upper nerves C5 and C6, and correlated the
results with dexterity. Chapter 4 describes an in-depth analysis of tactile hand sensibility, to
correctly localize a sensory stimulus on the fingers. Chapter 5 focusses on subjective
experience of both the children and their parents regarding the perception of touching their
hands.

In the study reported on in Chapter 6, we assessed the grip force of children with a C5 - C6
NBPP. Such an upper lesion should only affect shoulder muscles and elbow flexor muscles.
Our clinical observation was, however, that children with an upper NBPP employed their
hand less often in daily life. This is why we were interested in grip force and dexterity of the

hand (as assessed in Chapter 3).
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The consequences of NBPP regarding hand function cannot be explained solely by action
mechanisms involving the peripheral nerves; the development of cortical programs must be
involved as well.

Chapters 7 and 8 discuss other aspects of cortical development. In the study reported on in
Chapter 7, we assessed whether children with NBPP have a higher incidence of central
developmental disability compared to the general population, and related central delay to
fidgety movements.

Chapter 8 concerns one gross motor milestone in children with NBPP, namely the age of
walking independently, which we compared with a control group from the literature.
Chapter 9 summarizes all aspects, followed by a general discussion, and suggestions for

further research. Chapter 10 comprises a summary of this thesis in Dutch.
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