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Abstract: (1) Background: Although most brachial plexus birth palsies show some spontaneous
recovery, secondary operations are likely to follow. Accordingly, due to the loss of muscle innervation,
the growth of the affected limb and the shoulder girdle is reduced. This is associated with pathological
scapula positioning and rotation. The objective of this work was to clarify the relationship between
length differences of the two clavicles and different types of scapular dyskinesia. (2) Methods:
Twenty-five patients suffering from brachial plexus birth palsy were included in this retrospective
study. There were eighteen female and seven male patients with a mean age of 10 years (2 to 23 years).
CT scans of the thoracic cage, including both shoulder joints and both clavicles, were obtained
preoperatively between 2010 and 2012. Radiographic measurements were taken of the axial plane
and 3D reconstructions were produced. Functional evaluations of possible movement and scapular
dyskinesia were performed. (3) Results: We found an increasing difference in the length of the clavicle
(both in absolute and relative terms) in the children with more pronounced scapular dyskinesia.
Additionally, with increasing clavicle length differences, the scapula was positioned in a deteriorated
angle compared to the healthy side. Significant positive correlations were identified for the age and
absolute difference of the clavicle length and the length and width of the scapula on the affected
side. (4) Conclusion: Scapular dyskinesia, which is a common finding in brachial plexus birth palsy,
is strongly related to reduced clavicle growth. Reduced clavicle length (which is a relatively easily
examinable parameter) compared to the healthy side can be used to estimate the extent of scapular
malpositioning on the thoracic cage. The extent and severity of scapular dyskinesia increases with
augmented differences in the length of the clavicle.

Keywords: scapular dyskinesia; brachial plexus palsy; clavicle length

1. Introduction

Obstetric brachial plexus lesion (OBPL) is an injury affecting one or more ventral roots
or the trunks/divisions of the neonatal brachial plexus [1]. It occurs in about 0.1 to 5.1
cases per 1000 births [2,3]. Although most infants (approximately 90% of the newborns
with OBPL) show spontaneous recovery from the primary lesion, a number of OBPL cases
require a primary surgery to restore nerve supply of the denervated target muscles [4-6].
Despite efforts to re-establish the innervation of the upper arm musculature, in several cases
the shoulder girdle muscles remain denervated to some extent, leading to skeleto-muscular
maldevelopment [7,8].
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The best described maldevelopments are the glenohumeral deformities, including
glenoid retroversion and posterior subluxation of the humeral head [9,10]. These defor-
mities are usually associated with the hypoplasia of the scapula and the clavicle [11-13].
These maldevelopments are reported to manifest on the basis of disturbed ossification
of the bones of the shoulder girdle, thus leading to reduced and distorted growth of the
bones. Because these skeletal alterations are thought to be caused by muscular imbalance
due to the partial loss of motor innervation, secondary surgeries may be needed to correct
this imbalance [14-16]. In a healthy fetus, the clavicle is the first bone to ossify by way
of membranous ossification from two ossification centers [17]. The onset of fusion of the
epiphysis occurs in females at the age of 11 and in males at the age of 14. Although most
textbooks suggest complete fusion by 21-22 years of age, as these are the last bones to
fuse, some authors suggest that complete fusion does not occur until a maximum age of
26 [18]. Consequently, regulation of ossification and the timeframe for possible adjusting
interventions to facilitate physiological bone growth seems to be highly individual.

Empirical experience suggests that the scapula changes its position relative to the
thoracic cage during a normal period of crawling when it orientates from a lateral position
to a more dorsal one. This process is called retraction of the scapula and it should be
completed by the age of one-and-a-half years [19-21]. Pathological muscle tone, like in
preterm infants or in children with neurological disorders affecting the motor function (i.e.,
spastic cerebral paresis), is associated with an irregular orientation of the scapula on the
thoracic cage [19,20,22].

Similar scapular orientation problems develop in children with OBPL due to muscular
imbalances within the shoulder girdle musculature. These conditions result in abnormal
rotation and a more lateral orientation of the scapula [23]. In general, the scapulo-thoracic
joint contributes to a higher ratio during movement of the shoulder joint in healthy children.
Following reduced growth and pathological positioning of the scapula on the thoracic
cage, the further range of motion of the scapula on the thoracic cage during movement
of the limb is necessary. Moreover, by establishing incorrect innervation patterns such as
co-contractions, pathological scapula movements can be triggered by the active motion of
adjacent joints, e.g., elbow flexion.

There are several measurements in use to determine the extent of skeleto-muscular
alterations in OBPL cases. These usually include determining the length of the clavicle,
the dimensions and position of the scapula, and glenoid morphology, all based on CT or
MRI imaging. It should be noted that, to our knowledge, the relationship of these valuable
parameters to each other has not been analyzed yet.

The aim of this study was to investigate the relationship between the clavicle length
difference and the dimensions and the rotation of the scapula in OBPL cases based on
CT scans.

2. Materials and Methods

We evaluated and examined 25 patients with OBPL who were investigated through
the use of a CT scan between 2010 and 2012. All scans were performed in supine position
with the arms lying relaxed beside the body and with both palmar surfaces facing the thighs
and positioned in a paramedian sagittal plane. In total, 18 female and 7 male patients with
a mean age of 10 years (2 to 23 years) were included. Two out of the twenty-five patients
had neurolysis before the age of one year. Fourteen of them received a muscle-tendon
transfer at various ages (between 2 and 20 years of age). There was a dominance of the
right side being affected in 21 cases. The severity of the brachial plexus lesion was graded
using the Narakas classification [24]. Accordingly, 6 patients (24%) were assigned to grade
I, 13 (52%) to grade II, and 6 (24%) to grade III. No patient met the criteria of grade IV. For
detailed patient information, please see Supplemental Table S1.

Through the use of the 3D volume reconstructions with Osirix MD® software (Ver-
sion 9.0.1, Pixmeo®, Bernex, Switzerland), the length of the clavicle was measured as the
maximum extent of the clavicle from the medial to the lateral end taken from an antero-
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superior aspect (see Figure 1). This view was chosen to correctly determine the exact length
of the clavicle, because from this aspect the whole length of the clavicle could be assessed
precisely. Thereafter, the length difference between the healthy and the affected sides was
calculated. The orientation of the scapula on the thoracic cage was evaluated on CT slices
displaying the scapular body. The angle between a sagittal axis drawn through the midline
of the vertebral column and the axis of the scapula (represented by a line drawn from the
midpoint of the glenoid fossa to the medial end of the scapula) was measured (according to
Friedman et al. (see Figure 2). The more acute the angle, the more laterally the scapula was
positioned (see Figure 2). The height (H) and width (W) of the scapula were measured using
dorsolateral views of 3D volume reconstruction images, where the scapula was looked at
perpendicularly to its dorsal surface. As an extra value, the oblique length (O) determined
as a distance between the inferior angle and the infraglenoid tubercle was measured (see
Figure 3).

Figure 1. Measurement of the clavicle length based on 3D CT scan reconstruction of the shoulder
girdle of an OBPL patient. The antero-superior view of the 3D reconstruction makes it possible to
correctly determine the exact length of both clavicles between the medial and lateral ends. Note
the considerable shortening of the right clavicle (La = length on the affected side) compared to the
unaffected side (Ly). For the ratios calculated in the study, the formula length difference =Ly — L
was used.

Figure 2. Determination of the lateral orientation angle on a 2D CT slice taken from an OBPL patient.
The lateral orientation angle was measured by drawing the midline running through the spinous
process and the middle of the vertebra and a line through the scapular axis. The angle given by
these two lines is labelled as «, and «, for affected and unaffected sides, respectively. For the ratios
calculated in the study, the formula angle difference = oy, — xa was used.

To describe the exact position of the scapula relative to the vertebral column, the
distances between the superior (SD) and inferior (ID) margins of the scapula and the
midline drawn through the spinous processes were measured (see Figure 4). The rotation
of the scapula was characterized by the angles between the midline and the medial («) and
lateral () margins of the scapula, respectively. In extreme cases, negative values could also
be seen (see Figure 5).
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Figure 3. Measurement of the dimensions of the scapula based on 3D CT scan reconstruction of
the shoulder girdle of an OBPL patient. A dorso-lateral view, perpendicular to the dorsal surface
of the scapula, was chosen to assess the maximum extent of its width and height. Additionally, the
oblique length between the inferior angle and the infraglenoid tubercle was measured. All three
measurements were obtained for the affected and the unaffected side. Differences were calculated
using the formula difference = measurementunaffected — measurementaffected.

Figure 4. Measurement of the distances of the superior (SD) and inferior (ID) margins of the scapula
to a line drawn through the spinous processes of the vertebral column. A strict dorsal view was
chosen. Both measurements were obtained for the affected and the unaffected side. Differences were
calculated using the formula difference = measurementunaffected — measurementaffected.

Figure 5. Measurement of the angles of the medial (y) and lateral (3) borders of the scapula to a line
drawn through the spinous processes of the vertebral column. In the case of progressive downward
rotation of the scapula, even negative values were measured (see y on the affected side). Both
measurements were obtained for the affected and the unaffected side. Differences were calculated
using the formula difference = measurementunaffected — measurementaffected.
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The grade of glenoid retroversion and the percentage of posterior humerus head
subluxation was measured on axial CT slices according to Waters et al. [25].

Correlations were computed using a two-tailed Spearman test. A univariate ANOVA
analysis was performed in order to find differences between patients with or without
prior surgery concerning restoration of muscle imbalance. Normal distribution was calcu-
lated using the Kolmogorov-Smirnov test. Results were considered to be significant with
p values < 0.05. All the statistical analyses were performed using IBM® SPSS® Statistics,
Version 24.

3. Results

First, we investigated whether the patient subgroups (patients with or without surg-
eries aiming at restoration of muscle imbalance in the shoulder girdle) had differing
functional and radiological features at the time of taking their CT scans. No significant func-
tional differences were found between the patient groups with or without surgery through
the use of the well-established Mallet score (p for Mallet Score = 0.415). Furthermore, no
significant radiologic differences were found between these two groups (p = 0.324 for the
clavicle length difference). These data were further strengthened by finding no significant
differences according to the Narakas classification (p = 0.872).

Thus, we decided to unite these two subgroups and the 25 patients formed a homoge-
neous study group. A normal distribution of the clavicle length values on the healthy and
the affected sides was calculated, and both groups were normally distributed (p > 0.05).

Our previous experience suggested that combination of certain, previously described
and widely used parameters may provide valuable information about the extent of skeleto-
muscular maldevelopment in OBPL patients. In our cases, the clavicle length difference was
correlated with various other parameters. Indeed, significant (strong for « and moderate
for ) correlations were found between the clavicle length difference and the angle between
the midline and the medial border of the scapula (x, r = —0.885, p < 0.001) and the lateral
border of the scapula (3, r = —0.660, p < 0.001; for details see Figure 6).

* Gamma
25 7
* beta

Clavicle length difference [cm]

-40 30 20 -10 0 10 20
Difference of the angle of the medial (y) and lateral (B) border of the scapula to the vertebral column [°]

Figure 6. Correlation of the differences of the angles of the medial (y) and lateral (3) border of the
scapula to the vertebral column and the clavicle length differences.

Again, significant correlations were found between the clavicle length difference and
the distance of the superior angle of the scapula to the midline (SD, r = —0.416, weak
correlation; p = 0.039) and the inferior angle of the scapula to the midline (ID, r = 0.759,
moderate correlation; p < 0.001; see Figure 7).
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« inferior distance (ID)

r=-0416

Clavicle length difference [cm]

/

2 -1.5 -1 -0.5 0 0.5 1 1.5 2 25
Difference of the distance of the superior (SD) and inferior (ID) margin of the scapula to the vertebral columns

Figure 7. Correlation of the distances of the superior (SD) and inferior (ID) margins of the scapula to
the vertebral column and the clavicle length difference.

When the correlation between the clavicle length difference and the height of the
scapula (H) and the oblique length of the scapula (O) was analyzed, only moderate (r = 0.564,
p = 0.003) and weak (r = 0.417, p = 0.038) correlations were seen, respectively (Figure 8).
The width of the scapula did not show any significant correlation with the clavicle length
difference.

* Height (H)
* Oblique Length (0)

Clavicle length difference [cm]

-1 0 1 2 3 4 5
Difference of the height (H) and the oblique length (O) of the scapula [cm]

Figure 8. Correlation of the height (H) and the oblique (O) length of the scapula and the clavicle
length difference.

Furthermore, no correlations were found between the clavicle length difference and the
grade of glenoid retroversion and posterior humerus head subluxation. All measurements
of the different parameters of the affected and healthy shoulder girdles are published in
Table 1. All correlations are summarized in Supplemental Table S2.
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Table 1. Measurements of the affected and healthy shoulder girdle.

Sagittal

Dimensions of the Scapula [cm]

Distance of the Superior and Inferior

Angles of the Medial and Lateral Borders of

# Clavicle Length Orientation of the Margins to the Vertebral Column [cm] the Scapula to the Vertebral Column [°]
[em] Scapula [°] Width Height Oblique Superior Margin Inferior Margin Medial Border Lateral Border
Healthy Affected Healthy Affected Healthy Affected Healthy Affected Healthy Affected Healthy Affected Healthy  Affected  Healthy Affected Healthy — Affected
1 14.29 13.44 40.55 25.93 11.58 10.14 14.67 12.87 12.06 7.99 6.21 6.99 10.47 10.61 13.80 16.94 19.21 21.69
2 8.14 7.36 40.45 32.19 6.98 6.13 7.89 7.52 6.56 5.12 454 438 7.32 6.57 16.67 8.10 24.49 31.92
3 10.31 9.95 41.33 22.05 9.55 9.09 10.68 10.00 9.48 7.26 7.25 6.71 9.99 9.66 15.49 14.73 12.80 14.58
4 9.84 9.01 40.40 32.97 9.01 8.39 9.72 9.19 7.49 6.43 5.20 5.74 7.99 7.54 25.74 25.05 24.47 17.94
5 6.49 6.28 40.34 23.85 5.69 5.43 6.37 6.29 5.20 3.79 5.22 5.36 6.00 6.89 27.78 24.78 20.47 20.11
6 8.90 8.05 47.51 41.32 7.27 6.76 8.57 9.21 7.18 5.81 424 3.74 8.15 8.05 21.37 26.42 11.01 3.88
7 11.13 10.73 4443 2891 10.55 8.75 11.58 11.25 9.96 9.25 6.32 7.36 8.23 8.07 5.45 6.89 40.73 41.78
8 8.46 7.76 21.81 16.83 8.03 7.29 9.59 8.94 7.24 5.89 7.54 7.97 8.96 8.48 11.94 9.30 24.04 37.34
9 12.50 11.53 46.55 52.84 12.18 11.17 13.82 12.80 11.28 9.75 6.70 7.57 9.47 8.54 13.59 19.71 23.34 29.18
10 11.06 10.17 41.54 41.67 11.16 10.81 11.58 11.24 9.95 8.82 6.96 5.92 10.51 9.12 17.82 23.47 8.86 17.19
11 10.02 9.64 41.07 35.00 8.25 7.64 10.08 10.40 8.28 7.07 5.61 5.06 8.86 9.42 15.61 16.37 16.22 17.09
12 14.67 12.88 37.78 44.39 13.39 12.70 14.87 13.35 14.56 11.42 7.79 9.14 11.45 9.83 13.98 23.13 8.78 23.23
13 11.53 11.09 41.48 33.03 10.20 9.25 12.38 11.40 11.09 9.84 6.07 7.14 10.56 10.62 20.22 14.72 16.62 16.23
14 9.21 8.38 47.10 35.64 7.75 7.65 9.14 8.06 7.46 5.76 5.87 6.48 8.06 7.59 14.10 17.11 24.37 27.54
15 11.70 10.50 49.37 37.53 9.80 8.90 11.67 10.95 9.38 8.61 8.49 8.95 8.53 7.96 10.03 19.73 33.37 35.89
16 14.66 13.94 61.71 39.88 11.16 10.73 16.92 16.14 14.69 13.32 8.54 9.50 11.12 10.50 6.34 8.49 23.85 30.20
17 11.01 10.50 53.59 48.44 8.31 8.35 11.38 9.99 10.74 7.40 7.67 8.41 8.07 7.93 10.19 10.71 28.08 34.21
18 11.23 9.83 40.87 52.36 10.50 8.96 12.40 11.52 11.42 8.44 6.59 6.92 10.55 8.51 14.91 26.17 14.19 20.89
19 14.28 12.82 39.54 43.60 12.90 12.29 15.57 12.24 13.74 10.93 8.73 9.52 10.51 8.25 8.92 18.97 29.61 39.24
20 7.66 6.81 41.11 36.20 6.32 5.69 8.82 8.13 6.39 5.40 5.53 6.10 7.08 6.78 17.74 20.55 17.98 24.85
21 12.01 9.94 46.48 32.47 9.54 9.14 12.55 11.35 10.77 8.61 7.26 8.51 9.04 7.05 11.37 24.97 26.82 63.77
22 8.82 8.63 35.28 31.09 8.73 7.81 10.31 10.01 8.24 7.56 5.88 6.09 7.70 7.52 1291 10.66 29.29 19.99
23 12.54 11.75 38.88 34.78 10.01 9.83 12.84 12.69 11.38 10.73 8.63 9.00 9.44 8.70 0.33 4.83 20.38 24.00
24 12.38 10.54 43.43 35.19 9.48 9.20 12.69 11.65 12.36 8.98 7.16 8.57 9.07 7.68 13.23 21.51 23.62 34.47
25 11.79 10.90 4873 36.97 10.98 10.20 12.36 11.14 10.56 7.79 5.46 5.89 7.64 6.92 12.15 18.75 39.62 46.01
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4. Discussion

Our results have provided evidence that reduced clavicle length shows a significant
correlation to various extents with abnormal scapular rotation, lateral orientation of the
scapula on the thoracic cage, and scapular dimensions in OBPL cases.

Reduced clavicle growth is an important marker in OBPL as it can easily be assessed
by clinical examination. It can thus be used as a surrogate marker for other developing
deformities that are not obvious upon inspection. We were able to demonstrate that the
reduced length of the clavicle in a side comparison can be used to monitor the progression
of shoulder girdle growth abnormalities. If there is a relative length gain of the clavicle,
this leads to improved positioning of the scapula on the thorax. Of course, there is an
increase in the absolute difference in clavicle length due to the growth of the patient, and
this difference increases with growth and age. When we compared the ratios of the clavicle
length and the width and height of the scapula, we found no significant differences between
the three groups, indicating that there was a similarly reduced growth rate in the clavicle
and the scapula.

Additionally, no correlations were found between the clavicle length difference and
the Narakas grading. The Narakas classification divides brachial plexus lesions based on
the affected cervical roots. All grades include a lesion to the roots C5 and C6. Our results
suggest that, due to the missing correlation between the skeletomuscular maldevelopment
and Narakas grading, the intact roots C5 and C6 seem to be crucial for the development of
the shoulder girdle. Accordingly, a lesion to the other cervical roots of the brachial plexus
is not likely to be associated with an increased pathologic development of the clavicle and
the scapula.

The correct position of the scapula on the thoracic cage is thought to be a prerequisite
for normal shoulder function [19,20,26]. Chung et al. [27] has defined the “scapular eleva-
tion sign” and the “Putti sign”. In these patients, scapular dyskinesia with a protrusion of
the superior border of the scapula through the trapezius muscle can be observed. Further-
more, in the case of a “reverse Putti sign”, scapular dyskinesia occurs in the presence of an
external rotation contracture. At early stages of this pathologic development, the scapular
malrotation is a dynamically occurring event, for example, during elbow flexion. In the case
of ongoing pathologic growth, this dynamic malrotation progresses into a static, pathologic
scapula position at the thoracic cage. To the best of our knowledge, no data are available
on when this progression occurs. We were able to show that the likelihood of scapula
malrotation rises with increasing clavicle length differences and, as a consequence, with
the more sagittal orientation of the scapula to the thoracic cage. Due to the lack of available
grading systems of scapular dyskinesia, no limits could be determined to discriminate
between a scapular dyskinesia and a static, pathologic scapula position at the thoracic cage.

Possible triggers for this dyskinesia could be reduced scapula stabilization or the
relatively too strong muscles of the upper arm. Accordingly, the effect of muscle transfers
on the behavior of the scapula must be evaluated in further studies.

Scapula retraction occurs throughout normal development [19]. By this process, the
angle between the plane of the scapula and a sagittal axis drawn through the midline of the
vertebral column increases (see Figure 2). Increased scapular retraction has been linked to
abnormal motor development, for example, spastic cerebral palsy. On the other hand, the
scapula retraction lags behind following denervation, i.e., due to brachial plexus birth palsy.
The decreased angle of the plane of the scapula and the sagittal plane can be seen as a sign
of incomplete scapular retraction. Due to this pathologic scapular retraction, the scapula
shows a more lateral orientation at the thoracic cage. Reduced clavicle length, which is
a more easily examinable parameter, is accompanied by pathologic scapular positioning
on the thoracic cage. Whether reduced clavicle growth is the cause or a symptom of this
pathologic scapula position is uncertain. The role of scapula stabilizers after brachial plexus
birth palsy as a possible therapeutic approach thus needs to be reconsidered in order to
clarify the reason for scapula malpositioning.



J. Pers. Med. 2024, 14, 846

90f11

In children suffering from obstetric brachial plexus palsy, some stages of development
are changed or skipped due to muscular weakness. Indeed, according to our unpublished
data, a prone position, elevating the thorax, and adequate crawling are not performed
properly due to weak elbow extensors. Georgieff and Bernbaum also identified that
extensor postural tone and physiologic positioning practices by the baby promote scapular
retraction [20]. Our experiences with OBPL children suggest that forced crawling exercises
may be a therapeutic approach for promoting scapular retraction.

We included a rather wide range of patients with various ages in our study cohort
(range of 2 to 23 years). According to the literature, complete fusion of the epiphysis of the
scapula und the clavicle may not occur until the age of 26 [28,29]. According to our results,
correlations between the reduced clavicle length and the pathologic scapula position at
the thoracic cage were calculated irrespectively of the patients” age. This supports our
thesis of the long-lasting possibilities of potential interventions to increase the growth of
the shoulder girdle by improved muscular balance.

We realize that our study has some limitations. Our patient cohort is imperfect
due to the restrictions of CT imaging. Naturally, all our measurements and correlations
were very much influenced by the different severities of the nerve lesions, regeneration,
and interventions prior to our investigations. Most of the elder patients had undergone
reconstructive surgeries prior to our study. Of course, data from patients without prior
surgery would be preferable. Nevertheless, in order to include a wide range of patient
ages, those who had undergone prior surgery had to be part of the study. Furthermore, the
measurements of clavicle length can be a critical factor because only the maximum extent
was measured. Nonetheless, we accepted this systematic error and decided to work with
the percentage differences in clavicle length when comparing the clavicle length and the
scapula positioning.

5. Conclusions

In this study, we analyzed the relationship between reduced clavicle growth and
scapular malpositioning on the thoracic cage and scapular malrotation. A smaller scapula
and a shorter clavicle length increase the risk of scapula malrotation and malpositioning
on the cage. We were able to demonstrate a clear correlation between the reduced growth
of the clavicle and the malpositioning of the scapula. Due to the fact that clavicle length
can be measured by palpation of the medial and lateral boarder line, conclusions on the
scapula position can be reached, thereby avoiding radiation exposure. By measuring the
clavicle length in a side comparison, the effect of surgical and conservative therapies on the
morphology of the shoulder girdle can be monitored. If a balance in the length difference
can be documented, there is simultaneously an improvement in the positioning of the
scapula on the thorax.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jpm14080846/s1, Table S1: Detailed patient information; Table S2:
Correlation of clavicle length difference with the alignment of the scapula.
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