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Abstract

Background—Obstetrical Brachial Plexus Palsy (OBPP) is a common birth injury, resulting in
severe functional losses. Yet, little is known about how OBPP affects the 3D humeral
morphology. Thus, the purpose of this study was to measure the 3D humeral architecture in
children with unilateral OBPP.

Methods—Thirteen individuals (4F/9M, age=11.8+3.3 years, Mallet score=15.1+3.0)

participated in this IRB-approved study. A three-dimensional T1-weighted gradient-recalled-echo
magnet resonance image set was acquired for both upper limbs (involved/non-involved). Humeral
size, version, and inclination were quantified from 3D humeral models derived from these images.

Results—The involved humeral head was significantly less retroverted and in declination
(medial humeral head pointed anteriorly and inferiorly), relative to the non-involved side. Osseous
atrophy was present in all three dimensions and affected the entire humerus. The inter-rater
reliability was excellent (ICC = 0.96-1.00).
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Discussion—This study demonstrated that both humeral atrophy and bone shape deformities
associated with OBPP are not limited to the axial plane, but are three-dimensional phenomena.
Incorporating information related to these multiplanar, 3D, humeral deformities into surgical
planning could potentially improve functional outcomes following surgery. The documented
reduction in retroversion is an osseous adaptation, which may help maintain glenohumeral
congruency by partially compensating for the internal rotation of the arm. The humeral head
declination is a novel finding and may be an important factor to consider when developing OBPP
management strategies, as it has been shown to lead to significant supraspinatus inefficiencies and
increased required elevation forces.

Level of evidence—Anatomic Study, Imaging
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INTRODUCTION

Obstetrical Brachial Plexus Palsy (OBPP) is a common birth injury, occurring in
approximately three in every 1000 births3: 26: 29: 37_Children who do not recover completely
are left with shoulder muscle imbalance, contracture, disuse, and significant glenoid-
humeral deformities2%: 24: 40: 41:50 The persisting sequelae are wide ranging, severely
restrict the arm function, limit activities of daily living independence 43, and reduce the
quality of life for patients and their caregivers3l: 43, Due to the severity of these persistent
sequelae, many children/adolescents with OBPP require extensive rehabilitation and are
often referred for invasive interventions and/or surgery®: 12 32: 47 Enhanced knowledge of
how the sequelae associated with OBPP affects the three-dimensional (3D) humeral
architecture will likely support improved efficacy of OBPP management strategies.

Two-dimensional (2D) glenoid retroversion and glenohumeral subluxation have been well
studied in OBPP10: 21 23, 27; 34: 37 'pyt few studies have quantified humeral deformity in
isolation. The studies that have focused on humeral pathology demonstrated atrophy?28: 37: 38
and “retroversion” on the involved side 46. These studies were limited to 2D axial- or
sagitall-plane analyses. As such, even though humeral deformity is complex and likely
three-dimensional; surgical procedures, such as humeral derotation osteotomy?: 36: 48: 51 gnq
humeral head relocation3®, are being recommended based on limited two-dimensional
knowledge. Thus, it is imperative to fill the knowledge gap in regards to how the
neurological deficits arising from this birth injury ultimately result in pathological humeral
shape. For example, humeral head inclination (equivalent to the femoral neck-shaft angle)
has not been measured in children with OBPP. This is a potentially large oversight as
changes in humeral head inclination have been shown to limit shoulder function® and
restoring correct 3D humeral morphology is considered crucial for successful shoulder
arthroplastyl7: 18: 25: 39,

Of all the humeral architectural properties, version has been the most well studied, primarily
in adults, with a focus on shoulder arthroplasty®: 17: 22: 25 39 and overuse-induced
injuries? 52755 Cadaver studies!® 19 17: 22: 2539 haye the advantage of direct investigation
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of the 3D bone surfaces, which cannot be performed in living subjects. The 2D measures
acquired using X-rays, computed tomography (CT), or magnetic resonance (MR)

imaging®: & 13:16: 19,46 can pe severely affected by the location and orientation of the
imaging plane relative to the anatomy studied: 16: 17: 42 | astly, ultrasound (US)%2-55 is
non-ionizing, portable, and less expensive than MR or CT. However, it is a 2D analysis, is
highly user-dependent, and relies solely on two closely spaced points of the bicipital groove.
Thus, it primarily quantifies bicipital groove axial-plane orientation and not humeral head
version. Humeral head inclination has been less well studied®: 56 and measures in typically
developing children and children with OBPP are currently unavailable.

The purpose of this study was to develop a non-invasive methodology for measuring the in
vivo 3D humeral morphology in individuals with unilateral OBPP in order to test the
following hypotheses: 1) The involved humeral head demonstrates significantly decreased
retroversion; 2) The articular surface of the involved humeral head is rotated inferiorly; and
3) The involved humerus is atrophic in all three dimensions. For all hypotheses the subject’s
non-involved arm served as the control. As a test of the clinical utility of the humeral
architectural measures, the inter-rater reliability was tested. Lastly, the relationship amongst
the morphological parameters, age, functional/impairment levels, and limits to passive
external glenohumeral rotation was investigated in order to evaluate the feasibility of
predicting functional/impairment levels using a multi-variate regression analysis.

METHODS

Sixteen children/adolescents with unilateral OBPP were recruited for this IRB (intramural
IRB of the National Institute of Child Health and Human Development) approved study.
Each child/adolescent provided written assent with a legal guardian providing written
consent. The single adolescent that was above 18 years of age provided written consent.
After consent, a pediatric physiatrist performed a complete history and physical, which
included the Mallet# 45 and Narakas classification39 scores, along with the passive ranges of
shoulder motion. Three children declined MRI scanning due to fear, complaints of noise, or
dizziness and withdrew. The remaining cohort of 13 subjects had an age range of 6.7 to 18.7
years, with four female subjects and five subjects with left side involvement (age = 11.8+3.3
years, height=154.8+21.4 cm, weight=51.8+16.0 kg, Mallet score = 15.1+3.0, Narakas =
2.5£0.8). The average differences (impaired — unimpaired) in shoulder passive range of
flexion/extension, abduction, and internal/external rotation were —5.4°+10.3°/-45.4°+16.9°,
-11.2°4£20.8°, —-17.3°£21.5°/-32.7°+-20.3°. For external rotation and extension all subjects
demonstrated limited ranges of motion (involved side). For flexion, abduction, and internal
rotation six, nine, and four subjects had no side-to-side differences. All other subjects
demonstrated reduced ranges of motion (involved side).

Prior to scanning each participant was given time to acclimate to the scanner. The subject
was then placed supine on the plinth of a 3T MR scanner (Verio: Siemens, Erlangen,
Germany) with the arm as close to anatomic position as possible, but with the forearm
pronated and the palm facing the bed for comfort. A standard cardiac coil was placed on the
bed (posterior to the shoulder) while its pair was wrapped around the subject’s shoulder and
chest. When required, in taller subjects, a flexible coil was wrapped around the elbow,
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maintaining coverage through the distal humerus. No sedatives or anesthesia were used. To
prevent patient or coil movement during scanning, sandbags were placed alongside the arm
and a large supportive strap was gently secured around the coils and chest. Both the
impaired and unimpaired arms were scanned, but were acquired independently, enabling the
shoulder to be positioned at the MR isocenter. A T1-gradient recalled echo sequence was
acquired for each shoulder. With the exception of the in-plane field of view, all scanning
parameters were held constant across subjects (416 x 312 x 192 pixels, slice thickness 1.2
mm, TR=16.6 msec, TE=5.1 msec, imaging time=4 min 22 sec). This resulted in a slight
variation in the in-plane resolution across subjects (0.55-0.63 mm?), enabling higher
resolution for smaller subjects. When needed, a second scan was acquired to capture the
distal humerus. The image data were stripped of all identifiers and assigned a random
number, blinding the researchers to the subject’s identity and to the side of involvement.

A 3D model was created by manually segmenting the outer humeral bone cortex in MIPAV
(Medical Image Processing, Analysis and Visualization, NIH, Bethesda, MD, USA). If the
growth plate created a discontinuity in the cortical bone surface, the missing surface was
approximated by maintaining the curve on either side of the discontinuity. The shapes of the
proximal and distal humerus were complex and influenced the study measures more than the
shaft. Therefore, every image slice in the humeral head and elbow region was utilized in
reconstructing these surfaces. In contrast, the humeral shaft was modeled using every fifth
slice. The shaft was defined as the region with minimal image-to-image changes in bone
area. A three-dimensional mesh was fitted to the points and then smoothed using an upper
deviation limit equal to one half the pixel size in Geomagic (Geomagic Inc, Research
Triangle Park, NC, USA). This model was then aligned to its principal axes (Z, Y, and X,
Figure 1). X, Y, and Z represented the posterior, left, and superior directions. These axes are
calculated based on the distribution of volume within each individual humerus. Thus, the Z-
axis (superior) approximately aligned with the medulary axis. This alignment procedure
minimized errors associated with visually aligning the humeri3® and eliminated the
dependency between the final measures and the image plane location/orientation’: 16: 17: 42,
The anatomic planes were defined based on this alignment (Figure 1).

As part of defining the 3D humeral architecture, a series of points were defined. First, Pcut
(a point on the metaphyseal junction) was determined as the inflection point of the head
curvature as it joins with the shaft (Figure 2). Next, the greater and lesser tuberosity points
(GT and LT, Figure 1) were defined as the points along the greater and lesser tuberosity that
were most distant from the humeral head center in the anterior-posterior and medial-lateral
directions. The center of the bicipital groove (BG, Figure 1) was defined as the deepest point
of the bicipital groove at the average superior-inferior location of GT and LT. The model
was then converted back into a point cloud (20,000 pts).

An in-house Matlab code was used to compute the 3D humeral architectural parameters
based on the model’s point cloud, LT, GT, BG, and Pcut. First, the magnitude and direction
of the three radii (R1, R2, and R3, Figure 3) of the best-fit ellipsoid to all points superior of
Pcut (metaphyseal junction) was quantified. R1, R2, and R3 represented the radii of the
ellipsoid in descending order of size. The humeral head center (HC) was defined by the
center of this ellipsoid. As a measure of humeral head distortion, the ratios of the radii were
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calculated (R1/R2, R1/R3, and R2/R3). Next, the most superior and inferior humeral points
(PS and PI, Figure 4) and the most lateral and medial points on the elbow’s epicondylar axis
(Lepi and Mepi, Figure 2) were defined. Humeral length (Figure 4) was defined as the
distance between the PS and PI. The axis of the humeral shaft (ShaftAxis) was defined as
the center of a best-fit cylinder fitted to the “cylindrical” portion of the shaft. This portion
was defined as between a plane 33% of the humeral length superior to PI and a plane 17% of
the humeral length distal to PS, based on the work of Descamps and colleagues!!. The
epicondylar axis (EpiAxis) was defined as the axis from Lepi to Mepi and its length was the
epicondylar width. Retroversion (Figure 3) was measured relative to the EpiAxis, but four
reference axes were used: 1) the vector R1; 2) the vector from BC to HC 3) the vector from
LT to HC; and 4) the vector from LT to a point on the shaft axis at the same superior-
inferior level as LT. These four angles (verR1, verBC_HC, verLT_HC, and verLT_shaft,
respectively) were measured as a projection into the axial plane. Mathematically, a positive
version angle (Figure 3) indicated humeral head internal rotation and was termed
retroversion, following typical conventions. The inclination of the head was defined as the
angle (projected into the coronal plane) of R1 relative to both the ShaftAxis and the EpiAxis
(head_incl_shaft and head_incl_epi, Figure 4). A side-to-side difference in head_incl_epi
and head_incl_shaft angle greater than 0°, indicated inclination (medial humeral head
pointed superiorly). The opposite was considered declination. Multiple angles were used to
define version and inclination in order to support comparisons with past and future studies.

All measures, beginning with bone segmentation, were completed by a single examiner
(S.B.). Then, 11 datasets were selected at random for an inter-rater reliability test (5 were
from the non-involved side and 6 were from the involved side). A second researcher
(A.J.B.), blinded to the results of the primary analysis, segmented these 11 datasets and
repeated the morphological analysis. A second set of images was not acquired to minimize
the subject’s time within the MR unit and because it was deemed unnecessary. The analysis
was based on the quantification of the complete bone surface, making the final measures
insensitive to image plane orientation and location. This would not be the case if the
measures were acquired in a single 2D slice’: 16: 17,42,

An a priori power analysis determined that 13 subjects were required (o= 0.05 and $=0.8) to
determine a similar difference in version between the impaired and unimpaired side as
published previously#®. The variables of interest were compared using a paired one-tailed
Student’s t-test. Understanding that the numerous tests could produce a type 1 error, a
Bonferroni false discovery rate (FDR) correction® was used. Intra-class correlation
coefficients (ICCs), using a two-way mixed effects model, were computed to evaluate inter-
rater reliability of the 3D humeral shape parameters. The 3D morphological parameters were
correlated with each other and age for the non-involved limb. A similar analysis was run for
the side-to-side differences in morphological parameters. Lastly, a multi-regression analysis
was run to determine if functional and impairment level (Mallet and Narakas) along with the
change in the passive range of external rotation could be predicted by the side-to-side
differences in humeral morphological parameters. A p-value < 0.05 was considered
significant. The multi-regression analysis was isolated to the difference in the passive range
of external rotation, as internal contractures are most common in OBPP.
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The involved arm was less retroverted (more externally rotated) than the non-involved arm
(-17.2° to —23.6°, Table 1). Two subjects demonstrated the opposite (increased retroversion
on the involved side). The variability across subjects was greater on the involved side.
Retroversion was not correlated with age (non-involved arm, r=0.52-0.56, p=0.052-0.085,
Table 2). The correlation amongst the version angles and amongst the side-to-side
differences in version (Table 3) ranged from moderate to strong.

The involved humeral head was in declination (—-4.4° to —6.1°, Table 1), in comparison to
the non-involved arm. These results are presented with a single subject removed, as the
subject was deemed to be an outlier. For this subject the difference in inclination (an
increase of 24.4° and 26.6° on the involved side) was greater than 2.5 standard deviations
away from the average side-to-side difference. This subject’s neurologic injury and
functional impairments were the most severe of all the subjects. Inclusive of this subject,
only three subjects demonstrated inclination on the involved side. The two inclination angles
were moderately to strongly correlated with each other on the non-involved side (r=0.65,
p=0.023, Table 2). Yet, no correlation existed between the side-to-side differences of these
two angles (Table 3). Head_inl_epi decreased with age (non-involved side, r = -0.71,
p=0.009, Table 2).

All size parameters (Table 4) were smaller on the involved side. The largest percent change
between sides was in R3 (-15.4%) and epicondylar width (-13.5%). The ratios of R1/R3
and R2/R3 were smaller on the involved side, indicating that the humeral head proximal-to-
distal size was foreshortened relative to the already reduced dimensions in the medial-lateral
and anterior-posterior directions. Thus, the involved side was more elliptical in shape when
compared to the non-involved side. Atrophy of the involved side was consistent across all
subjects, with one exception; R2 was 0.4 mm larger on the involved side for one subject.
The size parameters were strongly correlated with each other (non-involved side, r = 0.83—
0.99, p<0.001). The size parameters were all moderately to strongly correlated with age
(non-involved side, 0.71-0.86, p<0.007).

The Mallet score was moderately correlated with the side-to-side difference in epicondylar
width and head_incl_epi, whereas the Narakas score and the difference in passive external
rotation were not correlated with any morphological parameter (Table 4). Using a multi-
regression analysis did not greatly improve the predictability of the Mallet score over using
epicondylar width and head_incl_epi individually (r? = 0.57-0.58, p<0.003). Yet, together
the side-to-side differences in verR1 and head_incl_shaft were able to explain 56% of the
variability in Narakas score:

Narakas=34.2540.165+verR14-0.462xhead _ incl_ shaft (r=0.56, p=0.025)

The reliability for all measures was excellent, ranging from 0.960-1.000 (p<0.001, Table 5).
This was well above the value of 0.90 that is needed for “reasonable clinical validity”3>. A
post-hoc power analysis revealed that sufficient power was achieved for all side-to-side
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comparisons of the humeral morphological parameters ($3>0.80). If a 2-tailed analysis was
used, the conclusions did not change, but the power slipped slightly (0.52<$>0.80).

DISCUSSION

This study is the first to evaluate and report 3D humeral shape changes in children with
OBPP. In doing so, it demonstrates this birth injury leads to morphological changes
affecting the entire humerus, as well as osseous atrophy in all three dimensions. These
changes result in the humeral head being rotated externally and declined inferiorly. The
documented 3D humeral shape deformations are likely related to the well reported
glenohumeral subluxation, glenoid version, and the internally rotated arm posture at rest.
Given the variability in the results across subjects,. incorporating information related to
these 3D humeral deformities into surgical planning may foster improved functional
outcomes.

It is difficult to compare version across studies due to variable anatomical references, as well
as to the fact that the precise definition is often not reported. One study measured version as
the angle between a vector defining the anterior surface of the elbow relative to a fixed
horizontal line3%, whereas another used both axial and sagittal plane references to measure
version®4. In general, most studies have used an angle (projected into the axial plane)
between the epicondylar axis and a vector associated with the humeral head. Another point
of confusion is that the direction of rotation represented by the term “retroversion” or
“retrotorsion” has not been clearly defined or agreed upon. Most studies define an internal
rotation of the humeral head as retroversion/retrotorsion, yet some studies have defined this
rotation as anteversion6. Two of the version angles used in the current study (verBG_HC
and verHC_HC) referenced the humeral head center. The HC was used, instead of more
commonly used center of the articulation, since the 3D cartilage boundary is often difficult
to identify8. This is particularly true in MR images of young children with unfused humeri
and in the presence of osseous deformities. Although not previously used in the literature,
verR1 has the advantage of being calculated based on the entire set of humeral head points
(4,000-5,000) and not just two points (e.g., LT, BG, and GT), which can be altered in
pathology and are more sensitive to identification errors.

The severe impact on humeral morphology induced by the sequelae of OBPP can be seen in
the side-to-side differences in retroversion (average change in version ranged from -17.2° to
-23.6°), which is approximately twice that seen when comparing the throwing and non-
throwing arm of overhand sports athletes (average difference between sides ranged from
10.6° to 11.2°)% 53: 54, The decreased humeral head retroversion in the current cohort
coupled with the decreased passive and active external shoulder rotation typically reported
for OBPP4L: 44 mirrors the increased retroversion with decreased active internal rotation in
athletes of overhand sports®2. The large differences in version seen in the current study must
be balanced against much smaller differences (A=10.3°) reported previously for a similar
population?8. The variation between these studies is likely due to methodological differences
(2D vs 3D) and to the severity of impairment in the current, as compared to the past, study
(average Narakas classification = 2.5 versus 1.5).
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Humeral retroversion on the involved side was 11.2° less than that reported previously in
185 skeletally matured dried bones (verLT_Shaft=65.3° versus 74.4° 22). In contrast,
retroversion in the non-involved arm was 12.1° greater than that measured previously
(verLT_Shaft=88.8° versus 74.4° 22). VerLT_Shaft was equal to the sum of EP and LT in
the previous dried bone study?2. The increased retroversion on the non-involved side (as
compared to adult values) supports the previously published model that the humerus begins
retroverted at birth and this retroversion diminishes throughout childhood!#: 15, Thus, the
lack of a significant correlation between retroversion and age was likely due to insufficient
power. The decreased retroversion on the involved side (compared to the adult values)
suggests that following the birth injury the humerus rapidly loses the in utero retroversionl®
to quickly arrive at an anteverted position. This is in contrast to the typically developing
child who progresses to a less retroverted morphology more slowly, throughout childhood,
reaching adult values at approximately 16 years of age. This decreased retroversion also
suggests an osseous compensation to maintain glenoid-humeral congruency in a limb that is
in an internally rotated position due to muscle strength imbalance. Unfortunately, this
decreased retroversion leads to an increase in the internally rotated arm posture by further
decreasing the available degrees for external rotation.

Humeral head declination in OBPP is a finding novel to this study and may be a key
morphological parameter when considering the functional losses associated with OBPP.
Voight and colleagues demonstrated that when such a deformity was created in cadavers, the
supraspinatus efficiency was decreased and the forces required for arm elevation
increased®?. Thus, neurological deficits resulting from the birth injury lead to muscle
atrophy/contractures, which promotes boney deformations; and these boney deformations
appear to circle back and further weaken the shoulder complex. The unexplained variance
between the two inclination angles on the non-involved side and the lack of correlation in
the side-to-side changes of these two angles suggests that the declination originates from
rotation of both the head and elbow relative to the shaft. As the difference in inclination
between sides was significant only after a single outlier was removed, there may be
subgroups in the OBPP population that demonstrate osseous deformities opposite to the
“average” individual with OBPP. This reinforces the fact that individual patient variability
should be considered when recommending procedures and may account in part for
differences in successful functional outcomes following surgery.

Humeral head inclination was based on the 3D orientation of the entire humeral head surface
to avoid problems with indistinct cartilage boundaries®, particularly in skeletally immature
humeri and those affected by pathology. In contrast, past in vivo studies have focused solely
on adults, have used both 2D33 and 3D%6 analyses, and have determined the humeral head
orientation based on the cartilage surface. As this study demonstrated a declination of the
humeral head with development, comparisons to such previous data may not lend many
insights. Future studies supporting or refuting the correlation between age and humeral head
inclination would likely provide further insights into shoulder development, morphology,
pathology, and injuries.

The documented humeral atrophy lends insights into the sequelae of OBPP and matched
well with previous data?®. The ratio of humeral length (involved/non-involved = 93.7%) was
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nearly identical to that reported previously (93%?28). This osseous atrophy is not limited to
the head, but extended through the shaft to the elbow. For example, the epicondylar width
demonstrates the second highest percent change in length. Similarly, the significantly
decreased radii of the best fit humeral head ellipsoid and the increased ratios of R1/R3 and
R2/R3 on the involved side demonstrate that the entire humeral head experiences atrophy,
but this atrophy is greatest in the superior-inferior direction, making the humeral head of the
involved side more elliptical than the non-involved. This shape variation may influence the
likelihood of dislocation.

The decision to use the non-involved side as a control could be seen as controversial. While
two studies have demonstrated differences® 5% in version between sides, the majority of
studies found no differences!®: 22 39 52 including one based on 180 dried humeri of
children®. Further, the studies reporting differences in version indicated that the right side
was more retroverted (8.9°-10.5°). This is approximately half the difference found in the
current study. Thus, using the non-involved arm as a control was deemed to be both
appropriate and desirable, as it provided an exact age, sex, height, and weight match.

The fact that over 50% of the Mallet score could be predicted by either humeral atrophy or
the side-to-side difference in inclination clearly indicates that humeral morphological
changes impact function in OBPP. The remaining unexplained variability is most likely
attributable to glenoid architectural changes, muscle atrophy, and muscle contractures. The
relationship between the Narakas score and the side-to-side differences in both version and
inclination indicates that these differences are greater when the initial injury is more severe,
which is as expected. The fact that the inclination angle was associated with both the Mallet
and the Narakas scores again highlights the importance of this angle in OBPP. The lack of
correlation between the study measures and the difference in passive range of external
rotation likely resulted from the fact that multiple factors in OBPP can limit passive external
rotation and that these relationships may be non-linear. The correlations also provided a
validation of the methods. All four measures of version define the same property. Thus, a
strong correlation between them should be expected and this is what was found. The
exception being the moderate correlations between verR1 and the other version angles,
which indicates that this angle is somewhat independent to the other three. It would be
expected that all size measurements correlate with age, and strong correlations were found
here as well. There is evidence in the literature that humeral retroversion is inversely
correlated with age. The correlation analysis of the non-involved arm suggests, but does not
prove, that both retroversion and the side-to-side differences in retroversion are inversely
correlated with age, but further investigation is needed. Novel to the study, the correlations
revealed that the humeral head declined through development.

Although developed as a research tool, the current 3D methodology can be easily adapted to
clinical use, potentially providing improved reliability, a reduction in the time required to
obtain measures, and a more complete description of subject-specific morphological
changes. Most pre-surgical planning includes acquiring a 3D CT or MR image set of both
shoulders. If the elbow was added to the scan, then the same modeling and measurement
procedure could be applied. With a CT image set, the segmentation process could be
automated, eliminating the most temporally costly step of the current analysis. Once the 3D
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humeral model had been generated, a complete description of the 3D shape deformities and
atrophy could be quantified automatically using readily available computational codes. For
example, verR1 has excellent reliability and correlated well with the three other version
angles. It did not require the subjective evaluation of numerous individual points;
eliminating the sensitivity of the final measures to image plane orientation and

location’: 16: 17 The latter implies that variations in patient position relative to the magnet
would not propagate into the final measures. Even though there is a clear path to acquiring
3D morphology using standard clinical imaging, the relationship between 2D and 3D
humeral shape parameters should be examined to help support cross-study and cross-center
comparisons. As two subjects demonstrated a retroverted head and three subjects
demonstrated an increase in inclination on the involved side, a full understanding of the
subject-specific 3D, multi-planar, humeral deformities may help maximize functional
improvements when these individuals undergo invasive procedures.

This study was delimited to the use of MR imaging, which primarily limited the cohort size
and power. The use of CT would have automated the 3D model generation, and thereby
allow for a larger study cohort, but exposing these young subjects to ionizing radiation,
could not be justified for a pure research study. The use of MR also limited the lower age
range, as sedation could not be justified for a research study.

CONCLUSIONS

Improvements in the treatment of children with OBPP will be fostered by a more advanced
and accurate understanding of the osseous deformations associated with the long term
neurologic sequelae arising from the initial injury. It is crucial to not only document these
osseous deformations, but to evaluate how these architectural changes may create a feedback
loop, causing greater functional losses. To that end, this study demonstrated that the humeral
head was externally rotated and in declination on the involved side of children/adolescents
with unilateral OBPP. In addition, atrophy in all three-dimensions at both the head and
elbow were documented. The currently reported morphological changes also likely cause
alterations to the moment arms of the shoulder muscles attaching into the humerus. An
analysis of moment arms was beyond the scope of the current study, but warrants further
investigation. The currently applied methodology is easily adaptable to clinical use, as 3D
images are typically part of pre-surgical planning. Thus, adding a 3D analysis of humeral
morphology to surgical planning in OBPP may help maximize functional gains. In addition,
future studies relating 2D measures to 3D humeral morphology are needed to support cross-
center and cross-study comparisons.
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Figure 1. Principal axes and Cardinal planes
The principal axes are defined as three mutually perpendicular axes about which the moment

of inertia of the humerus is maximized (http://oxforddictionaries.com/definition/english/
principal-axis) and define the distribution of shape within the humerus. Of the three axes,
the first principal axis (Z — superior direction) has the largest moment or inertia and the third
principal axis (X — posterior direction) has the smallest moment of inertia. The cardinal
planes were defined based on the principal axes, the coronal plane was perpendicular to X,
the sagittal plane was perpendicular to Y, and the axial plane was perpendicular to Z.
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Figure 2. Defining points of interest
A: The humeral head cut-off point (Pcut, metaphyseal junction) was identified by an

isolated 2 mm thick section of the center (anterior-posterior) of the medial humerus. The
fitting section (“medial head region for the best fit circle”) was defined as the section medial
to the most superior humeral point and just inferior to the visually determined inflection
point between the head and shaft. Pcut was defined as the location where the best-fit circle
to the fitting section intersected the fitting section on the inferior medial side. B: The medial
and lateral epicondyle points (Mepi and Lepi) were defined as the most medial and lateral
points of the elbow epicondylar axis. C& D The greater and lesser tuberosity points (GT and
LT) were defined by establishing an XZ-plane (sagittal plane) and then translating and
rotating (about the superior-inferior axis) the plane until the plane “cut-off” the sections of
the greater and lesser tuberosity that were furthest from the humeral head center. The center
of each of these sections was defined as GT and LT. BG (bicipital groove point) was defined
as the deepest point in the groove at the average superior-inferior location of GT and LT.
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Figure 3. Version
The non-involved left (left box) and involved right (right box) humerii from a single subject

(subject 8, the same as in Figure 4), as viewed in a pure axial view (after humerii were
aligned with the principal axes). A mirror image was created of the non-involved left arm
(making it appear as a right arm) for direct visual comparison. Both images are scaled
identically. An oblique view of each humerii is provided in the bottom right in order to
provide perspective. Retroversion is positive for internal rotation of the humeral head
relative to the epicondylar axis (Epi Axis); the medial humeral head rotates posteriorly. R1,
R2, and R3 are the primary, secondary and tertiary radii of the best fit ellipsoid to the
humeral head, but are shown with extended lengths for visualization purposes. R3 is mutual
perpendicular to R1 and R2 and is not shown for clarity. Version is measured relative to the
Epi Axis. The reference axis for each angle is as follows: V1 (verR1): the first (maximum)
radii of the best fit ellipsoid to the humeral head (R1); V2 (verBG_HC): the vector from the
bicipital groove (BG) and the humeral head center (HC); V3 (verLT_HC): the vector from
the lesser tubericle (LT) and HC; and V4 (verLT_SA): the vector from LT and the shaft axis
(SA). Note: V2 is not labeled for the right arm as it is nearly 0°. For this subject the
measures of version (non-involved/involved) were as follows: V1: —10.3°/-48.2°, V2:
43.0°/0.1°, V3: 63.1°/24.0°, and VV4: 79.5°/28.5°.
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Figure 4. Inclination
The non-involved left (left) and involved right (right) humerii from a single subject (subject

8, the same as in Figure 3), as viewed in a pure coronal view (after humerii were aligned
with the principal axes). A mirror image was created of the non-involved left arm (making it
appear as a right arm) for direct visual comparison. Both images are scaled identically. R1,
R2, and R3 are the primary, secondary and tertiary radii of the best fit ellipsoid to the
humeral head. R1 is shown with an extended length. R2 is in this coronal plane and
perpendicular to R1. Both R2 and R3 are not shown for clarity. Inclination is positive when
the medial humeral head rotates superiorly. Inclination was the angle between the first
principal axis of the best fit ellipsoid to the humeral head (R1) and both the ShaftAxis (Inl:
head_incl_Shaft) and the epicondylar axis (In2: head_incl_Epi). Lepi and Mepi: most lateral
and medial points of elbow epicondylar line; PS and PI: the most superior and inferior points
of the humerus. For this subject the measures of inclination, H, and epi_width (non-
involved/involved) were as follows: Inl: 93.5°/75.7°, In2: 4.1°/-15.0°, H: 241.4 mm/327.4
mm; and epi_width: 63.5 mm/59.2 mm.

J Shoulder Elbow Surg. Author manuscript; available in PMC 2015 May 01.



Page 20

Sheehan et al.

‘pasn Sem 1$8) Pa]1el-0M] B UBUM G0°0
an0Qe 9504 SaNjeA-d ON *UO011291109 1U0LIRJUOG 318 AISA0ISIP as[ey & AQ PAMO]|0) SeM SIY | “1S81-) S,1uspms palied pajiel-auo e Buisn paaLIap aiam sanjea-d ay L sebelane asay) Ul paurewlas eiep J1ay} ‘snyy
pue UoISIBA JO san[eA abelane ayy ul aBueyd a|1| Sem a1ay} ‘sa|Bue UOISISA B} WOJ) PAAOLIBI Sem 193[NS SIU} UBLYAN "PAAOLUBS SEM JBIJINO Ue pawasp sem Jeyl 19algns suo ayj ‘ajfue uoijeurjaul sy} 1oy ;810N

6000 ¢c00 6000 ST0°0 €200 1100 159)-1 palled

©ODT19-  ©9vy- (T18)9€cc- (€92)6LT- (€92) 99T— (S€2) LT  S8PIS UBdMIS] 80UBIBHIP palred

(r8)oe (59 .v6  (ver) 888 (z1) 6'92 (re)gos  (921) L¥T 3pIS PAAJOAUI-UON
(zot)ez (6L)eo6 (T28)es99  (62e)06s  (0ee) 66 (282) Ge- apIs panjoAu]
SIXy JejApuodids  sIxv yeys VS 11 OH 11 OH 94 T
uoneulou| pesH UOISI9A
JeEIETNIIET]

pue PauIjo8p SeM Peay [eIpsll ay) 1ey) S81eIIpUI UOISISA puR a]Bue UoIBUIjoUI Ul 8dUSIaIIp aAIRBaU 8yl ‘sNyL 8pIS PAAJOAUI-UOU 3U) 0] BAITR|S) SeM
90UBJaYIP By "sasayiuaed Ul mojag AJ19a1Ip Pals] UOITRIASP pJepuels syl Yim papiaoid si abelane ay) ‘ainseaw yoea 104 "saaifiap ul aJe sainsesw ||

SopIS Usamiaq sajfue uoITeuI|oUl PUB UOISIaA JO uosiaedwo)
Talqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Shoulder Elbow Surg. Author manuscript; available in PMC 2015 May 01.



Page 21

Sheehan et al.

“UNJ 10U SBM UOIRI31I02 83U 2N “(G0°0 > d) Uone|21109 JuRdIHIUBIS € S31eIIpUI 1X8) Pap|oq 8y L

T00'0> -

oo N OH™ LA

100'0> 000> -

000 00 VN OH D8

2200 1000 1000

590 v8'0 280 N reen
£200 Ui
90 VN 1d3 " jour peay

1100 1500 6800 200

L0- 850~ 850~ 990~ WP setfpucold3

5000 9100 8000 9500 7900

50~ 890~ 00~ 150 650~ Ou3) fesaUINH

1200 0900 2800 1600 oy

590~ 950~ 050~ 50-

1200 9500 500 2200 N

990~ 950~ 150~ 590~

1800 6L00 0110 9200 N

290~ €50~ 10~ 790~

2900 2500 5800 6000 aby

550~ 150~ 050~ 10~

Yeys L9A  OH LTMeA  OH Og49A  TH48A  Jeys |oul pesy 1d3Tjoul pesy

"UMOUS aJe G7'0= Sanjen-I ||V

WJe PSAJOAUI-UOU 3] 10) sas1awreded ussmiaq suole|adlod
¢39l|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Shoulder Elbow Surg. Author manuscript; available in PMC 2015 May 01.



Page 22

Sheehan et al.

“UNJ 10U SEA UOITR[31109 83U} 1oy} S31edIpUI N ‘G’ 0=l 9A0GR 9S04 UOITR[31I00 OU SB UMOUS 10U SI UOITBI0] J8PINOYS [BUIRIXS J0 aBuel aAIssed *(G0°0 > d) Uome|a.1109 JuediIuBIS  Sa1edlpul 1X8) pap|oq ay L

NIH-PA Author Manuscript

100°0>
160 VN OH ™LA
100°0> 100°0> WN _
860 860 OH OgJen
v1T°0 1200 0100 9200 WN
9¥'0- 190 69°0 19°0 THI8A
w10 o
1 40] Yeys |oul peay
¥00°0 L
9.°0- 1d37joul peay
€000 1500
9.0 2950~ YIpIM JejApuoaidg
STANI]
S7'0 Yyibus| [esswnH
L£0°0
85°0- 2
80T°0 2210
VN L¥'0- Gy0- aby

sexeleN  19|[eN Meys LT8A  OH LT8A  OH Dg4eA

TY4OA  1d37joul peay

"UMOUS aJe G7'0= Sanjen-I ||V

sia1owe.ed ealbojoydaow [easwiny Ul S99UBILLIP 3PIS-01-9pIS Y1 Usamlaq SUoIIRe[a1i0d

€9l|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Shoulder Elbow Surg. Author manuscript; available in PMC 2015 May 01.



Page 23

Sheehan et al.

100°0> 100°0> 0700 G000 GEE0 100°0> 100°0> 700°0> 158)-1 palied
(Lv)eL- (86)z8T- (210600 (0T0)800 (S000)T00- (§T)82- (0T)6T- (L0)€Z— SOPIS UBBMIBY BOUBIBYIP PaJted
(6'6) TS (0zw) 088z (L00) 0T (F0'0)60T  (FOO)BTT (2€)6LT (€€)S6T (S€)T€C 3pIS PAAJOAUI-UON
(0TT) 6'9% (TTr) 869z (210)6€T (2T0)8TT  (S000)8TT (0€)TST (2€)LLT (7€) 802 apIs panjoAu]
yipim sejhpuoatdy  yibus fesswiny ed/ty ed/ed [ASARs! ey 2 T

"apIS PSAJOAUI-UOU B UO U] J3][ewWsS SI 8pIS PBAJOAUI 3] UO SNJawiny sy Jey) Sa1ealpul Sainseal azIs Ul 8oualapiip aAlebau ay) ‘snyL

*3pIS PAAJOAUI-UOU 8Y) 01 SAITR[) SBA 33UBJJIP BUL "UoNDalIp JoLadns-I0LIaJUI pue ‘I0LI81S0d-101I8)Ue ‘UOIJ3IIP [elale]-[eIpaw ay ul Ajuewnd alam £y

pue ‘zy ‘7Y "(peay [esawny ayy 01 prosdi||a 11 15aq au Jo liped Areins) pue ‘Arepuodss ‘Atewiid ay)) £y pue ‘gy ‘TY "sesayiuaied ul mojaq Aj1oa.ip paist|
UOITRIASP PJepuRlS 8yl YlIMm papinoid s abeiane ay) ‘ainseaw Yoes 104 (SH/zd pUR ‘SH/TH ‘2H/Td) SOkl ssaj-1un ay) 1dadxe ‘W Ul aJe sainsesw ||

118WINY PBAJOAUI-UOU pUe PSAJOAUL 8Y] U8amlaq azIs Jo uosiredwo)
¥ 9lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Shoulder Elbow Surg. Author manuscript; available in PMC 2015 May 01.



yduasnuel Joyny Yd-HIN

1duasnuely Joyny vd-HIN

1duasnuely Joyny vd-HIN

Sheehan et al.

Table 5

Inter-rater reliability

Analysis was based on 11 randomly selected humeri (6 from the involved side).

ICC  Average absolute error between observers
R1 0.996 0.25 mm
R2 0.997 0.23mm
R3 0.996 0.25 mm
Humeral Length 1.000 0.72mm
Epicondylar Width  0.999  0.80 mm
head_incl_Shaft 0.984 1.64°
head_incl_Epi 0.960 2.84°
VerR1 0.973 331°

All ICCs had p-values <0.001. The variation between measures did not differ from the involved to the non-involved side.
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