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ABSTRACT

A brachial plexus birth injury (BPBI) occurs in one to four of every 1000 live
births, with about a third experiencing long term sequelae’?. Typically, patients with
residual C5-6 injuries develop several skeletal and functional deficits such as a decreased
range of motion, specifically in external rotation and abduction®®. To improve shoulder
function, physicians utilize several procedures including a combination of joint
reductions and latissimus dorsi and/or teres major tendon transfers:317-199-16 The
decision to transfer one versus two tendons is at the surgeon’s discretion, but recently the
surgical decision-making has come under scrutiny. Double tendon transfers have
demonstrated greater improvement on external rotation Mallet scores, but single tendon
transfers are about 50% less likely to lose midline?°. Both procedures were shown to have
equivalent improvement on Mallet abduction scores?.

There are limitations with the Mallet classification. Specifically, the classification
uses an ordinal scale that assesses HT motion and allows for high variability in patient
motion within each grade. Consequently, the Mallet classification lacks precision and
cannot differentiate GH and scapulothoracic (ST) contribution to HT motion. This study
utilized motion capture to analyze the precise ST and GH contributions to joint function
in single and double tendon transfer patients. Children with persistent C5-C6 BPBI’s at
the time of surgery were recruited at least six months after surgery, allowing for the
intended surgical outcomes to take effect. Patients were asked to hold their arm still at
several positions including at rest, maximum external rotation, maximum internal

rotation, and maximum abduction.
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All patients exhibited externally rotated humeral orientations at the GH joint.
However, both single and double tendon transfers demonstrated very little GH joint
motion from neutral in any position. Instead, tendon transfers appear to re-tension the GH
joint into external rotation, but not enough to overcome the ST joint and externally rotate
the humerus relative to the patient’s trunk. Our results are contrary to the current
literature in several aspects. First, single tendon transfers displayed greater external
rotation in all positions compared to double tendon transfers. Second, the double tendon
transfer group was able to abduct their arm significantly more than the single tendon
transfer group.

Though these results are surprising, they may not be driven by the effect that
single or double tendon transfers have on the GH joint. Instead, the results could be
impacted by the variation in surgical technique that exists amongst all patients in this
study regardless of tendon transfer procedure. All patients’ arms are placed into 90° of
abduction and externally rotated when the teres major and/or latissimus dorsi tendons are
sutured to the humeral head?'. However, the exact degree of external rotation is variable
from patient to patient and can be affected by the surgical methods of joint reduction
during surgery. The results indicate that the inclusion of the teres major locks the GH
joint into an externally rotated orientation limiting active rotation. It is unclear if the lack
of motion postoperatively is driven by the joint reduction, if the tendon transfer
exacerbates the reduced motion, or if there is any active GH joint motion preoperatively

at all.
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Our conclusion calls into question the recommendation of single tendon transfers
when patients demonstrate weak internal rotation. The benefit of separating the latissimus
dorsi from the teres major does not appear to produce additional benefit as originally
believed. In fact, our findings showed the single tendon transfer externally rotated their
arm more than double tendon transfers. Unfortunately, this study was limited to isolated
teres major and conjoined latissimus dorsi and teres major tendon transfers. Further
research on the differing combinations of joint reductions and tendon transfers would

better elucidate the roles both tendons play in augmenting GH and ST joint kinematics.



CHAPTER 1

INTRODUCTION

Brachial plexus birth injuries (BPBI) are injuries to the nerve roots of the brachial
plexus that typically occur during delivery™2. As a result of the injury, there is persistent
weakness about the shoulder especially in external rotation and abduction*®22-%5, In
conjunction, muscle growth of the internal rotators is impeded, leading to internal
rotation contractures?®-?¢, Internal rotation contractures are more prominent in C5-6
injuries than in C5-7 or global injuries®>?22%30, The resultant internal rotation
contractures are associated with deformity of the GH fossa, deformity of the humeral
head, and posterior subluxation of the humeral head>-°82331-33 Deformity and
subluxation of the GH joint are related to a loss of shoulder motion, especially in external
rotation®®1418, Early intervention in the face of progressing GH dysplasia has become a
priority in most practices caring for BPBI patients with some patients receiving surgical
intervention before their first birthday.

Several procedures can improve GH dysplasia and external rotation, but a lack of
abduction often requires tendon transfers of the latissimus dorsi and/or teres major. The
latissimus dorsi and teres major are muscles that internally rotate the shoulder from the
medial and anterior humerus. Utilizing these muscles to facilitate abduction and external

rotation requires the muscles to be excised and then sutured to the posterosuperior aspect



of the humeral head?!. Typically, patients who demonstrate less than 130 degrees of
abduction and less than 30 degrees of external rotation receive tendon transfers with joint
reduction, while patients who have 30 degrees of external rotation, but less than 135
degrees of abduction receive tendon transfers alone3. It is at the discretion of the surgeon
to transfer either one (teres major only) or two tendons (both teres major and latissimus
dorsi) whenever a tendon transfer procedure is indicated.

There is an abundance of literature confirming the improvement of motion
following tendon transfer surgery®*-1>17.1835 Many studies assess improvement in
functional motion with the modified Mallet classification (Figure 1). The modified Mallet
classification is a six-position functional assessment tool designed to assess the level of
shoulder function. Waters et al (2008) showed tendon transfers with open joint reduction
improved mean aggregate Mallet scores from 10 points preoperative to 18 points
postoperative'®. Waters et al. (2008) also demonstrated that the Mallet score for external
rotation improved from two to four, while the internal rotation score (hand-to-spine)
improved from one to two. Kozin et al (2006) also showed abduction and external
rotation significantly improved by 0.6 and 0.7 respectively4. However, Kozin et al.
(2006) also saw a significant drop (2.82 £ 0.88 to 2.18 + 0.53) in Mallet score for the
hand-to-spine motion. These results agree that tendon transfers improve external rotation
but provide conflicting findings regarding internal rotation.

Several limitations exist with the Mallet classification. Primarily, each grade on
the classification contains a wide range of motion (up to 60 degrees) and until recently

there was no true measure of internal rotation. Three studies have since expressed



concern that the hand-to-spine position does not accurately represent midline function
anterior to the body®3¢3". Therefore, there has been a gap in knowledge in whether the
gain of external rotation and abduction after tendon transfer surgery relates to deficits in

internal rotation.
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Figure 1 Modified Mallet classification

Further, the purpose of the tendon transfer surgery is to improve GH motion.
However, the Mallet classification only examines HT motion. Utilizing a purely HT

measure does not account for the scapula’s ability to compensate for the GH joint on the



Mallet scale. Russo et al. (2014) suggested expressing caution when using the Mallet
classification to determine shoulder function by showing that ST and GH contributions of
varying degrees can obtain the same Mallet score. The study found that GH:ST
contribution ratios can range from -0.6:1 to 1.0:1 to achieve the same Mallet score®,
Russo et al. (2014) also showed that counteractive GH cross-body abduction was masked
by increased ST cross-body adduction angles in the hand-to-mouth Mallet position®®. It is
especially pertinent to express caution when assessing shoulder function through Mallet
scores postoperatively. This compensatory ability of the scapula in theory could allow for
the patient to achieve a greater range of motion, thus creating a perceived functional
improvement of the GH joint.

To better describe internal rotation, Abzug et al. (2010) added the hand-to-belly
position to the Mallet classification when describing humeral osteotomies. The authors
found that while the hand-to-spine position did not significantly change (2.8 to 2.4), there
was a significant decrease in hand-to-belly scores (3.7 to 2.9) representing a loss of
anterior midline function®. A recent study performed the same analysis on tendon
transfers to determine the loss of midline (LoM) post-surgery>*. It was revealed that
approximately 20% of children with BPBI will suffer from LoM following tendon
transfer surgery with the most affected group being the C5-7 and global injury
subgroups®4. However, there was still an 11% chance of losing midline in the C5-C6
group®. Greater frequency of internal rotation contractures in C5-C6 injuries may be
responsible for retaining midline function following surgery more often than in patients

with lower level injuries. In theory, greater involvement of the nerves that innervate the



internal rotators in lower level injuries leads to less severe internal rotation contractures
(i.e. worse midline function preoperatively).

Greenhill et al. (2017) compared the LoM of single versus double tendon transfers
in residual C5-C6 injuries. His group found that while double tendon transfers had greater
improvement in external rotation scores (+2.1) than single tendon transfers (+1.5), the
double tendon transfer group had a greater LoM percentage than the single tendon group
(35.7% and 14.3% respectively). This finding was noteworthy as it illustrated that both
the level of injury and the number of tendons transferred impacted loss of midline
function. While Greenhill et al. (2017 & 2018) increased the understanding of tendon
transfer surgery on HT motion, there remains a need for deeper understanding of the
mechanisms driving motion?. Specifically, it is not clear whether the tendon transfers are
impacting HT motion by acting primarily on the GH joint, the ST joint, or a combination
of both.

In recent years motion capture has been utilized to better understand the GH and
ST contributions to overall HT motion®"*84142 Previous work has shown the ST joint can
compensate for lacking or counteractive GH motion to achieve the same arm
positions®:3°, Russo et al. (2014) showed that the affected-arm ST joint displacements in
the BPBI population have the potential to be significantly greater than unaffected arms in
the external rotation and hand-to-mouth positions®. Further, this study also highlighted
that patients with C5-6 injuries had less than 20 degrees of GH motion in abduction. This
finding suggests that improvements in abduction following tendon transfer might be

attributed to other mechanisms, e.g. the scapula®.



While these findings are substantial, there has yet to be detailed assessment of the
GH and ST contributions to motion among BPBI patients who have undergone tendon
transfers. In addition, the only comparison between single and double tendon transfers
utilized the modified Mallet classification as the assessment method of choice?. This
study found that there was no significant difference in abduction, but the double tendon
transfer group had greater external rotation and a higher percentage of patients
demonstrating loss of internal rotation. This study aims to enhance the understanding of
mechanisms driving the differences in surgical outcomes, specifically as they relate to
abduction, external rotation and loss of midline function in BPBI recipients of single and

double tendon transfers.



CHAPTER 2
METHODS
Subjects
Twenty-six postsurgical children with C5-6 BPBI’s (age 6.0 £ 1.9 years)
participated in this study (Table 1). Participants were recruited prospectively in
accordance with the institutional review board for Shriners Hospital for Children —
Philadelphia or through retrospective waiver of consent. Thirteen patients with single
tendon transfers were matched with 13 double tendon transfer patients based on the
following criteria: (1) each pairing was within two points on the combined shoulder sub
scores of the AMS or modified Mallet classification, (2) each pairing received the same
joint reduction procedure during tendon transfer surgery, and (3) patients within each pair
were less than 2 years apart in age at the time of motion capture data collection. All

patients must have been at least three years old at the time of data collection.

Table 1 Patient Demographics and histories
Tendon Transfer
Total Single Double
Age 60£19 619 59+20
Sex 8M,18F 4M,9F 4M,9F
Age at surgery 18+12 20+£13 16zx11
Affected Arm
Right 13 7 6
Left 13 6 7
Shoulder joint reduction
Open 20 10 10
Closed 6 3 3




Motion Capture

Patients were seated, and retroreflective markers were placed on the sternal notch,
T2 spinous process, T8 spinal process, and the medial and lateral epicondyles of the
humerus. Markers for the scapula were placed on the acromion process, trigonum spinae,
and inferior angle. Patients were asked to hold their arm extended at their side in six
positions: a natural resting position, maximum external rotation, maximum internal
rotation, abduction, flexion, and elevation. The trigonum spinae marker and inferior angle
marker were re-palpated for each position. Marker positions were recorded for one
second in each position with a 12-camera motion capture system (Vicon, Oxford,
England, UK) collecting at 60Hz.

When the modified Mallet is administered, the patient’s arm is rarely restricted to
the plane of motion being assessed. Due to this fact, maximum HT elevation trials were
determined by the position (abduction, flexion, or elevation) with the greatest HT
elevation angle for each patient. All calculated angles from the patient’s peak HT
elevation trial were then directly compared between each group as if they were performed
with equal instruction from the therapist. The positions were then renamed “maximum

HT elevation” and used in analyses.

Data Processing
Coordinate systems for the thorax, humerus and scapula were constructed such
that the axes aligned with those recommended by the ISB*3. Custom written software

(LabVIEW 2018, National Instruments, Austin, Texas, USA) was utilized to create ST,



GH, and HT joint angles for each position. Scapulothoracic joint angles were calculated
using helical angles, while the GH and HT joint angles were calculated using the
modified globe method***’. A modified globe method was selected over ISB
recommended Euler sequences in order to have an order-independent rotation sequence
that will produce clinically observable joint angles for all the positions tested as described
by Russo et al. (2016).

Glenohumeral and HT angles are described by elevation angle, internal/external
rotation, and cross-body adduction. One deviation was made from the globe method as
previously described: internal and external rotation measurements for the GH and HT
joint were calculated with zero degrees of rotation representing the epicondylar axis of
the humerus aligning with the coronal plane of the scapula and trunk respectively.
Scapulothoracic cross-body adduction was also calculated as zero when the scapular
plane was parallel to the coronal plane of the trunk. The more anterior the scapula or
humerus, the more positive the cross-body adduction angle. The GH, ST and HT joint

displacements from neutral were also calculated for each position.

Statistical Analysis

The HT, GH, and ST joint displacements from neutral and all positions collected
were compared in separate 2-way multivariate analyses of variance (MANOVAS)
utilizing SPSS (IBM Corp, Armonk, NY). There was one between-group factor (single or
double) and one within-group factor (Joint = ST, GH, HT). The dependent variables for

the internal and external rotation position MANOVAS were the internal/external rotation



joint displacements from neutral, while the dependent variables for the abduction,
flexion, and elevation position MANOVA'’s consisted of the joint elevation
displacements (upward rotation for ST joint and elevation for GH and HT joints) from
neutral. Greenhouse-Geisser corrections were applied when sphericity assumptions were
violated for within-subjects’ analyses. Pending significant between-group interactions,
post-hoc discriminant function analyses (DFA) were performed with the dependent
variable as surgical group and the three joint displacements as the independent variables.

The same approach was used to compare the joint angles for each position.

10



CHAPTER 3

RESULTS

Joint Displacements

The MANOVA for external rotation displacements during external rotation did
not yield significant results (F223 = 0.809, p = 0.386) between joints (ST, GH, HT) or
between groups (F2,23 = 0.915, p = 0.348). Therefore, no DFA was implemented to find
specific group differences. Additionally, the MANOVA for internal rotation yielded
significant differences between joints (F223 = 0.263, p = 0.653), but failed to find a
significant difference between groups (p = 0.415). Since differences between joints were
not of interest, no post-hoc analysis was performed on these variables. Joint displacement

means for internal and external rotation displacements can be found in Table 2.

Table 2 Subject joint displacements from neutral. All values are in degrees.
External Rotation ST GH HT

Single 0.7 (£106) 26 (£102) 9.1 (x14.3)

Double 30 (x11.1) 69 (¥117) 155 (£17.9)

Internal Rotation
Single 06 (x7.7 108 (x10.6) 112 (x13.7)
Double 24 (x55) 154 (x10.6) 164 (x13.3)
Displacements are positive in external rotation for the external rotation
position, displacements are positive for internal rotation for the internal
rotation position, *Indicates significant differences

The MANOVA for elevation displacements during abduction produced

significant results (F223 = 812.654, p = 0.000) between joints (ST, GH, HT), but not

11



between surgical groups (Fz, 23 = 1.018, p = 0.323). Therefore, no DFA was implemented.
Additionally, the MANOVA for peak HT elevation also yielded significant results (F1,30
= 1185.755, p = 0.000) between joints, but failed to find a significant results between
groups (p = 0.256). Since differences between joints were not of interest, no post-hoc
analysis was performed on these variables. Joint displacement means for abduction and

peak HT elevation can be found in Table 3.

Table 3 Joint elevation displacements from neutral
Abduction ST GH HT
Single 654 (+11.7) 222 (x17.8) 875 (x17.1)
Double 704 (+155) 27.6 (x12.1) 100.8 (+12.4)
Peak HT Elevation
Single 69.8 (x11.7) 244 (£17.8) 943 (x17.1)
Double 725 (x155) 29.8 (£12.1) 105.7 (x12.4)

Positive displacements indicate ST upward rotation and GH/HT elevation, no
significant differences existed

Joint Angles

For the joint angles during external rotation, the MANOVA did not yield
significant results between joints (F1,28 = 0.411, p = 0.558) or between groups (Fz, 23 =
3.246, p = 0.084). Therefore, no DFA was implemented to find specific group
differences. However, the MANOVA for the joint angles during internal rotation yielded
significant results (F2,23 = 318.631, p = 0.000) between joints and between groups (Fz, 24
=8.302, p = 0.008). Following the MANOVA, a statistical significance (p > .05)

12



stepwise discriminant function analysis was employed to evaluate the relative
contribution of the dependent variables. The function was statistically significant (Wilks
A=.735,y2="1.229, df[1], p =.007) and accounted for 26.5% of the between group
variability. An examination of the standardized coefficients also showed that only the HT
external rotation angle made a significant, unique contribution to the function. A
classification analysis that used a “leave one out” cross validation approach to guard
against positively-biased classifications correctly identified 61.5% of all cases using the
HT external rotation angle. At the same time, 61.5% of cases were correctly identified for
both the single and double tendon transfer groups individually.

A secondary follow-up utilizing univariate ANOVAs was also performed. The
dependent variables for each ANOVA consisted of the internal rotation angles for each
joint and the independent variable was the tendon transfer type. The univariate results
showed single tendon transfers had significantly more external rotation at the GH and HT
joints (F124 =7.924, p = 0.010 and F1,24 = 8.644, p = 0.007, respectively). In contrast, the
ST external rotation angles were not significantly different between surgical groups (p =
0.195). Internal and external rotation joint angles can be found in Table 4.

Based on the results of the first two positions, the joint range of motion for both
positions was essentially identical between groups. However, the joint angles were
significantly different for internal rotation but not for external rotation. This created a
conflict as the range of motion and joint angles for internal rotation did not mirror each
other like the external rotation position. Therefore, univariate ANOVAs were also
performed for the neutral position as starting position could account for the
aforementioned discrepancy. The dependent variables for each ANOVA consisted of the

internal/external joint angles for each joint and the independent variable was tendon
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transfer type. The univariate results revealed single tendon transfers had significantly

more external rotation at the GH and HT joint with their arm at rest (F1,24 =5.177, p =

0.032 and F1,24 = 4.904, p = 0.037, respectively). Conversely, the ST joint

internal/external rotation angles had no significant differences between the surgical

groups (p = 0.119). Neutral joint angles can be found in Table 4.

Table 4 Subject Joint angles with the arm adducted

Neutral ST GH HT

Single 48.5 (£5.3) -33.1*  (x226) 153* (x£20.7)

Double 44.3 (x7.8) -13.1*  (£22.2) 34.6*  (x£23.6)
External Rotation

Single -47.0 (£ 12.6) 35.8 (x25.2) -6.4 (£ 19.6)

Double -40.2 (£13.3) 20.1 (x 25.6) -19.2 (£ 30.6)
Internal Rotation

Single 48.5 (x9.0) -22.3*  (x21.6) 26.6* (x19.5)

Double 45.2 (£7.4)  24*  (£231) 51.0* (£227)

External rotation angles are expressed positively in external rotation, internal rotation
angles are expressed positively in internal rotation and neutral, *Indicates significant

differences

For the joint angles during abduction, the MANOVA vyielded significant results

(F2,23=1359.236, p = 0.000) between joints and between groups (Fz,23 = 4.379, p =

0.047). Following the MANOVA, a stepwise discriminant function analysis was

employed to evaluate the contribution made by dependent variables in distinguishing

between groups. The discriminant function was statistically significant (Wilks A = .785,

x2 =5.694, df [1], p =.017) and accounted for 21.5% of the between group variability.

An examination of the standardized coefficients also showed that only the HT elevation

angle made a significant, unique contribution to the function. The function was evaluated

through a classification analysis. The adjusted, “leave one out” classification matrix

14



correctly identified 69.2% of all cases using the HT elevation angle. 69.2% of cases were
correctly identified for both single and double tendon transfers.

A secondary follow-up utilizing univariate ANOVAs was also assessed. The
dependent variables for each ANOVA consisted of the elevation angles of each joint and
the independent variable was tendon transfer type. The univariate results showed double
tendon transfers had significantly more GH and HT elevation than the single tendon
transfer group (F1,24 = 4.349, p = 0.048 and F1,24 = 6.580, p = 0.017, respectively). ST
upward rotation angles were not significantly different between surgical groups (p =
0.372). elevation angles for abduction can be found in Table 5.

The MANOVA for the joint angles during peak HT elevation yielded significant
results (F2,23=1896.592, p = 0.000) between joints, but not between groups (F2, 23 =
3.799, p = 0.063). Therefore, no DFA was implemented to find specific group
differences. Since HT elevation angles for abduction were able to discriminate between
surgical groups, but the MANOVA for peak HT elevation angles was just short of
significance, a follow-up analysis was done utilizing univariate ANOVAs for peak HT
elevation joint angles. The dependent variables for each ANOVA consisted of the
elevation angles for each joint (upward/downward rotation for the ST joint) and the
independent variable was the tendon transfer type. The univariate results showed double
tendon transfers had significantly more elevation for the HT joint (F124 =5.184, p =
0.032). Although the double tendon transfer group trended toward higher GH elevation
angles, the ST and GH elevation angles were not significantly different between surgical
groups (p = 0.639 and p = 0.072, respectively). Peak HT elevation angles can be found in
Table 5.
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Table 5 Joint elevation angles

Neutral ST GH HT

Single 5.9 (£9.00 455 (x14.2) 301 (x9.0)
Double -80 (£87) 535 (x17.00 353 (x9.8)
Abduction

Single 525 (+12.2) 67.7 (+¥154) 117.7 (£20.7)
Double 56.3 (£9.1) 811 (x17.3) 136.2 (+15.6)
Peak HT Elevation

Single 56.8 (£7.6) 712 (x15.6) 125.2* (+18.2)
Double 584 (£9.6) 833 (x17.1) 141.0* (x17.3)

Positive numbers indicate ST upward rotation and GH/HT elevation,
*Indicates significant differences

Due to the significant differences found in the external/internal rotation angles in
the neutral position, univariate ANOVAs were also performed for the neutral position
elevation angles. The dependent variables for each ANOVA consisted of the joint
elevation angles (upward/downward rotation for the ST joint) and the independent
variable was tendon transfer type. The univariate results revealed no significant
differences for the ST, GH, or HT joints (p = 0.55, p = 0.20, p = 0.17, respectively) and

both groups started in essentially the same degree of elevation.
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CHAPTER 4

DISCUSSION

Scapulothoracic and GH joint kinematics for positions with the arm adducted

The results of this study indicate that single tendon transfers are more externally
rotated than double tendon transfers throughout the entire arc of axial rotation. Yet, both
tendon transfer groups are almost identical in achievable range of motion from neutral,
regardless of the direction of rotation. In fact, both groups have very little capacity to
rotate their humerus at the GH joint (Table 2). The greatest amount of rotation was
achieved by the double tendon transfer group during internal rotation, and this consisted
of 16° of GH rotation. In theory, the tendon transfer procedure is designed to increase
active external rotation and abduction at the GH joint, creating better scores on functional
measurements. These results should be interpreted with caution as they have several
clinically meaningful indications.

The tendon transfer procedure appears to improve functional measurement scores
by essentially “locking” the GH joint in external rotation at the posterior rotator cuff
creating a scapulohumeral unit (SHU). This unit can allow for more free movement of the
scapula and take advantage of measures like the Mallet classification that favors
movements requiring GH and HT external rotation. A lack of presurgical 3D coordinate
data is typical in this population but undermines our ability to determine if the GH joint
has lost its presurgical range of motion, or if the 10-15° of displacement is possible
because of the procedure. However, one patient did have preoperative motion capture
data and can provide some insight. Subject 2 (single tendon transfer, surgical reduction)
was in 14° of GH internal rotation in neutral preoperatively (Table 6) compared to 27° of

external rotation postoperatively. Not only is this change approximately 40°, but the GH

17



joint’s orientation has crossed neutral (Figure 2). Contrary to the GH joint, the ST joint
has essentially zero change in internal rotation from surgery (46° to 48°). This would
mean the joint reduction in conjunction with tendon transfer does not affect the ST joints
axial rotation, but externally rotates the GH joint, improving the resting position of the
humerus. The HT joint remains internally rotated, but the amount of rotation decreased
from 62° to 23° or approximately 40°. Similar to the current postoperative cohort, Subject
2 also had very little active GH motion preoperatively as the joint displacement was 10°
in external rotation (compared to 2.6° for single and 6.9° for double tendon transfers) and

essentially 0 in internal rotation (10.8° for single and 15.4° double tendon transfers).

Table 6 Subject 2 preoperative joint angles and displacements
Joint angles Joint displacements
Position ST GH HT ST GH HT
Neutral 46.0 14.0 62.0
External Rotation -50.0 -4.0 -50.0 -2.0 10.0 12.0
Internal Rotation 49.0 13.0 62.0 3.0 1.0 0.0

All positions are represented in degrees of internal rotation

Based on this patient’s data, it would appear that in addition to reorienting the GH
joint, patients may see a mild increase in active internal rotation after surgical joint
reduction and tendon transfers. However, it must be emphasized that BPBI patient’s
upper extremity is severely internally rotated due to internal rotation contractures, as
shown by Subject 2’s 62° of HT internal rotation at rest. It is likely that this patient’s
trunk is impeding further active internal rotation on the Mallet test. Moreover, if this
patient could achieve greater active internal rotation, it would likely not be evident
because their posture allows them to touch their abdomen. This institution uses the hand-

to-belly position to represent internal rotation and approximately 60% of BPBI patients
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can achieve this. It must also be emphasized that this patient received a surgical joint

reduction which could be the sole driver of the increased external rotation.

Figure 2 Subject 2 neutral resting position preop (left) and postop (right)

The effect of “locking” the GH joint is apparent when looking at the joint angles
for all three positions together. In neutral, both groups begin internally rotated from the
orientation of the ST joint, a common visible trait seen as scapular winging in most BPBI
patients?3°, Consequently, both groups hold their upper extremity in internal rotation
when assuming a neutral posture. However, the GH joint is more externally rotated by
20° in the single tendon transfer group compared to the double tendon transfer group
(Table 3). Approximately 20° of greater GH and HT external rotation can be seen
throughout all three positions. In the external rotation position, there is essentially no
change in the joint angles from neutral and continued internal rotation posturing. Subject

16 had the greatest external rotation angle and is shown in Figure 3 to demonstrate the
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lack of rotation. While in internal rotation, the double tendon transfer group achieves a
small amount of GH internal rotation and the single tendon transfer group remains
externally rotated at the GH joint. These findings are significant and are reflected
clinically by single tendon transfers slightly lower internal rotation Mallet scores (single
= 2.8, double = 3.1). However, even though there was approximately a 15° difference, the
GH and HT external rotation joint angles did not reach significance, which is also

reflected clinically on Mallet external rotation scores (single = 3.5, double = 3.5).

Figure 3 Change in humeral positioning in neutral and external rotation Subject 16
(greatest amount of external rotation displacement from neutral)
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These results are in contrast to the recommendations provided by both Greenhill
(2017) and Abzug (2018). While both studies recommend a single teres major tendon
transfer when internal rotation is weak, our results indicate the recommendation may be
ill advised. The current cohort’s single tendon transfer group is more externally rotated,
but functional outcomes may be driven more by perioperative factors than tendon transfer
type. During surgery, the anteroinferior portion of the GH joint capsule is released. Then,
if adequate external rotation is not achieved, the subscapularis and/or pectoralis major
may be further released or elevated at its insertion. Finally, the patient’s arm is placed
into 90° of abduction and the humerus is externally rotated as the sutures are tightened to
the humeral head?!. Therefore, the degree of passive external rotation may be a
significant factor impacting the results. Several factors can contribute to passive external
rotation including type of joint release, subscapularis release, prior Botox injections,
Waters classification, or glenoid deformity type.

When subjects were stratified on joint reduction type and not tendon transfer, the
patients with surgical joint reductions (arthroscopic or open) saw a significant increase in
GH and HT external rotation orientations compared to the closed joint reduction group
(Table 7). In fact, the surgical joint reduction group (n = 20) was more externally rotated
in every position compared to the closed reduction group (n = 6). Conversely, there was
no significant difference in joint displacements based on joint reduction. The results are
analogous to the results stratified on tendon transfer type indicating the single tendon
transfer patients may have more adequate joint releases. Two subjects with single tendon
transfers required additional release of the subscapularis and/or pectoralis compared to
none of the double tendon transfers (Table 1). As mentioned before, Abzug et al. (2018)

suggests additional release or elevation of the subscapularis tendon may be needed for
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additional external rotation?'. The impact of this additional release is evident in Subject
11’s kinematics as they had the most external rotation at the GH joint of any subject in
either group. This subject was the only patient to have a release of the subscapularis and
pectoralis major. Removing the subjects with subscapularis releases and their matches
from statistical analysis affected significance on several positions, but the single tendon

transfer group still trended towards 15 or 20° of greater external rotation angles in all

positions.

Table 7 Joint rotation angles based on joint reduction type
Neutral ST GH HT
Closed 477  (x7.0) -8.7 (x28.4) 41.8* (+29.1)
Surgical 46.1 (7.0 -27.0 (£21.8) 19.9* (£ 20.3)
External Rotation
Closed -485 (£10.1) 123  (£30.5) -33.0* (£ 27.8)
Surgical -42.0 (£13.8) 326  (£23.6) -6.7*  (£22.8)
Internal Rotation
Closed 45,7  (£5.9) 3.7  (£26.4) 53.5* (£24.9)
Surgical 472  (+8.9) -14.1*% (£241)  344*  (£22.7)

Neutral and internal rotation are represented in degrees of internal rotation, external
rotation is represented in degrees of external rotation, * indicates significance

The results of this study call into question the need for transferring the latissimus
dorsi with the teres major, period. Pearl et al. (2006) showed isolated latissimus dorsi
transfers in combination with arthroscopic anterior release can improve external rotation
and GH joint remodeling, but the improved external rotation came with varied loss of
internal rotation in all patients®. However, this cohort also included release of the

subscapularis in conjunction with anterior capsular release. All patients tested with only
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anterior capsule and subscapularis releases were unable to press their hand to their
abdomen, and patients with both release and isolated latissimus dorsi transfers also
reported decreased internal rotation. Additionally, this cohort exhibited no substantial
increase in humeral elevation following pure release or release and isolated latissimus
dorsi transfer. Several other studies have suggested isolated latissimus dorsi transfer can
improve abduction and external rotation*®->, but these studies neglected to exclude
patients with concomitant teres major transfers, teres major tenotomies, lower trunk
injuries, subscapularis releases, and pectoralis lengthening’s from their results, making
the claim untenable. One group also had larger differences in group size and measured
both external rotation and abduction simultaneously*°.

Ruyer et al. (2018) found that arthroscopic anterior release without tendon
transfers and subscapularis sparing increased external rotation both passively and on
Mallet!®. However, active elevation was not substantially improved with an average
increase of 0.3 on Mallet abduction scores. The authors concluded that the procedure
increased external rotation while also retaining internal rotation up to two years post-
surgery. Unfortunately, the authors measured internal rotation using the hand to spine
position, which has been shown to be a poor measure of internal rotation®”°. Conversely,
Kozin et al. (2010) found that the inclusion of subscapularis release in conjunction with
an anterior capsular release did increase abduction on Mallet, but the authors suggested
the different outcome could be due to surgical technique, immobilization, and
rehabilitation differences®.

There is scant literature on the effects of closed reduction in conjunction with
tendon transfers and the findings of other previous studies involving joint releases are

hard to clarify in the context of this study considering the mixture of surgical procedures
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and levels of injury throughout. Two studies performed closed reduction and tendon
transfers, but also included a “Z-plasty” or release of the pectoralis major'”2. The
patients in both cohorts showed improved abduction and external rotation
postoperatively, but the additional involvement of the pectoralis major adversely
impacted the results. Additionally, patients’ motion was assessed utilizing a scale where
the arm is abducted and externally rotated simultaneously®2. Similarly, there is scarce
literature on the effects of closed reduction alone. Greenhill et al. (2018) followed 49
patients who underwent closed reduction and concomitant botulinum toxin type A
injections and found 84% would eventually go on to have additional procedures to
improve external rotation®,

Based on the literature detailed here and the current findings, few conclusions can
be drawn. It is apparent from the current cohort that active GH joint motion is not
clinically noticeable after tendon transfer surgery. The joint becomes immobile and most
active motion comes from the scapula, which could influence the improvement of
functional assessments. Further, the improvement on the modified Mallet classification
for external rotation is most likely due to joint releases. The patients receiving joint
releases were significantly more externally rotated than those that did not receive a
surgical release. The benefit of single tendon transfers could potentially be seen in the
adduction angles during external rotation. In theory, leaving the latissimus dorsi intact in
the single tendon transfer group would retain shoulder adduction potentially lost when the
muscle is transferred to the posterior cuff. While significance was not found, the single
tendon transfers trend toward higher GH and HT adduction angles than the double tendon

transfer group (Appendix C).
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It should be noted that both tendon transfer groups have three patients who are
unable to reach midline via Mallet at the time of data collection. Five of six having
surgical joint reductions and three eventually receiving de-rotational humeral
osteotomies. Recommending single teres major transfers for BPBI patients requiring
increased abduction and external rotation cannot be done without further examination of

the subject’s abduction scores.

The relationship of joint kinematics during elevation with positions of adduction

The results of the abduction and peak HT elevation positions in this study indicate
that double tendon transfer patients can elevate their humerus more than single tendon
transfer patients irrespective of plane of elevation. Although the MANOVA for peak HT
elevation angles only approached significance on the between group factor, the univariate
ANOVAs found a significant difference between groups for HT elevation angles during
peak HT elevation. A DFA following the significant MANOVA for abduction was able
to discriminate group membership for approximately 3/4"’s of the patients in the study.
Similar to findings for external rotation, both tendon transfer groups were almost
identical in achievable range of motion from neutral (Table 5). Additionally, although
these results showed a larger range of motion, there were consistencies with the findings
for changes in external rotation that demonstrated minimal GH motion from neutral.

The abduction and peak HT elevation positions were almost identical within each
group but, the greatest amount of active GH elevation was observed in the double tendon
transfer group during peak HT elevation, which amounted to 29° of elevation from
neutral. While 30° may be clinically noticeable for external rotation, each modified

Mallet score for abduction encompasses a 60° range, most likely making increases solely
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at the GH joint indistinguishable on clinical exam. However, Subject 2 can provide
similar insight for peak HT elevation as for the internal/external rotation positions.
Subject 2 (single tendon transfer) was able to reach 50° of GH elevation
preoperatively (Table 8) compared to 63° postoperatively. Only about a 10° change.
Similarly, the ST joint’s change in upward rotation from surgery was 52° to 63° and the
HT joint increased from 107° to 121°, or about 10°. This appears as though the tendon
transfer increased GH joint motion by a small degree, but the real changes lie in the
resting position and joint displacements. The resting position for Subject 2 was in 17° of
upward rotation at the ST joint, 11° of elevation for the GH joint, and 21° of elevation at
the HT joint compared to the postoperative positioning of 7°, 17°, and 19° (ST, GH, HT
joints respectively) of elevation for the postoperative resting position. Indicating the
resting position has not changed. However, the joint displacements have changed from
ST upward rotation of 45° to 64°, GH elevation of 40° to 46°, and HT elevation from 86°
to 103°. Based on the subject’s kinematics, it appears tendon transfers do not increase
active GH elevation as intended, but instead enable the scapula to rotate further upward,

allowing for a higher peak HT elevation. This is further realized in the full cohort of

subjects.
Table 8 Subject 2 joint elevation angles and displacements
Joint angles Joint displacements
Position ST GH HT ST GH HT
Neutral 17.0 11.0 21.0
Abduction 52.0 50.0 107.0 45.0 40.0 86.0

ST joint is represented by upward rotation, GH and HT joints are represented by elevation
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Approximately 70% of all active HT elevation appears to come from the ST joint
in both groups. Previous studies have shown that arthroscopic anterior releases with or
without latissimus dorsi tendon transfers increase “active” external rotation but have no
substantial impact on active elevation'®12%* While one study did find that anterior
capsular and subscapularis release significantly increased active abduction®?, the increase
was only approximately 15°. Although isolated latissimus dorsi transfers and anterior
releases limited internal rotation, it appears the primary source of limitation was the
subscapularis release. We concluded based on our findings of external and internal
rotation joint displacements that the teres major must help “lock” the GH joint in external
rotation as well. The findings in this chapter further support the theory that the teres
major is “locking up” the GH joint, but while the joint is locked in external rotation, this
also allows for the scapula and humerus to elevate as a unit. This is further evident from
the external rotation angle during peak HT elevation.

To test the scapulohumeral unit theory, univariate ANOVAs were run with the
three joints internal/external rotations angles during peak HT elevation as dependent
variables and tendon transfer type as independent variables. The univariate results
showed single tendon transfers had significantly more external rotation at the GH joint
(F1,24 =5.068, p = 0.034) than double tendon transfers. In contrast, the ST and HT
external rotation angles were not significantly different between surgical groups (p =
0.230 and p = 0.458, respectively). Internal and external rotation joint angles during peak
HT elevation can be found in Table 9. These results indicate that the humerus is “locked”
to the scapula in external rotation allowing for the humerus to elevate with the scapula as
a unit. However, while more externally rotated, the single tendon transfer group loses

some external rotation compared to the double tendon transfer group.
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Table 9 Internal and external rotation angles during peak HT elevation

ST GH HT
Single 431  (+8.1)  -412* (£212) 208 (+22.4)
Double 390 (+88)  -21.7% (£23.0) 275 (+228)

Joint angles are represented in internal rotation, * indicates significant differences

The change in orientation can be also seen again in Subject 2’s pre-to-
postoperative data. Subject 2 saw no change in ST external rotation during abduction (-
50° for both data collections) but demonstrated a 20° increase in GH external rotation
from pre to post-operative data collections (13° and 34° respectively). Surprisingly, the
HT joint saw essentially no change (-26° to -28°) in external rotation despite the large
difference in the GH joint (Table 10). The abduction position for Subject 2 was the peak
HT elevation angles used both pre and post-operatively. Although not a uniform position,
we believe more emphasis should be placed on the peak HT elevation joint angles than
abduction joint angles. Scores for abduction are prone to errors based on examiner
instruction. On Mallet, there is no restriction of the upper extremity to move in the plane
of abduction allowing for multiplanar motion. Kinematically, pure abduction may be
missed due inconsistent or poor examiner instruction on the plane of elevation. However,
comparing multiple positions regardless of plane allows for direct comparison of

maximum HT elevation regardless of examiner instruction.

Table 10  Subject 2 preoperative external rotation angles during abduction

ST GH HT
PreOp -50.0 13.0 -26.0
PostOp -50.0 34.0 -28.0

All angles are represented in external rotation
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Utilizing this position, it is apparent both tendon transfer procedures are
experiencing similar impacts on motion, but the double tendon transfer is increasing
humeral elevation significantly more than the single tendon transfers. As Pearl et al.
(2006) found, the latissimus dorsi in conjunction with anterior releases did not
significantly increase humeral elevation, but they did report an increase of approximately
10°. Considering these results, it appears the latissimus may actually play a supportive
role in elevating the humerus. However, this conclusion is purely speculative. It is
unknown if the increased external rotation of the humerus during HT elevation limited
the single tendon transfer group from fully elevating their HT joint, or if the latissimus
dorsi helped increase HT elevation by 10 or so degrees. The latissimus dorsi may also
play preventative role in the single tendon transfer group.

In theory, the single tendon transfer groups could potentially be restricted by the
latissimus dorsi when the tension on the muscle maximizes at a certain elevation.
Previous studies have shown that injuries to the brachial plexus nerve roots impede
muscle growth and could be the primary factor in internal rotation contractures?-22,
Although the extent of injury to the C6 nerve in each patient is unknown, the nerve root
partially innervates the latissimus dorsi and could impede growth. Limiting the growth of
the latissimus dorsi could then create a resistant force on the GH joint as the arm is raised
to increasing degrees of elevation. This effect would not be experienced in the double
tendon transfer group due to the relocation of the latissimus dorsi closer to the GH joint
than its original insertion.

While the results of the joint elevation angles support the GH joint “locking”
theory by the teres major, the significant differences between tendon transfer groups for

HT elevation angles during peak HT elevation presents a conflict with the results for
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external/internal rotation positions. The results from all positions support joint reduction
and tendon transfer procedures lock the GH joint into an external rotation orientation and
allow for the scapula to move more freely. The internal and external rotation positions
support eliminating the latissimus dorsi from the procedure, while the peak HT elevation
position needs further investigation to determine its role. The results may further be
muddied by the surgical joint releases. To investigate the effects of joint release on HT
elevation a MANOVA was utilized with joint elevation angles as the dependent variables
and joint reduction type as the independent variables. Although significance was not
found (p = 0.092), Table 11 shows the closed tendon transfer procedures demonstrate a
greater humeral elevation compared to the surgical joint reduction group. Therefore, it is
unclear whether the latissimus would impact HT elevation in the single tendon transfers

at all or if the singles received greater joint release during surgery.

Table 11  Closed versus surgical joint reduction peak HT elevation angles

Neutral ST GH HT

Closed -100 (x10.9) 60.2 (+£145) 385 (x7.8)
Surgical -6.1 (8.0 46.3 (x15.2) 310 (x9.5)
Abduction

Closed 522 (£ 4.6) 828 (£20.8) 1343 (x27.1)
Surgical 55.1 (x12.0)0 720 (x16.00 1247 (x18.1)
HT elevation

Closed 57.0 (£5.9) 88.8 (£19.5) 1458 (x25.3)
Surgical 57.8 (x£9.3) 73.8 (x15.3) 1293 (x15.7)

Joint elevation is represented as upward rotation for the ST joint and elevation for the
GH and HT joints, no significant differences were found

The conclusions of this study are limited by the inclusion of only isolated teres

major and conjoined latissimus dorsi and teres major tendon transfers. Including isolated
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teres major transfers with latissimus dorsi tenotomy to this cohort would improve
understanding of the role each tendon plays in augmenting shoulder kinematics. Further
research in joint kinematics on the different combination of joint releases and tendon
transfers is needed to parse the contributions of each technique to shoulder function.
Based on our findings, we believe single isolated teres major transfers for patients with

weak internal rotation may be ill advised without further examination.

CONCLUSION

Brachial plexus birth injuries occur in approximately one out of every 1000 live
births and can lead to lifelong paralysis of upper extremity functions. While several
surgeries are implanted to improve shoulder function there remains unanswered questions
on the specific impact’s surgery has on patients. Scapulothoracic and GH contributions
to shoulder function have been historically difficult to assess in the clinic, but the recent
application of motion capture technology has greatly increased the understanding of the
kinematics that drive shoulder function in the BPBI population®/-3%41:44.45,

This study utilized motion capture technology to investigate a current issue in the
surgical algorithm for implanting tendon transfer surgery. We established a stronger
understanding of how tendon transfers impact the shoulder complex and whether single
or double tendon transfers are equivalent procedures. We found that each surgery had its
intended effect of externally rotating the humerus at the GH joint, but with unexpected
traits. Our results show the GH joint is re-tensioned or locked from surgery into a more
externally rotated orientation. However, our results did not exactly align with the current
literatures belief tendon transfers increase active external rotation. We found that the
double tendon transfer did not create increased external rotation or prevent internal

rotation any more than single tendon transfers. In fact, our findings indicate the current
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recommendation to transfer a single tendon to retain internal rotation post-surgery may be
ill-advised.

The study also investigated the role each surgery had on elevation. The current
belief that both procedures are equivalent at increasing humeral elevation was not
observed. We were able to accurately determine which surgery was performed
approximately 75% of the time based solely on the level of HT elevation. However, we
believe that these results could be affected by perioperative factors including greater joint
release in the single tendon transfer patients. The intact latissimus dorsi my also
contribute to limiting elevation if there is substantial denervation. Based on the findings
in this study and the available literature, it appears the improvements seen in patient
shoulder function come from the type of joint reduction and the teres major transfer.
While the latissimus dorsi may provide tension like elements, we believe the latissimus
dorsi tendon has a small, possibly insignificant, impact on shoulder function whether
positive or negative.

The findings of this study addressed several questions designed to improve our
understanding of the impact single versus double tendon transfers have on ST and GH
joint function. Based on our results, we believe the recommendation of isolated teres
major transfer for patients with weak internal rotation may be ill advised. Additional

conclusions cannot be made without further investigation.
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Appendix A

PATIENT DEMOGRAPHICS AND SURGICAL HISTORIES

Table 12 Patient demographics and surgical histories
Tendon Transfer
Total Single Double
Age 6.0£1.9 6+1.9 59120
Sex 8M, 18 F 4M,9F 4M,9F
Age at surgery 1.8+1.2 20+1.3 1.6+1.1
Affected Arm Right 13 7 6
Left 13 6 7
Shoulder joint reduction
Open 20 10 10
Closed 6 3 3
Subscapularis release/elevation 7 5 2
Prior closed shoulder reduction 4 2 2
Prior Botox to internal rotators 10 7 3
Prior nerve surgery (grafting) 1 1 0
Unable to reach midline 6 3 3
Subsequent de-rotational humeral
osteotomy 2 0 2
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Appendix B

PRE AND POSTOPERATIVE MODIFIED MALLET SCORES

Table 13 Pre and postoperative modified Mallet scores

Preoperative scores Postoperative scores
Single (N=10) Double (N =11) Single (N=13) Double (N = 13)

Abduction 4.0 (x00) 36 (x0.5) 45 (x05) 43 (x0.5)
External

Rotation 25 (x07) 23 (0.7 35 (x07) 35 (x0.7)

Hand-to-Neck 2.1 (x0.3) 21 (x0.3) 29 (x09) 28 (x0.9)

Hand-to-Spine 2.0 (x0.0) 20 (x0.0) 20 (x00) 20 (x0.0)
Hand-to-

Mouth 24 (£07) 21 (£0.3) 32 (x0.8) 26 (0.9

Hand-to-Belly 38 (x0.7) 40 (x0.0) 28 (£04) 3.1 (x0.8)

Total 169 (x1.1) 160 (x1.3) 185 (x18) 182 (x1.7)
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Appendix C

CHANGE IN MALLET SCORES

Table 14  Change in Mallet scores

Abduction
External Rotation
Hand-to-Neck
Hand-to-Spine
Hand-to-Mouth
Hand-to-Belly

Single Double
0.5 0.7

1.0 1.2

0.8 0.7

0.0 0.0

0.8 0.5
-1.0  -0.9
1.6 2.2
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Appendix D

JOINT ADDUCTION ANGLES

Table 15  Joint Adduction angles
Neutral ST GH HT
Single 492 (x6.0) 247 (x139) 59.8 (x17.9
Double 452 (x80) 196 (£87) 508 (x13.0)
Abduction ST GH HT
Single 514 (x16.5) 14.0 (x13.5) 622 (+14.6)
Double 50.7 (x186) 53 (£10.7) 529 (+13.8)
External Rotation
Single 475 (+123) 55 (+17.9) 510 (+17.8)
Double 41.0 (£139) 85 (x185) 428 (+x26.7)
Internal Rotation
Single 496 (x9.8) 166 (x17.9) 56.3 (+16.8)
Double 473 (x8.1) 122 (£8.0) 475 (x16.2)
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