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Abstract

Immediate two-stage subpectoral implant breast reconstruction after mastectomy requires the
surgical disinsertion of the sternocostal fiber region of the pectoralis major (PM). The disinsertion
of the PM would need increased contributions from intact shoulder musculature to generate
shoulder torques. This study aimed to identify neuromuscular compensation strategies adopted by
subpectoral implant breast reconstruction patients using novel muscle synergy analyses. Fourteen
patients treated bilaterally with subpectoral implant breast reconstruction (>2.5 years post-
reconstruction) were compared to ten healthy controls. Surface electromyography was obtained
from sixteen shoulder muscles as participants generated eight three-dimensional (3D) shoulder
torques in five two-dimensional arm postures bilaterally. Non-negative matrix factorization
revealed the muscle synergies utilized by each experimental group on the dominant and non-
dominant limbs, and the normalized similarity index assessed group differences in overall synergy
structure. Bilateral subpectoral implant patients exhibited similar shoulder strength to healthy
controls on the dominant and non-dominant arms. Our results suggest that 3D shoulder torque is
driven by three shoulder muscle synergies in both healthy participants and subpectoral implant
patients. Two out of three synergies were more similar than is expected by chance between the
groups on the non-dominant arm, whereas only one synergy is more similar than is expected

by chance on the dominant arm. While bilateral shoulder strength is maintained following
bilateral subpectoral implant breast reconstruction, a closer analysis of the muscle synergy
patterns underlying 3D shoulder torque generation reveals that subpectoral implant patients adopt
compensatory neuromuscular strategies only with the dominant arm.
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1. INTRODUCTION

Women with primary breast cancer are increasingly being managed with a mastectomy

to excise all breast tissue (Albornoz et al., 2015; Habermann et al., 2010). The rising
mastectomy rate is partly driven by more women diagnosed with unilateral disease opting
to undergo bilateral mastectomies for prophylactic reasons (Cemal et al., 2013; Jagsi et

al., 2017; Metcalfe et al., 2008; Yao et al., 2010) combined with improved availability of
post-mastectomy breast reconstruction options to restore the breast mound (Al-Ghazal et al.,
2000; Alderman et al., 2003; Chang et al., 2016; Habermann et al., 2014; McGuire et al.,
2009). Immediate two-stage subpectoral implant breast reconstruction accounts for 69% of
all post-mastectomy breast reconstructions (Surgeons, 2019). This approach occurs during
the same procedures as mastectomy and requires the surgical division of the sternocostal
fiber region of the pectoralis major (PM) from the inferior pole of the breast to the sternum
to place a tissue expander and eventual implant beneath the muscle.

The PM is critical for the generation of shoulder flexion, adduction, and internal rotation
torgues, and the maintenance of shoulder stiffness (Ackland et al., 2008; Halder et al.,

2001; Jansen et al., 2005; Kuechle et al., 1997; Leonardis et al., 2019; Stegink-Jansen et al.,
2011). Additionally, the PM is also a primary contributor to motion of the scapula. Altered
PM length may result in altered scapular motion (Borstad and Ludewig, 2005). Clinicians
assume the remaining, intact shoulder muscles increase their contributions to shoulder
function following the disinsertion of the PM (Spear and Hess, 2005). The remaining

intact regions of the PM reorganize their contributions to shoulder function after subpectoral
implant breast reconstruction (Hage et al., 2014; Leonardis et al., 2019). However, it remains
unknown whether the entire shoulder musculature compensates for the division of the PM
during breast reconstruction.

The shoulder complex is an indeterminate system, where identical shoulder torques can be
generated by altering the timing and magnitude of synergistic muscles. The central nervous
system simplifies the solution space for such a problem by using a single neural command
to activate low-dimensional groups of muscles, henceforth referred to as muscle synergies
(Bizzi et al., 2008; Flash and Hochner, 2005; Tresch et al., 2002). Muscle synergies are
commonly derived using the decomposition of experimental SEMG data into a set of
synergy vectors that describe the weighted contributions of a given number of muscles

to a set of experimental tasks. Overall muscle synergy structure remains robust across
healthy participants performing unilateral reaching tasks but is influenced by arm dominance
(Coscia et al., 2014; de Freitas et al., 2007; Duthilleul et al., 2015; Krishnamoorthy et al.,
2003; Roh et al., 2012). Synergy structure is also influenced by neurological pathology
(Cheung et al., 2012; Roh et al., 2013; Steele et al., 2015). Neuromuscular pathologies
reduce neuromuscular complexity, resulting in fewer synergies required to adequately
describe experimental SEMG data (Clark et al., 2010; Steele et al., 2015). As patients
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increasingly elect for bilateral mastectomy and breast reconstructions, it is unknown if arm
dominance and/or disinsertion of the PM influence neuromuscular adaptations to surgery.

Therefore, the purpose of this study was to identify the neuromuscular compensation
strategies adopted by patients previously treated with mastectomy and subpectoral implant
breast reconstruction. We hypothesized that subpectoral implant breast reconstruction
patients (when compared to healthy controls) would exhibit decreased pectoralis major and
increased latissimus dorsi and teres major surface EMG amplitudes, different structure of
shoulder muscle synergies, and reduced neuromuscular complexity (as evidenced by fewer
synergies and greater variance accounted for by the first synergy) on both the dominant and
non-dominant arms.

2. METHODS

2.1 Participants

Twenty-four women participated in a single experimental session. Fourteen women
previously received a mastectomy and subpectoral implant breast reconstruction from the
same surgeon (A.O.M) at the University of Michigan between 2014 and 2017. Inclusion
criteria required patients to have had mastectomy and breast reconstruction during the
same surgical visit, the reconstruction must have disinserted the sternocostal fiber region
of the PM from the inferior and medial pole of the breast onto the sternum, and patients
must have been a minimum of 18 months post-reconstruction. Ten healthy, age-matched
participants were recruited from the Ann Arbor and University of Michigan communities.
Participants with a history of upper extremity neuromuscular or orthopaedic conditions,
radiotherapy, current shoulder pain or pathology, or breast augmentation surgery were
excluded. Participants provided informed consent before the collection of any data. Study
procedures were approved by the University of Michigan’s Institutional Review Board
(HUMO00114801/HUMO00111519).

2.2 Experimental Procedures

Experimental procedures were completed in a single session. Both arms were examined
with the order randomized. Activation data were obtained from 16 shoulder muscles using
single differentiated, pre-amplified SEMG electrodes (DE — 2.1 sensors; gain 1000x, Bagnoli
system, Delsys, Natick, MA). A detailed description of our preparation and electrode
placement procedures are previously published (Leonardis et al., 2020).

Maximal voluntary contractions (MVC) were obtained at the onset of experimental
procedures in a single shoulder posture (15° plane of elevation and 75° elevation) on

both arms. This posture was chosen to represent a place in the center of the workspace

of the upper extremity and was used to avoid inducing fatigue from repeated maximal
contractions in multiple postures. Participants generated maximal isometric shoulder torques
in the positive and negative direction of each plane of measurement (plane of elevation (8);
elevation (®); rotation (¥)). Verbal motivation and adequate rest between maximal exertions
were provided.
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Participants were examined bilaterally in five postures: 15° plane of elevation combined with
75° elevation and every combination of two plane of elevation (0°, 45°) and elevation (45°,
105°) angles (Figure 1A, B). These postures were chosen to represent the center and outer
edges of the upper extremity workspace utilized in the current study. The order of postures
was randomized within each arm. In each posture, participants generated and maintained
three-dimensional (3D) shoulder torques for two seconds in every combination of plane of
elevation (£0), elevation (£®), and rotation (V) (Figure 1C). Each torque component was
scaled to 20% of the participant’s lowest recorded MVC to ensure satisfactory execution
and avoid fatigue. The order in which torques were presented within each posture was
randomized. Visual feedback was provided to assist participants with torque accuracy.
Adequate rest was provided between trials. In total, participants performed 80 individual
trials (8 torques x 5 postures x 2 arms).

2.3 Data Analyses

Surface electromyography data were analyzed in MATLAB 2017a (Mathworks Inc, Natick,
MA). Data were band-pass filtered between 20 and 450 Hz, rectified, detrended, low-pass
filtered at 6 Hz, averaged with a 200ms moving window, and normalized to the muscle’s
maximum obtained across all MVCs and experimental trials. Synergies were derived using
non-negative matrix factorization (NNMF) in MATLAB (nnmf, alternating least squares).
NNMF decomposes a matrix of experimental data (A) into synergy (W) and coefficient

(©) matrices by minimizing the root-mean-squared error between experimental (A) and
reconstructed data (W C). The dimensions of synergy matrices represent the number of
included muscles (16) and a user-defined number of synergies (NVy). Our analysis was
iterated with NV beginning at one and increasing by one until reconstructed data accounted
for greater than 95% of the variance in experimental data. To avoid local minima, we
repeated this analysis 10 times for each participant and arm, yielding 480 unique sets of
synergies (24 participants x 2 arms x 10 repetitions).

The comparison of synergies across arms and experimental groups required a previously
described organization algorithm (Leonardis et al., 2020). This algorithm utilizes the
normalized similarity index (SI), which is reported on a scale from 0-1, where 1 means

two synergies are identical. The minimum SI to determine if two synergies were more
similar than is expected by chance was set at 0.63, which corresponds to the critical value of
Pearson’s r at p=0.01 for 14 degrees of freedom (16 muscles — 2) (Chvatal and Ting, 2013).
Neuromuscular complexity was quantified using Ngsand tVAF;, where Ngsrepresents the
number of synergies required to account for more than 95% of the variance in experimental
data, and tVAF; represents the variance accounted for b the first, principal synergy. A larger
Ngsand smaller tVAF; are indicative of greater complexity (Schwartz et al., 2016; Steele et
al., 2015).

2.4 Statistical Analysis

We performed an a prion sample size calculation using muscle activity data from three
shoulder muscles previously reported in mastectomy patients (Shamley et al., 2007). This
power analysis revealed that a minimum sample size of 20 participants (10 per group)
was required to detect significant between-group differences in SEMG amplitudes using
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a linear mixed effects model with alpha = 0.05 and 80% power. We attempted to recruit
28 total participants (14 per group) to fully ensure power. While we entirely recruited the
reconstruction cohort, the healthy control group was limited to 10 participants due to the
onset of the COVID-19 pandemic.

All statistical tests were performed in SPSS (v24, IBM Corporation, Chicago, IL, USA).
Independent t-tests examined group differences in demographic variables. Shoulder strength
was assessed using separate linear mixed effects models for each strength measure (flexion,
extension, adduction, abauction, internal rotation, external rotation) where arm dominance
(dominant, non-dominant) and experimental group (subpectoral implant, control) were fixed
factors and random intercepts controlled for variability at the subject level. To assess group
differences in EMG amplitudes, we utilized a separate linear mixed effects model for

each shoulder muscle. In these models, arm dominance and experimental group were fixed
factors, SEMG amplitude was the outcome measure, and random intercepts controlled for
subject-specific. Bonferroni corrections were performed when applicable and all relevant
interactions were assessed.

To test our hypothesis that the structure of shoulder muscle synergies derived from
subpectoral implant breast reconstruction patients would differ from those derived from
healthy participants we computed the SI between each synergy derived from each
subpectoral implant participant and that synergy’s analog derived from the same side
(dominant, non-dominani) in every healthy control participant. Descriptive statistics were
then used to explore the influence of experimental group and arm dominance on muscle
synergy composition. We assessed group differences in neuromuscular complexity using a
Kruskal-Wallis test to examine the influence of group and arm dominance on the number of
synergies required to account for more than 95% of the variance in experimental data (NVgs).
Rank sum post hoc tests were used when applicable. A linear mixed effects model examined
the influence of arm dominance and experimental group on the total variance accounted for
by the first, principal synergy (£VAF;).

3. RESULTS

3.1 Patient Demographics and Strength

No group differences existed in age (£,=1.61, p=0.12), height (t,=—1.88, p=0.09), or BMI
(t,=—1.56, p=0.09). However, subpectoral implant participants were heavier than controls
(t,=—2.11, p=0.03). Subpectoral implant participants were an average (SEM) of 1,019
(83) days post-reconstruction. The minimum time post-reconstruction was 581 days while
the maximum was 1523. Additional participant information is provided in Table 1. There
was no significant effect of the group (all F; ;91.031, p=0.323) or arm dominance (all

F1 17=0.837, p=0.373) on any shoulder strength measure. Additionally, no group x arm
dominance interactions were observed for any strength measure (all ~; ;<2.86, p=0.110)
(Figure 2).
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3.2 Shoulder Muscle Activity

Surface EMG recorded activity from 16 upper extremity muscles while participants
generated eight 3D shoulder torques in five arm postures bilaterally. We found no main
effect of group on SEMG amplitude for any shoulder muscle (all F; 23 <3.70, p=0.067).
We observed a main effect of arm dominance on SEMG amplitude for the sternocostal
fiber region of the pectoralis major, middle deltoid, upper trapezius, lower trapezius,
latissimus dorsi, teres major, infraspinatus, biceps brachii long head, brachioradialis, and
triceps brachii lateral head (all F; 753726.81, p<0.009). SEMG amplitude was greater on the
non-dominant arm for the upper trapezius, teres major, and biceps brachii (all p<0.001),
while the remaining muscles exhibited greater activity on the dominant arm (all p<0.009).
A group x arm dominance interaction was observed only in the sternocostal fiber region
of the pectoralis major and the upper trapezius (both F; 7537289.1, p<0.001) (Figure 3).
Post-hoc comparisons found that the sternocostal fiber region exhibited greater SEMG
amplitude for the non-dominant arm in healthy controls when compared to subpectoral
implant participants (p=0.017). The upper trapezius exhibited greater activity in control
participants on the dominant arm (p=0.002), and greater activity in subpectoral implant
patients on the non-dominant arm (p=0.027).

3.3 Shoulder Muscle Synergies

Muscle synergies analyses described the coordinated activity of shoulder muscles extremely
well. Across participants, the derived synergies accounted for 96% (0.7) (mean (SEM))

of the variance in experimental data. The number of synergies varied from 1 to 3 and
depended on participant and arm. In general, the derived synergies fell into one of three
distinct groups. The first synergy group was characterized largely by the fiber regions of

the pectoralis major and the brachioradialis. The second group was characterized by the
middle deltoid, lower trapezius, and lateral head of the triceps brachii. The third was made
up of varying contributions from the middle and lower trapezius, long head of the biceps
brachii, and the brachioradialis. Synergies derived from representative participants from
each experimental group can be found in Figure 4. When averaged across all participants,
the overall structure of synergies remained extremely similar, with only slight variations in
the weighting of individual muscles (Figure 5). Thirty-eight percent of all derived synergies
fell into the first group (Synergy 1), 32% fell into the second (Synergy 2), and 30% fell into
the third (Synergy 3). All three Synergies were represented equally on the dominant (first/
second/third synergy: 34/31/35%) and non-dominant (37/33/30%) limbs of controls as well
as on the non-dominant arm (40/30/30%) of subpectoral implant patients. However, Synergy
3 accounted for only 21% of all derived synergies on the dominant arm of subpectoral
implant patients.

To assess the influence of experimental group and arm dominance on the overall structure
of our derived synergies, we computed the SI between the synergies derived from every
subpectoral implant participant and their analogs derived from the same side in every
healthy control participant. This resulted in a total of 429 similarity indices. Of these, 62%
fell above the 0.63 threshold that corresponds to the critical value of Pearson’s r at p=0.01.
When investigating the influence of arm dominance on the synergy structure, we found that
only Synergy 2 was more similar than is expected by chance between the groups (mean
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(SEM) SI: 0.71 (0.02)) on the dominant arm (Figure 6). A mean (SEM) Sl of 0.62 (0.2) and
0.62 (0.03) was computed for Synergies 1 and 3, respectively. On the non-dominant arm,
Synergies 1 and 2 were more similar than is expected by chance between groups. Synergy
3 derived from the non-dominant arm was not similar between the groups (mean (SEM) SlI:
0.57 (0.02)).

3.4 Neuromuscular Complexity

The number of muscle synergies needed to account for 95% of variance in experimental
data (Vgs), and the variance accounted for by the first, principal synergy (VAF;) are

two measures of neuromuscular complexity. We utilized these metrics to examine the
neuromuscular impairment associated with subpectoral implant breast reconstruction.

We found that Ngsdid not differ by group (12(1,39):1.69, p=0.192), arm dominance
(x%(1,395=0.581, p=0.446), or by group within each arm (both x?(; 159)<2.48, p=0.115).
Similarly, we found no effect of group (F; 7= 0.381, p=0.544) or arm dominance (Fz ;8=
0.108, p=0.746) on VAF;. No interaction between group and arm dominance on VAF; was
observed (F; 15= 0.180, p=0.677).

4. DISCUSSION

The current study provides the first examination of neuromuscular compensation

strategies adopted by breast cancer patients treated bilaterally with mastectomy and
subpectoral implant breast reconstruction. We hypothesized that subpectoral implant breast
reconstruction patients (when compared to healthy controls) would exhibit decreased
pectoralis major and increased latissimus dorsi and teres major surface EMG amplitudes.
This hypothesis was not accepted as both groups exhibited similar surface EMG amplitudes.
We also hypothesize that our experimental groups would exhibit different shoulder muscle
synergy structure, regardless of arm dominance. This hypothesis was partially accepted,

as synergies were far less similar between subpectoral implant patients and age-matched
controls only for the dominant arm. Finally, we hypothesized that subpectoral implant
patients would exhibit reduced neuromuscular complexity (as evidenced by fewer synergies
and greater variance accounted for by the first synergy) on both the dominant and non-
dominant arms. However, neuromuscular complexity was unaltered by subpectoral implant
breast reconstruction, regardless of arm. Together, these findings suggest that patients treated
bilaterally with mastectomy and subpectoral implant breast reconstruction maintain shoulder
function and neuromuscular complexity by altering neuromuscular control of the dominant
arm more so than the non-dominant arm.

The successful execution of activities of daily living requires adequate bilateral shoulder
strength. Subpectoral implant breast reconstruction requires the surgical disinsertion of
the sternocostal fiber region of the PM, which is expected to influence shoulder strength.
As such, previous investigations revealed significant reductions in shoulder strength for
subpectoral implant breast reconstruction patients more than 1-year post-reconstruction
(de Haan et al., 2007; Leonardis et al., 2019). However, these findings did not account

for arm dominance. We observed comparable shoulder strength for the dominant and non-
dominant arms of bilateral subpectoral implant patients that were, on average, 2.5 years
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post-reconstruction when compared to healthy control participants. None of the bilateral
subpectoral implant patients included in the current study underwent any post-surgical
rehabilitation. Therefore, findings from the current study suggest that mastectomy and
subpectoral implant breast reconstruction may not reduce shoulder strength, or given enough
time for recovery, that shoulder strength is maintained. Our findings may also differ with
prior literature due to differences in the posture used to obtain strength measurements and an
increased time to recover from surgery.

Clinicians often assume that the neuromusculoskeletal system compensates for lost function
due to muscle disinsertion by recruiting synergist muscles (Olivari, 1976; Quillen,

1979; Spear and Hess, 2005). The similarity in shoulder strength observed between

our experimental groups suggests that bilateral subpectoral implant patients must adopt
neuromuscular compensation strategies to maintain shoulder function. Surface EMG data
pooled across dominant and non-dominant arms suggest that healthy control participants
and bilateral subpectoral implant patients activate shoulder musculature similarly. On

the dominant arm, only upper trapezius activity differed between our groups, with the
subpectoral implant patients reducing its activity. On the non-dominant arm, bilateral
subpectoral implant patients exhibited reduced sternocostal fiber region activity and
increased upper trapezius activity. However, a comparison of surface EMG amplitudes
provides little information regarding the synchronous activity of numerous shoulder
musculature.

We employed muscle synergy analyses to explore the influence of bilateral subpectoral
implant breast reconstruction on the coordinated contributions of shoulder musculature.
The structure of these synergies differed between the dominant and non-dominant arms

of subpectoral implant patients when compared to age-matched controls. We found that
only Synergies 1 and 2 were more similar than is to be expected by chance between the
groups on the non-dominant arm. On the dominant arm, however, only Synergy 2 was
more similar than is expected by chance between the groups. Synergy 1 is characterized
by primary contributions from the fiber regions of the PM. A reduction in contributions
from the sternocostal fiber region of the PM, which is compromised during subpectoral
implant breast reconstruction, is likely driving differences in the structure of Synergy 1
between the groups on the dominant arm. It must also be noted that there are large variances
in Sl regardless of synergy or arm. We believe this is largely a function of the inherent
complexity of neuromuscular control, especially during the execution of complex shoulder
torques. Variance was particularly large in the SI generated for Synergy 1 on the dominant
arm. This may be due to the variation in the volume of pectoralis major disinserted during
subpectoral implant breast reconstruction. We took steps to control for this variation by
recruiting participants from a single surgeon’s practice, but individual participant anatomy
plays a larger role in the volume of pectoralis major disinserted than does the surgeon
performing the procedure. This is an interesting area of future research.

The current study is the first to provide empirical evidence that the neuromuscular system
is capable of compensating for the removal of the inferior attachments of the PM. This
was determined by assessing the changes in neuromuscular complexity at the shoulder.
Neuromuscular complexity is reduced following neurological events such as stroke and
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cerebral palsy (Cheung et al., 2012; Roh et al., 2013; Steele et al., 2015), where the resultant
muscle weakness reduces the degrees of freedom available. The current study is the first

to consider a clinical situation where an otherwise intact nervous system must maintain
control of an intact joint after irreparable damage to key shoulder musculature (e.g., the
disinsertion of the PM). It is reasonable to believe that compromising the function of a key
shoulder muscle would influence neuromuscular control of the shoulder joint by reducing
the degrees of freedom available to the nervous system. However, we found bilateral
subpectoral implant patients exhibited similar complexity to healthy controls, regardless of
arm dominance. Combined with our findings regarding synergy structure, this suggests that
bilateral subpectoral implant patients maintain neuromuscular complexity by altering overall
muscle synergy structure on their dominant arm and maintaining synergy structure on their
non-dominant. Together, these findings confirm the neuromuscular system compensates for
the disinsertion of the PM.

The current study possessed several limitations. First, muscle fatigue may influence surface
EMG data. We selected submaximal torques for the current study that are far below the
feasible torques for the shoulder and should not produce fatigue (Baillargeon et al., 2019).
Additionally, participants were provided as much time as needed between trials within each
posture, and several minutes of rest were given between postures. We also randomized the
order or postures and trials within each posture so as to reduce the effects of fatigue on

our results. Shoulder muscle SEMG amplitudes are also influenced by changes in posture
(Antony and Keir, 2010; Kronberg et al., 1990; Wickham et al., 2010). We only obtained
surface EMG data was only collected from 16 shoulder muscles, as some rotator cuff
muscles were omitted because they require intramuscular EMG to obtain accurate data (Xu
et al., 2014). The muscles included here represent primary movers of the shoulder and
scapula, although the accuracy of SEMG data obtained from the serratus has been disputed
(Hackett et al., 2014). The inclusion of additional shoulder musculature would improve the
identification of shoulder muscle synergies (Antony and Keir, 2010; Kronberg et al., 1990;
Steele et al., 2013; Wickham et al., 2010). The shoulder possesses the largest range of
motion of any joint in the human body. However, we only assessed five postures to reduce
fatigue. These postures represent the full workspace in which the majority of activities of
daily living occur. Shoulder muscle SEMG amplitudes are changed with posture (Antony
and Keir, 2010; Kronberg et al., 1990; Wickham et al., 2010). The arm postures did not
include changing the rotation angle or elbow flexion angle. Our findings are limited to the
examined postures and cannot extend to postures with differing humeral rotation, elbow
flexion, or scapular motion. Assessing a larger number of arm postures would provide
greater insight into the effects of mastectomy and subpectoral implant breast reconstruction
on neuromuscular control of the shoulder.

5. CONCLUSIONS

In conclusion, the current study revealed 3D shoulder torque generation is driven by three
shoulder muscle synergies in both healthy and subpectoral implant patients. However,

the structure of these synergies was only more similar than is expected by chance
between healthy and subpectoral implant patients for the non-dominant arm. Bilateral
subpectoral implant patients exhibited similar complexity to healthy controls, regardless
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of arm dominance. This suggests that bilateral subpectoral implant patients maintain
neuromuscular complexity by altering overall muscle synergy structure on their dominant
arm and maintaining their synergy structure on their non-dominant. These results provide
the first evidence of subpectoral implant patients adopting neuromuscular compensation
strategies at the shoulder.
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Figure 1.
Schematic of the experimental setup, arm postures, and 3D isometric shoulder torques. Each

participant’s dominant and non-dominant shoulders were assessed in five arm postures that
were a combination of plane (A) and elevation (B) positions. In each posture, participants
generated 3D shoulder torques in every combination of + plane of elevation (©), £ elevation
(@), and =+ rotation (¥) (C). Visual feedback was provided via an LCD monitor to assist
with torque accuracy. This feedback was presented as a blank, white screen overlaid by a
red square cursor that was controlled by the shoulder torques produced by participants. A
dashed box represented the prescribed magnitude and direction of each 3-D torque task.
Elevation torques translated the cursor in the up and down directions, plane of elevation
torques translated the cursor to the left and right, and axial rotation torques resulted in the
growth of a triangle off the top or bottom of the cursor.
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Figure 2.
Participants generated maximal shoulder torques in shoulder flexion, extension, adduction,

abduction, internal rotation, and external rotation on their dominant and non-dominant arms.
Within each group, arm dominance did not influence shoulder strength (A, B). Strength did
not differ between the groups on the dominant (C) or non-dominant (D) arms. Bars represent
mean = standard error.
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participants generated eight 3D isometric shoulder torques in five two-dimensional arm
postures bilaterally. On the dominant arm, only upper trapezius activity differed between the
groups (A). On the non-dominant arm, the sternocostal fiber region of the PM and upper
trapezius activity differed between the groups (B). Bars represent mean * standard error.
Significant differences are visualized by colored bars and * signifies a significant group

difference at p < 0.05.
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Figure 4.
Matrix of shoulder muscle synergies derived from representative participants in each of

the experimental groups on the dominant and non-dominant arms. Each row represents a
separate synergy, while the columns divide participants by the experimental group and arm.
The weighted contributions of each muscle to each synergy are represented on a scale from
0 to 1. SC: sternocostal fiber region of the pectoralis major, CL: clavicular fiber region of the
pectoralis major, AD: anterior deltoid, MD: medial deltoid, PD: posterior deltoid, UT: upper
trapezius, MT: middle trapezius, LT: lower trapezius, LD: latissimus dorsi, TM: teres major,
IF: infraspinatus, SA: serratus anterior, BI: biceps brachii long head, BR: brachioradialis,
TriLg: triceps brachii long head, TriLt: triceps brachii lateral head.
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Group = standard error shoulder muscle synergies in each of the experimental groups on

long head, TriLt: triceps brachii lateral head.
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the dominant and non-dominant arms. Each row represents a separate synergy, while the
columns divide participants by the experimental group and arm. The weighted contributions
of each muscle to each synergy are represented on a scale from 0 to 1. SC: sternocostal

fiber region of the pectoralis major, CL: clavicular fiber region of the pectoralis major, AD:
anterior deltoid, MD: medial deltoid, PD: posterior deltoid, UT: upper trapezius, MT: middle
trapezius, LT: lower trapezius, LD: latissimus dorsi, TM: teres major, IF: infraspinatus, SA:
serratus anterior, BI: biceps brachii long head, BR: brachioradialis, TriLg: triceps brachii
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Figure 6.
Boxplots of the median +/- interquartile range similarity index between our experimental

groups, separated by arm dominance. Horizontal dashed lines represent the SI > 0.63 cutoff,
which was used to determine if two synergies were more similar than is expected by chance.
Individual data are represented as transparent black dots, while outliers are represented as
transparent red dots.
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Mean (standard error of the mean) participant demographics for the included experimental groups: healthy
controls (Control) and two-stage subpectoral implant (Subpectoral).

Control Subpectoral t p
Number of Participants 10 14
Age (yrs) 55 (2) 49 (3) 161 | 0.12
Height (m) 1.62(0.02) | 1.66(0.01) | -1.88 | 0.09
Weight (kg) 62 (2) 73 (4) -2.11 | 0.03
BMI (kg/m?) 24 (0.6) 27 (1.5) -1.56 | 0.09
Days Post-Treatment - 1019 (83)
Radiation Therapy - 2
Chemotherapy -
Axillary Lymph Node Dissection (ALND) - 3
Sentinel Lymph Node Biopsy (SLNB) - 7
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