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ABSTRACT
Subpectoral implants for breast reconstruction after mastectomy requires the surgical disinsertion

of the sternocostal fiber region of the pectoralis major. This technique is associated with
significant shoulder strength and range of motion deficits, but it is unknown how it affects the
underlying integrity of the shoulder joint or pectoralis major. The aim of this study was to
characterize the long-term effects of this reconstruction approach on shoulder joint stiffness and
pectoralis major material properties. Robot-assisted measures of shoulder strength and stiffness
and ultrasound shear wave elastography images from the pectoralis major were acquired from 14
women an average of 549 days (range: 313-795 days) post reconstruction and 14 healthy, age-
matched controls. Subpectoral implant patients were significantly weaker in shoulder adduction
(p < 0.001) and exhibited lower shoulder stiffness when producing submaximal adduction
torques (p = 0.004). The underlying material properties of the clavicular fiber region of the
pectoralis major were altered in subpectoral implant patients, with significantly reduced shear
wave velocities in the clavicular fiber region of the pectoralis major when generating adduction
torques (p = 0.023). The clinical significance of these findings are that subpectoral implant
patients do not fully recover shoulder strength or stability in the long-term, despite significant
recovery time and substantial shoulder musculature left intact. The impact of these procedures
extends to the remaining, intact volume of the pectoralis major. Optimization of shoulder

function should be a key aspect of the post-reconstruction standard of care.
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INTRODUCTION



A growing number of women diagnosed with breast cancer will have the disease managed with
mastectomy, a surgical procedure that removes all breast tissue. Increasing mastectomy rates
have led to a growing number of post-mastectomy breast reconstruction surgeries, with
approximately 107,000 such procedures performed annually in the United States!. Post-
mastectomy breast reconstructions are a group of surgical procedures that restore the look and
feel of natural breast tissue by utilizing either autologous tissue or an artificial implant.
Traditional two-stage subpectoral implant-based breast reconstructions (subpectoral implant)
account for nearly 60% of all post-mastectomy breast reconstructions? ®. The first stage of this
approach requires the disinsertion of the sternocostal fibers of the pectoralis major (PM) from its
attachments on the costal cartilage and lower sternum to allow placement of a tissue expander
beneath the muscle. The volume of this expander is increased over several months, thereby
stretching the PM to accommodate an implant of the desired size. The second surgical stage is a
less extensive procedure whereby the temporary tissue expander is exchanged for a permanent
implant.

Disinserting the sternocostal fiber region of the PM can lead to significant long-term
functional deficits for patients undergoing post-mastectomy breast reconstruction. The intact PM
contributes to shoulder adduction, flexion, and internal rotation’°, and as such, its disinsertion
results in significant shoulder strength deficits'®. Adequate PM function is also required for the
maintenance of healthy shoulder stability'!*3. Traditionally, shoulder stability is measured
during a clinical assessment by comparing the resistance provided by affected and unaffected
shoulders when passively moved through a range of motion. Unfortunately, the subjectivity of
clinical assessments of shoulder stability raises concerns regarding their accuracy and

repeatability®#-1°.



Shoulder stiffness is a biomechanical measure of the resistance of the shoulder to
movement, which is key for the execution of activities of daily living'% 124, Biomechanical
measures of shoulder stiffness provide quantitative insights into the net contributions of all soft
tissues that stabilize the shoulder. A shoulder with reduced stiffness could be more prone to
instability due to less resistance to movement, while a shoulder with enhanced stiffness is
resistant to movement and could be prone to disorders like adhesive capsulitis. However, this
objective measure cannot differentiate between the contributions of individual soft tissues.
Ultrasound shear wave elastography (SWE) can non-invasively estimate the material properties
of individual soft tissues in vivo in both healthy and clinical populations®-32, When collected at
rest and during active contraction, shear wave velocity (SWV) provides information regarding
the contributions of individual musculature®. In combination with objective measures of
shoulder stiffness, shear wave elastography provides valuable insight into how subpectoral
implant breast reconstruction influences the material properties of the PM.

The primary objective of this study was to determine the effect of subpectoral implant
breast reconstruction on the functional integrity of the shoulder joint using objective and reliable
robot-assisted measures of shoulder joint strength and stiffness. The secondary objective of this
study was to examine how subpectoral implant breast reconstruction influences the material
properties of the sternocostal and clavicular fiber regions of the PM at rest and during active
contraction. Finally, we assessed the clinical significance of our shoulder strength and stiffness
and pectoralis major material properties findings. To achieve these objectives, we acquired
robot-assisted biomechanical measures of multidimensional shoulder strength and stiffness,
ultrasound SWE-based measures of PM shear wave velocities, and patient-reported outcomes

surveys from subpectoral implant breast reconstruction patients and healthy, age-matched



controls. We hypothesized that, when compared to healthy controls, subpectoral implant breast
reconstruction patients would exhibit significantly reduced strength in shoulder adduction,
flexion, and internal rotation, and significantly reduced shoulder stiffness while producing
vertical adduction torques. We further hypothesized that this reduced shoulder strength and
stiffness would be driven by underutilization of the PM, which would be evidenced by altered
PM material properties. Finally, we hypothesized that reduced shoulder strength and stiffness,
and underutilization of the PM would be associated with poorer self-reported upper extremity

function.

METHODS
Participants

This was a retrospective cohort study (level of evidence: 3) that investigated the long-
term effects of subpectoral implant breast reconstruction on shoulder stiffness and the material
properties of the pectoralis major. Twenty-eight women participated in one experimental session
each (Table 1). A retrospective chart review from a single surgeon’s practice at the University of
Michigan was performed to identify women who had previously undergone breast reconstruction
between 2014 and 2017. Patients were excluded if they had previously experienced any
neuromuscular or orthopaedic disorders affecting the upper limb. Fourteen eligible patients
elected to participate. All breast reconstruction patients underwent a two-stage subpectoral
implant procedure that required the disinsertion of the sternocostal fiber region of the PM.
Fourteen healthy, age-matched women were also recruited from the University of Michigan and

Ann Arbor communities. Participants were provided with written consent to procedures



approved by the University of Michigan’s Institutional Review Board (HUMO00114801 and
HUMO00111519).
Experimental Setup

In a single visit, participants were secured to a Biodex chair (Biodex Medical Systems,
Shirley, New York) with movement restricted using chest and waist straps and cushioned plates
positioned along the lower back and sides of their torso. A padded, plastic cast extending from
the shoulder to the hand attached the participant’s examined shoulder to a computer-controlled
brushless servomotor (Baldor Electric Company, Fort Smith, AR) (Figure 1). The affected arm
was examined in the subpectoral implant group, which was the dominant limb in 10 of 14
patients. The affected limb was defined as the limb treated for primary breast cancer, or in the
case of bilateral breast cancer, the dominant limb was examined. Only the dominant limb was
examined in the 14 healthy controls. Within the cast the elbow was fixed at 90°, the wrist was
held neutral, and movement of the scapula was unrestricted. The motor’s axis of rotation was
aligned with the center of rotation of the glenohumeral joint. Shoulder joint torques were
measured using a 6DOF load cell (JR3, Inc., Woodland, CA) attached between the motor crank
arm and the cast. Our measurement coordinate system utilized established biomechanical
standards®*.
Experimental Protocol

Participants performed maximal voluntary contractions (MVC) in the positive and
negative directions of plane of elevation (6), rotation (¢), and elevation (¥). Values obtained
from these contractions were used to normalize the remaining trials to each participant’s
strength. Participants were then examined in elevation and plane of elevation in a random order.

Shoulder posture remained constant (shoulder elevated 90°, flexed 0°) across all trials.



Shoulder joint stiffness was measured in each plane by measuring the resultant shoulder
torque. In each measurement plane, the motor applied a series of stochastic perturbations
presented as a pseudo-random binary sequence with a 0.06 radian amplitude and 150 millisecond
switching interval. These perturbation characteristics were chosen to limit the nonlinearity of
muscles, while being able to differentiate between joint dynamics and noise due to muscular
activity. Perturbation trials lasted for 60 seconds, during which participants were asked to remain
relaxed (0% MVC) or to maintain a constant torque scaled to £10% MVC in the given
measurement plane. Visual feedback was provided in order to assist in the maintenance of the
prescribed torque. One trial where the participants remained relaxed was included at the
beginning of each configuration to acclimate the participants to the sensation of being perturbed.
We repeated each perturbation testing condition for six total trials per measurement plane
resulting in 14 perturbation trials.

Following shoulder stiffness trials, an Aixplorer ultrasound elastography machine
(Supersonic Imagine, Aix en Provence, France) connected to a SL15-4 linear transducer array
(Optimization: Standard, Persistance: Medium, Smoothing: 5, Frame Rate: 12 Hz) was used to
perform ultrasound SWE on the PM fiber regions while participants remained relaxed (0%
MVC) or maintained a constant torque scaled to 10% MVC in adduction or flexion.

When imaging the clavicular fiber region, the probe was initially placed approximately 1
cm inferior to the clavicle over the midpoint of the muscle. The midpoint of the clavicular fiber
region was as identified by the midpoint of a line extending from the sternoclavicular joint to the
point on the humerus deep to the anterior deltoid. The probe was then slowly shifted inferiorly
from the clavicle until it was located mid-belly. Probe location was established similarly for the

sternocostal fiber region. When imaging the sternocostal fiber region, the probe was initially



placed approximately 4 cm inferior to the sternoclavicular joint over the midpoint of the muscle.
The probe was then slowly shifted inferiorly from the sternoclavicular joint until it was located
mid-belly. The midpoint of the sternocostal fiber region was initially established as the midpoint
of a line extending from the xiphoid process to the point on the humerus deep to the anterior
deltoid. This midpoint was then adjusted for each participant by shifting the origin of the line
superiorly from the xiphoid process based on individual participant’s anatomy. The orientation
of the transducer was considered satisfactory when individual muscle fascicles could be
identified on the B-mode ultrasound image. Each B-mode image was superimposed with an
elastography color map (2.5 cm x 1 cm) positioned within the belly of the fiber region of interest
(Figure 2). The color map provides calculations of SWV for each pixel. The color map size was
constant between participants, but its depth relative to the surface of the skin was adjusted
depending on individual anatomy. All images were collected by the same experimenter. The
order of all of the trials was randomized. Two images were collected for each fiber region, torque
task, and motor configuration, resulting in 24 images per participant.

The breast reconstruction patients also completed the Shoulder Pain and Disability Index
(SPADI), which is a 13-item patient-reported outcomes survey that provides insight into the level
of shoulder pain and disability experienced by the participant during the execution of activities of

daily living in the previous seven days *.

Data Analysis
Shoulder stiffness was first estimated using a single-input, single-output nonparametric
system identification?® %3¢ Impedance was calculated by relating perturbations in direction i to

the resultant torque response in the same direction. Stiffness was quantified as the frequency



response function Hibetween 0 — 10 Hz. This was performed as participants produced torques in
one of two different directions: plane of elevation (1) and elevation (2). Nonparametric fits were
assessed using variance accounted for (VAF), while partial coherence estimates revealed the
frequency ranges where nonparametric fits approximated data well.

TQa(f) =He(f)O(f) 1)

TQuf) = Hy (f)(f) )

Frequency response functions were parameterized using a 2" order linear model
consisting of inertial (), viscous (B), and stiffness (K) components (3). These parameters were
estimated by substituting 5 = iZwf and fitting a frequency response function with Nelder-Mead
non-linear optimization. Only the stiffness component in the specific direction of perturbation
(elevation: Ky, plane of elevation: Ky) is reported, as this is the most clinically relevant parameter
for assessing shoulder joint stability.

H(s) = Is* + Bs + K,(5) (3)

Shear wave elastography images were analyzed using a custom MATLAB algorithm
(Mathworks Inc, Natick, MA, USA) to systematically quantify fiber regions SWVs®® 3L, This
approach began by extracting the SWVs and quality maps for each image. Next, a region of
interest within the shear wave color map that corresponded to the muscle alone was manually
selected. This ensured that the aponeurosis or other tissues did not bias the data. Depending on
individual anatomy, the size of this region of interest differed slightly image to image. The
quality map determined the accuracy of our SWV measures pixel by pixel within the region of
interest. The quality map reflects the manufacturer’s calculation regarding the cross-correlation
of shear waves propagating within the tissue. Finally, the algorithm computed the mean SWV for

each image from the pixels that possessed a quality map above the 0.7 threshold. The mean



SWVs obtained from the two images collected for each fiber region, torque task, and motor
configuration are reported.

An external trigger was utilized to obtain an elastography image and collect a two second
buffer of torque data (one second prior to and one second after the trigger). Torque data were
analyzed in MATLAB, where they were low-pass filtered at 500 Hz with a 6th-order analog
Bessel filter and averaged across each 2-s trial. The torque data were then normalized as a

percentage of the maximum torque produced for each specific experimental motor configuration.

Statistical Analysis

All statistical procedures were performed in SPSS (v24, IBM Corporation, Chicago, IL,
USA). Differences in demographic measures (age, height, mass, BMI) between our experimental
groups were investigated using t-tests. We tested our first hypothesis that subpectoral implant
patients would exhibit significantly reduced shoulder strength. Using independent t-tests we
evaluated the maximum isometric voluntary strength between patients and controls in six
separate directions. Significance was set at an adjusted p-value of 0.0083 for these six
comparisons using Bonferroni correction. We tested our hypothesis that subpectoral implant
patients would exhibit significantly reduced shoulder stiffness using a separate two-way
ANOVA for stiffnesses in each measurement plane (elevation, plane of elevation). Our outcome
measure was stiffness, while torque task (at rest, + elevation, and + plane of elevation) and
experimental group (subpectoral implant and healthy control) were fixed factors. We tested our
hypothesis that subpectoral implant patients would exhibit altered pectoralis major material
properties using a three-way ANOVA, where SWV was the outcome measure and fiber region

(clavicular, sternocostal), torque task (rest, flexion, adduction), and experimental group were



fixed factors. Bonferroni corrections for multiple comparisons were used for post hoc analyses.
We tested our hypothesis that reduced shoulder strength and stiffness, and underutilization of the
pectoralis major would be associated with poorer patient-reported outcomes using a forced-entry
regression analysis where SPADI score was the dependent variable and measures of shoulder
strength and stiffness, and PM material properties were independent variables. ANOVAs and
regression analyses utilized a significance level of p<0.05. Observed power is reported for all

significant findings.

RESULTS
Demographics

No significant differences in age (t26 = -1.136, p = 0.27), height (t26 = -0.265, p = 0.79),
weight (t26 = 1.325, p = 0.20), or BMI (t26 = 1.805, p = 0.09) existed between the experimental
groups. The subpectoral implant reconstruction patients were evaluated an average (SD) of 549
(39) days post-operatively.
Multidimensional Shoulder Strength and Stiffness

The subpectoral implant group was significantly weaker in adduction than controls (t2s =
-3.765, p = 0.001, power = 0.943) (Figure 2). The subpectoral implant patients were also weaker
in internal rotation (t2s = -2.105, p = 0.045), but this did not reach statistical significance after
controlling for multiple strength comparisons. There were no significant differences between
groups when producing maximal abduction (t2s = -0.930, p = 0.361), flexion (t2s = -0.898, p =
0.377), extension (tos = -0.108, p = 0.915), or external rotation (t2s = -1.428, p = 0.165) torques.

Shoulder Stiffness



System identification of shoulder joint stiffness allowed us to uncover inherent
differences in the mechanical integrity of the shoulder between subpectoral implant patients and
healthy controls. Figure 3 shows frequency response functions and 2" order linear model fits for
representative subpectoral implant and control participants. Stiffness is represented by the model
fit as it approaches 0 Hz. The representative participant from each experimental group exhibited
similar shoulder stiffness while at rest (Figure 3A) as evidenced by similar model fits between 0-
10 Hz. As the participants produced volitional shoulder adduction torque (Figure 3B), the
healthy participants exhibited noticeably greater shoulder stiffness when compared to the
subpectoral implant patients. Overall, these system identification methods were robust, as the
model fits were able to account for 87 £ 9% of all variance in experimental torque across all
subjects and stiffness trials.

There was a main effect of experimental group on shoulder stiffness when participants
were perturbed in elevation, with the subpectoral group exhibiting significantly reduced shoulder
stiffness (F1,1 = 9.005, p = 0.004, power = 0.842). There was also a main effect of task on
shoulder stiffness in elevation (F1,, = 47.769, p < 0.001, power = 1). Specifically, stiffnesses
during adduction and abduction were similar to one another (p = 0.798), but both were
significantly greater than stiffness at rest (adduction: p < 0.001, flexion: p < 0.001). Multiple
comparisons showed that the subpectoral implant group exhibited 45.1% lower shoulder stiffness
when compared to healthy controls while generating vertical adduction torques (p = 0.001)
(Figure 4). Multiple comparisons also revealed a difference between the groups when producing
abduction torques, but did not reach statistical significance (p = 0.09).

When participants were perturbed in the plane of elevation, there was a main effect of

task (F1,2,=27.040, p < 0.001, power = 1), but not group (F1,1 = 1.257, p = 0.266). Similar to



findings from elevation, shoulder stiffness during flexion and extension were similar to one
another (p = 1.000), but both were significantly greater than stiffness at rest (adduction: p <
0.001, flexion: p < 0.001).

Pectoralis Major Fiber Region Material Properties

There was a main effect of experimental group (F1,1 = 6.257, p = 0.013, power = 0.701)
on SWVs, with the healthy group exhibiting significantly greater SWVs than the subpectoral
implant group. There was also a main effect of task (F1,> = 58.063, p < 0.001, power = 1) on
SWVs, with SWVs greater during adduction than at rest, and greater during flexion than during
adduction. Additionally, there was a main effect of region (F1,1 = 40.290, p < 0.001, power = 1)
on SWVs, with the clavicular fiber region exhibiting significantly greater SWVs than the
sternocostal fiber region. Finally, there was a region x task interaction (F12=9.031, p < 0.001,
power = 0.972), with the fiber regions of the pectoralis major exhibiting unique material
properties depending on torque task (Figure 5).

Post hoc analyses revealed that in both experimental groups, SWVs were greater in the
clavicular region than in the sternocostal fiber region during flexion (subpectoral: p = 0.001,
healthy: p < 0.001) (Figure 6). In the healthy group, SWVs were also greater in the clavicular
fiber region during adduction (p = 0.046). There were no differences between the fiber regions at
rest in either group (subpectoral: p = 0.309, healthy: p = 0.232) and the subpectoral group did
not exhibit between fiber region differences during adduction (p = 0.210).

The experimental groups utilized the fiber regions of the pectoralis major differently
(Figure 6). When producing 10% MVC adduction torques, the subpectoral implant group
exhibited 15.0% lower SWVs in the clavicular region than the healthy group (p = 0.023). There

was also a trend toward significance in the sternocostal fiber during flexion (p = 0.056), with the



healthy group exhibiting 12.9% greater SWVs than the subpectoral implant group. No between
group differences existed in the clavicular (p = 0.505) or sternocostal (p = 0.398) fiber regions
when at rest. Similarly, no between group differences existed in the clavicular fiber region during
flexion (p = 0.247), or in the sternocostal fiber region during adduction (p = 0.124).
Patient-Reported Outcomes

In the subpectoral implant group, several measures of shoulder joint integrity and PM
material properties reached clinical significance. Decreasing shoulder abduction strength (r = -
0.679, p = 0.022) as well as decreasing shoulder stiffness as patients generated adduction (r = -
0.729, p = 0.013) and abduction torques (r = -0.729, p = 0.013) was associated with increasing
SPADI score, which indicates greater shoulder pain and disability. Furthermore, increasing SWV
in the clavicular (r = 0.673, p = 0.023) and sternocostal (r = 0.642, p = 0.031) fiber regions of
the PM when patients were at rest were associated with increasing SPADI scores. No other

metrics of shoulder joint integrity or PM material properties reached statistical significance.

DISCUSSION

This study evaluated the joint and tissue-level implications of two-stage subpectoral
implant breast reconstruction, which is the most commonly used post-mastectomy breast
reconstruction procedure. Our results provide the first objective evidence that this reconstruction
approach compromises the functional integrity of the shoulder joint by reducing shoulder
strength and stiffness when compared to healthy age-matched controls. Our results indicate that
this reconstruction approach alters function of the remaining, intact clavicular fiber region of the

PM. Our results also show that patient-reported measures of shoulder strength and disability can



be captured using objective and repeatable measures of shoulder strength and stiffness, and PM
material properties.

Isometric measures of shoulder strength provide insights into the level of impairment
experienced by subpectoral implant breast reconstruction patients. To date, only a single
investigation has attempted to do so in this patient population!®. Their results suggest that the
disinsertion of the sternocostal fiber region of the PM during subpectoral implant breast
reconstruction causes significant reductions in shoulder flexion, adduction, and internal rotation
strength. However, the applications of their findings are limited, as their patient population was
less than one year post-reconstruction, and their control participants were significantly younger
than their patient population. Our use of age-matched controls and patients further removed from
reconstruction provide more robust insights into the long-term implications of these surgeries.
Clinical practice assumes that, given enough time to recover, the musculoskeletal system
adequately compensates for the removal of shoulder musculature®”. The subpectoral implant
patients included in the current study were, on average, 20 months post-surgery. Despite this
recovery period, 13 out of 14 subpectoral implant participants exhibited maximal shoulder
adduction torques below the healthy control group mean, while 10 out of 14 exhibited maximal
shoulder internal rotation torques below the mean for the healthy group. Our results suggest that
compensatory mechanisms may not fully restore shoulder strength in this patient population.

The current study was the first to use novel, repeatable measures of shoulder stiffness to
confirm that subpectoral implant breast reconstruction compromises the functional integrity of
the shoulder joint. These measures of stiffness quantify a patient’s ability to maintain shoulder
joint stability, which provides insights into shoulder function during dynamic tasks such as

activities of daily living?*. In a single posture with the arm elevated 90 degrees, we found that



both subpectoral implant patients and healthy controls exhibited similar shoulder stiffness at rest
in both elevation and plane of elevation. These results are to be expected, as muscle constitutes a
small contribution to overall joint stiffness at rest*®. When producing volitional joint torques,
shoulder stiffness is maintained almost entirely by the coordinated activations of shoulder
musculature®®4%, We found that subpectoral implant patients were unable to maintain shoulder
joint stiffness when producing submaximal vertical adduction torques. These results confirm
those from an investigation utilizing subjective patient-reported data that found approximately
50% of pectoralis major flap patients will experience altered shoulder stiffness*!. Reductions in
shoulder stiffness during vertical adduction could affect a variety of activities of daily living,
include reaching for objects on a table. Interestingly, shoulder stiffness while producing
submaximal flexion torques was not affected by the surgical disinsertion of the sternocostal
region of the PM. It has been hypothesized that the clavicular, not the sternocostal fiber region, is
responsible for maintaining shoulder joint stiffness in the plane of elevation®. Our results
suggest that the intact clavicular fiber region of the PM sufficiently maintains shoulder stiffness
in the plane of elevation in the absence of a portion of the sternocostal fiber region.

Our use of shear wave elastography allowed us to further investigate the tissue-level
implications of subpectoral implant breast reconstruction on the material properties of the PM.
We obtained SWE measurements from both fiber regions of the PM during submaximal torque
generation and rest. The healthy control group exhibited similar SWVs between the fiber regions
at rest, and greater SWVs in the clavicular fiber region during both adduction and flexion. The
subpectoral implant group differed, as it exhibited greater SWVs in the clavicular fiber region at
rest and during the generation of adduction torques, and similar between-region SWVs during

the generation of flexion torques. Furthermore, we observed that when producing adduction



torques, subpectoral implant patients exhibit significantly lower SWVs in the clavicular fiber
region than the healthy controls. Together, these results suggest that the clavicular fibers region
of the pectoralis major in subpectoral implant patients contributes more to joint stiffness at rest
and during the generation of flexion torques, while it reduces its contributions to adduction
torques. However, both fiber regions of the pectoralis major are being underutilized in
subpectoral implant patients when compared to healthy controls. These findings contrast
previous data that showed increased activity in the clavicular fiber region post-reconstruction
when compared to pre-reconstruction levels during maximal voluntary contractions *2. Future
work should further investigate the long-term neuromuscular adaption of shoulder musculature
to subpectoral implant breast reconstruction.

The Shoulder Pain and Disability Index clarified if the significant functional deficits
identified here had an impact on a patient’s activities of daily living. We found that decreasing
shoulder strength and stiffness was associated with increased shoulder pain and disability. These
results suggest that interventions that increase shoulder strength and stability may be beneficial
for reducing post-operative patient complications. We also found that increased pectoralis major
SWVs were associated with increased shoulder pain and disability. Shear wave velocity holds a
strong relationship with shear modulus, and is often used as a proxy for soft tissue stiffness*3 44,
These findings suggest that reducing PM tissue stiffness may have a positive effect on breast
reconstruction patients shoulder pain and disability during the execution of activities of daily
living.

This study had certain limitations. Our study design did not allow us to account for the
longitudinal effects of the disinsertion of the PM. We were also unable to control for the volume

of muscle disinserted. We attempted to curtail this limitation by using a clinical population



recruited from a single surgeon’s clinic, which would insure that the procedure was performed
similarly across all patients. Our testing procedures included just a single shoulder posture. This
posture was chosen as it places the moment arm of both fiber regions of the PM at an optimal
magnitude’. Finally, a single volitional torque magnitude was used for all shoulder stiffness and
shear wave elastography trials. This level was chosen in an attempt to reduce the effects of
fatigue. Finally, it is unknown if patients with changes in muscle material properties observed
with ultrasound SWE had underlying fatty degeneration driving these changes, as the current
study did not have access to magnetic resonance imaging scans for each participant.

In conclusion, subpectoral implant patients experience long-term and potentially chronic
deficits in shoulder strength when compared to healthy controls. Robot-assisted measures of
shoulder joint stiffness indicated subpectoral implant patients do not fully recover shoulder
stability, despite prolonged recovery time and substantial shoulder musculature left intact. We
also observed chronic changes to the material properties of the remaining intact fiber regions of
the pectoralis major following subpectoral implant breast reconstruction. Finally, many of our
measures of shoulder strength and stiffness, and pectoralis major material properties were of
clinical significance. In recent years, a pre-pectoral option for implant-based breast
reconstruction has been introduced in order to avoid the disinsertion of the PM. The primary
reason for this reconstruction option however has not been to address functional problems, but to
address patient complaints of animation deformities of the breast that occur with PM contraction
over implants® 4. Our results suggest that when possible, consideration should be given to pre-
pectoral implant placement in order to avoid functional deficits arising from the disinsertion of

the pectoralis major. Additionally, these results place a greater emphasis on the need to develop



targeted interventions to pre- and post-operatively rehabilitate breast cancer patients that opt for

an implant-based subpectoral post-mastectomy breast reconstruction.
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Figure 1: Schematic of experimental setup. A single-axis rotary motor perturbed a participant’s
examined shoulder in one plane of motion while a six-degree-of-freedom load cell measured
resultant torques in all three dimensions. Visual feedback was provided via LCD screen. (A) The
rotary motor was positioned to move the arm in the vertical plane while participants were relaxed
or generating shoulder torques in % elevation. (B) The rotary motor was positioned to move the
arm in the horizontal plane while participants were relaxed or generating shoulder torques in +
plane of elevation.

Figure 2: Representative frequency response functions (Light Gray) relating the torque response
(Black) to a 1-D perturbation (Dark Gray). Figure 2A presents data from one participant from
each experimental group while those participants remained relaxed. Figure 2B presents data
when those same participants produced volitional shoulder torque scaled to +10% MVC
adduction. Participants were perturbed for 60 seconds total, but only 10 seconds of data are
shown. A 2"9 order approximation to the frequency response functions is represented as dashed

black lines. Stiffness is represented by the model fit between 0-10 Hz.

Figure 3: Participants performed maximal isometric shoulder torques in the positive and negative
directions in the elevation (adduction, abduction), plane of elevation (flexion, extension), and
rotation planes (internal rotation, external rotation). Bars represent mean + standard error
isometric shoulder strength (Nm) error for each experimental group. * denotes significant

difference at p < 0.05.

Figure 4: Participants were perturbed in elevation (A) and plane of elevation (B). During
perturbation trials, participants were asked to remain relaxed (Rest) or to maintain torques scaled

to -10% MVC (Adduction/Flexion) and +10% MVC (Abduction/Extension) in each plane of



motion. Bars represent mean + standard error shoulder stiffness (Nm/rad) for each experimental

group. * denotes significant difference at p < 0.05.

Figure 5: Approximate probe placement over the clavicular and sternocostal fiber regions of the
pectoralis major. Representative B-Mode ultrasound images with shear wave elastography color
map for each experimental group (subpectoral implant, healthy control) during each prescribed

torque task (at rest, 10% MVC adduction, 10% MVC flexion).

Figure 6: Between group differences in the material properties of the fiber regions of the
pectoralis major. During SWE trials, participants remained relaxed (Rest) or produced volitional
joint torques scaled to +10% MVC elevation and plane of elevation. Error bars represent mean +
standard error shear wave velocity (m/s) for each experimental group. * denotes significant
between group difference. 1 denotes significant within group difference for the subpectoral
implant group. § denotes significant within group difference for the healthy control group. All

significances are at the p < 0.05 level.

Table 1. Mean (standard error) participant demographics for each experimental group. Group

differences were explored using t-tests. * denotes a significant difference at p < 0.05.

Subpectoral Healthy Control p

Number of Participants 14 14




Age (yrs) 49 (2.6) 53 (1.3) 0.27

Height (m) 1.64 (.01) 1.64 (.02) 0.79

Weight (kg) 71 (3.4) 65 (3.0) 0.20

BMI (kg/m?) 26 (1.3) 24 (0.71) 0.09

Days Post-Operative 549 (39)
Dominant/Non-Dominant Limb 10/4
Radiation Therapy (Yes/No) 0/14
Chemotherapy (Yes/No) 5/9

Axillary Lymph Node Dissection (Yes/No) 0/14
Sentinel Lymph Node Dissection (Yes/No) 12/14

Table 1. Mean (standard error) participant demographics for each experimental group. Group

differences were explored using t-tests. * denotes a significant difference at p < 0.05.

Subpectoral Healthy Control p
Number of Participants 14 14
Age (yrs) 49 (2.6) 53 (1.3) 0.27




Height (m) 1.64 (.01) 1.64 (.02) 0.79

Weight (kg) 71 (3.4) 65 (3.0) 0.20

BMI (kg/m?) 26 (1.3) 24 (0.71) 0.09

Days Post-Operative 549 (39)
Dominant/Non-Dominant Limb 10/4
Radiation Therapy (Yes/No) 0/14
Chemotherapy (Yes/No) 5/9

Axillary Lymph Node Dissection (Yes/No) 0/14
Sentinel Lymph Node Dissection (Yes/No) 12/14




B)

6 DOF
Load Cell

l Abduction (-y)
) v,

Flexion (+0)

=y

»'. :
Adduction (+y) Extension (-8)
Single Axis
Rotary Motor
Figure180
* Subpectoral

Il Control

(@)
o

N
o

=
<
=
(@)]
[ o
S 40
(V)
| -
()]
o
-
@]
W
)

Add. Abd. Flex. Ext. IR ER

Figure 2



b(rad)o
w O w

N
o

L4

)
(=]

2

10°
102

—
=
- S

o ©(rad) o
© O w O w

W

l ]
N
QL o

10°

10°
107

99)
Impedance (Nm/rad) TQ_(Nm) Angular Disp.™ Impedance (Nm/rad) TQ,  (Nm) Angular Disp.™

Figure 3

10' |-

107}
10'f

Subpectoral Control
PO~ A A A it P NI AN PN Ay
1 1
(_) Time (sec) 0:9 Time (sec) 0
p g'o/‘ 2 j‘x‘,
- -/"/4/-”/ - ;_///’
b—.—_—.-\ ,//( e —— — — — "/
. \/, . v
1 s 1 s
10 10° 10" 10 10° 10’
Frequency (Hz) Frequency (Hz)
5 10 0 - 5 10
i Time (sec) ) Time (sec)
: |- -
,_/é’ /»-""J
- Pt SR S faPa, /
e T >y
'
L 2 L 2
107 10¢ 10" 107 10° 10
Frequency (Hz) Frequency (Hz)



Elevation Plane of Elevation

% Subpectoral
Bl Control

o

- W b O N ©
OO O O O O

Shoulder Stiffness (Nm/rad)

M il

Rest Add. Abd. Rest Flex. Ext.

Figure 4



Rest Adduction Flexion

Subpectoral

Control

73 10 13 15 163
Shear Wave Velocity (m/s)

Subpectoral

Control

==
N

Figure 5



Qo
o

&
=)

o
=)

Shear Wave Velocity (m/s)
S
o

O
=)

Figure 6

Clavicular Sternocostal
T Subpectoral
. f Il Control :
— _ Py

Rest Add. Flex.

Rest Add. Flex.




