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Abstract

Chronic rotator cuff tears can cause severe functional deficits. Addressing the chronic fatty and fibrotic muscle changes is of
high clinical interest; however, the architectural and physiological consequences of chronic tear and repair are poorly character-
ized. We present a detailed architectural and physiological analysis of chronic tear and repair (both over 8 and 16 wk) compared
with age-matched control rabbit supraspinatus (SSP) muscles. Using female New Zealand White Rabbits (n = 30, n = 6/group)
under 2% isoflurane anesthesia, the SSP was surgically isolated and maximum isometric force was measured at four to six mus-
cle lengths. Architectural analysis was performed, and maximum isometric stress was computed. Whole muscle length-tension
curves were generated using architectural measurements to compare experimental physiology to theoretical predictions.
Architectural measures are consistent with persistent radial and longitudinal atrophy over time in tenotomy that fails to recover
after repair. Maximum isometric force was significantly decreased after 16 wk tenotomy and not significantly improved after
repair. Peak isometric force reported here are greater than prior reports of rabbit SSP force after tenotomy. Peak stress was not
significantly different between groups and consistent with prior literature of SSP stress. Muscle strain during contraction was sig-
nificantly decreased after 8 wk of tenotomy and repair, indicating effects of tear and repair on muscle function. The experimental
length-tension data were overlaid with predicted curves for each experimental group (generated from structural data), exposing
the altered structure-function relationship for tenotomy and repair over time. Data presented here contribute to understanding
the physiological implications of disease and repair in the rotator cuff.

NEW & NOTEWORTHY We utilize an established method to measure the length-tension relationship for the rabbit supraspinatus
in normal, torn, and repaired muscles. We then perform architectural analysis to evaluate structural changes after tear and repair.
Although peak isometric force is lower in the tear and repair groups, there are no differences in peak stresses across groups.
These findings indicate persistent structural changes (both radial and longitudinal atrophy) and physiological deficiencies
(decreased peak force and uncoupling structure-function relationship) after tenotomy that do not significantly recover after
repair.

architecture; muscle force; muscle physiology; muscle stress; rotator cuff

INTRODUCTION

Chronic rotator cuff (RC) tendon tears cause progressively
decreased muscle quality (atrophy, fatty infiltration, and
fibrosis) that persists despite clinically successful repair (1,
2). These changes to the muscles are not only painful and
functionally devastating to the patient but are also predic-
tive of negative surgical outcomes (3-7). Although the
focus of some contemporary research has been on halting
or reversing the fibrosis, fatty infiltration, and atrophy (8-
10), little attention has been paid to addressing the
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profound architectural changes to chronically torn RC
muscles (11, 12). Both decreased muscle quality and
changes in muscle architecture are likely to affect muscle
function, yet the physiological consequences of these
muscular changes after RC tear and repair are largely
unknown. One study measured supraspinatus (SSP) con-
tractile muscle force intraoperatively in human (13), one
group reported infraspinatus contractile force in sheep (3,
14), and two groups reported SSP contractile force in rabbit
(15, 16) after tenotomy. Of these studies, none has meas-
ured contractile force after repair.
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Although decreased muscle cross-sectional area (CSA) has a
clear link to decreased peak muscle force (13, 14, 16, 17), there
are a number of cellular and structural changes in torn RC
muscles that could impact muscle physiology (11, 18-20). For
example, a recent study in rabbit claimed that fatty infiltra-
tion was a better predictor of muscle weakness than atrophy
(16). However, a variety of structural changes may impact
function: shorter muscles and fiber lengths may indicate serial
sarcomere loss (11, 12) (which may impair muscle operating
range); increased pennation angles may be a compensatory
mechanism to retain some force production after tear (21-23);
and secondary muscle injury from repair may result in both
loss of E-C coupling and more fibrosis (18), further impairing
force production (11, 24). However, no in-depth evaluation of
the architectural changes that occur after tear and repair has
been performed in an animal model.

Therefore, the objective of this study is to measure the ar-
chitectural changes and physiological consequences of rota-
tor cuff tenotomy and repair. To reasonably recapitulate
several important clinical characteristics of RC tear (muscle
retraction, muscle atrophy, fatty infiltration, and inflamma-
tion), we used a rabbit model (9, 25-28). We hypothesize that
architectural features will demonstrate radial and longitudi-
nal atrophy, tenotomy and repair will cause more strain dur-
ing contraction, and muscle function will be impaired
(measured by peak isometric force and narrow length-ten-
sion curves). This should enable researchers assessing RC
tear pathology to benchmark functional outcomes and test
the functional consequences of novel therapies.

MATERIALS AND METHODS

Animals

All experimental procedures were approved by the Institutio-
nal Animal Care and Use Committee (IACUC) of the University
of California, San Diego. Thirty skeletally mature female New
Zealand White Rabbits (n = 6/group) were used for this study.
The animals used for intervention groups (both 8 and 16 wk te-
notomy, and 8 and 16 wk repair) were 6-mo old at the beginning
of the study. To account for animal growth over the course of the
study, control rabbits were age-matched to the final age of the
intervention group rabbits, roughly 1-yr old. Mean body weight
at euthanasia was 4.36 kg, 4.05 kg, 4.30 kg, 4.57 kg, and 4.24 kg
for the age-matched control, 8 wk tenotomy, 16 wk tenotomy, 8
wk repair, and 16 wk repair groups, respectively.

Cage locations were assigned upon arrival, each rabbit was
given a number ID, and then randomized to one of the study
groups. Researchers were aware of the allocation during the
surgeries and tissue harvest, but the specimens were identified
by ID number only. Animals were single-housed with food and
water ad libitum, environmental and food enrichment, and vis-
ual access to other animals. There were no adverse events in
this study and no animals met the criteria for humane end-
points. These criteria included: displaying clinical signs of dis-
ease, loss of appetite, weight below 15% of what is expected for
the animal, and/or signs of distress, such as self-mutilation.

Surgical Procedures

For all surgical procedures, rabbits were anesthetized with
a subcutaneous injection of a ketamine-xylazine cocktail (50
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and 5 mg/kg body mass, respectively) and maintained on 2%
isoflurane anesthesia. Heart rate and oxygen saturation were
monitored (VetOx, Heska Co., Fort Collins, CO) throughout
the test duration. The left supraspinatus (SSP) muscle served
as the experimental side in all animals, with the contralateral
shoulder as an unoperated internal control.

All intervention groups underwent the following tenot-
omy procedure (Fig. 1). An open anterior approach was per-
formed on the left shoulder, followed by sharp transection of
the left SSP tendon from its footprint on the greater tuberos-
ity of the humerus. The surrounding soft tissues were
bluntly dissected to allow unhindered retraction of the ten-
don stump and distal muscle. After securing a Penrose drain
to the tendon stump to prevent scar formation between the
tendon and surrounding soft tissue, the incision was closed
in layers.

Rabbits were then allowed individual cage activity with
routine postoperative care. Buprenorphine SR (0.1 mg/kg)
was used for analgesia, and the animals were monitored
daily for 2 wk postoperatively.

The two repair groups underwent a SSP repair procedure
8 wk after tenotomy. Using the same anesthesia and anterior
approach as the tenotomy, the repair was performed using a
modified locking suture with anterior and posterior bone
tunnels to restore the tendon footprint to the humeral head.
Fibrous adhesions and any remaining tendon stump on the
greater tubercle of the humerus were debrided to allow for
tendon-to-bone healing after SSP repair. Closure and postop-
erative protocols were the same as above.

All animals underwent the following procedure to test the
length-tension relationship in the SSP using methods previ-
ously described (29). Briefly, under anesthesia, an open
approach was used to expose the SSP by dividing the middle
trapezius and deltoid muscles. The suprascapular nerve was
isolated by blunt dissection around the anterior aspect of the
SSP (30), and a cuff electrode (Pulsar 6Bp Stimulator; FHC,
Bowdoinham, ME) was placed around the nerve for direct
stimulation. Nerve isolation was confirmed by delivering
twitch stimulations and visualizing supraspinatus contrac-
tion. The distal SSP tendon was transected, released from
the superior joint capsule, sutured to a servomotor
(Cambridge Model 310B; Aurora Scientific, Aurora, ON,
Canada), and aligned with the force-generating axis of the
motor. Care was taken to securely suture the tendon, which
is particularly important after a period of tenotomy where
the tendon degenerates to some degree. Here, two suture
techniques were used simultaneously to prevent suture slip-
page and tendon rupture (2-0 FiberWire, Arthrex, Naples,
FL): an infinity stitch and a modified Kessler stitch, both of
which are designed to prevent shearing of the suture through
the tendon fibers and tighten under load. Each tendon (in all
groups) was sutured through the external (bare) tendon and
through the distal aponeurotic attachment, and this set of
locking sutures was monitored during testing through video-
based strain measurements and careful examination of each
force record. Muscle temperature was maintained at 37°C
with radiant heat, heated saline, and a servo-temperature
controller (Model 73 A; YSI, Yellow Springs, OH). A custom-
built clamp was used to immobilize the scapula, placed from
the vertebral border along the scapular spine and bolted
through the infraspinous fossa.
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Figure 1. Experimental design. Timeline for generating each experimental group (A). Representative images during the physiology experiment for each
experimental group (B—D). The age-matched control animals show healthy muscle tissue (B); tenotomy showing atrophy, fat accumulation, and muscle
retraction at the myotendinous (MT) junction (C, MT junction indicated by *); and repair showing fat (*) and shortened muscle fibers (dotted region) at the

myotendinous junction (D).

Isometric Length-Tension Protocol

The length-tension protocol was performed as previously
described (29). Briefly, a series of 100 Hz tetanic contractions
(pulse width: 0.3 ms; amplitude: 10 V) over a 640 ms period
were delivered every 2 min. The first contraction was per-
formed with the muscle set to its neutral length (the muscle
length measured at 90° joint angle). For each subsequent
contraction, the servomotor position was advanced 5 mm to
lengthen the muscle. This was repeated until the muscle was
operating on the descending limb of the length-tension
curve, with a minimum of four contractions per animal.

Muscle and Fascicle Measurements

Suture markers were placed to define muscle and fascicle
length, as done previously (29). Videos of each contraction
were taken at 1080p resolution and 30 fps, and ImageJ soft-
ware (31) was used to manually measure muscle and fascicle
lengths and strains at rest and during the plateau region of
each force-time record.

Muscle Architecture Measurements

After animals were euthanized, whole shoulders were
fixed in 10% formalin in approximately the same orientation
of 90° flexion to represent a neutral shoulder position. All ar-
chitectural measurements were performed as previously
described (11, 24, 29). The supraspinatus was exposed by
removing the superficial muscles (trapezius and deltoid),
and several fascicles were marked: three regions posterior
and two regions anterior. Length and pennation angles of
the marked fascicles were measured with digital calipers and
a goniometer before carefully removing the supraspinatus
from the scapula. The absolute values of pennation angles
were then averaged to yield one measurement per muscle.

1710

Muscle mass was recorded from fixed muscles, and fascicles
were removed from distinct regions and measured for raw
fiber length (32, 33). Subsequent sarcomere length measure-
ments were performed using laser diffraction, as previously
described (34). Individual muscle fibers were dissected from
fascicles and mounted on glass slides. Sarcomere length was
recorded for three individual fibers and averaged for each
fascicle. Sarcomere number was calculated by dividing fiber
length by sarcomere length. Physiological cross-sectional
area (PCSA) was calculated using the formula

mass

PCSA = cos

p X Lf,,

where density was assumed to be 1.056 g/cm? (33), Ly, is the
fiber length adjusted for sarcomere length, and 6 is the aver-
age pennation angle for the muscle. Values averaged over all
regions of the muscle are reported here, and individual re-
gional data are included in the Supplemental Material
(Supplemental Fig. S1; all Supplemental material is available
at https://doi.org/10.6084/m9.figshare.13513539). One pair of
shoulders for the 8 wk repair group was damaged during
sample preparation and discarded.

Theoretical Length-Tension Curve

To incorporate the structural data with anticipated physi-
ological effects, a length-tension curve was modeled for each
experimental group using previously described methods
(35). Briefly, a sarcomere level length-tension curve for rabbit
skeletal muscle was generated: peak force was predicted at
optimal sarcomere length (2.5 pm); the ascending limb
started with minimum sarcomere length of 1.27 ym and the
zone of single overlap beginning at 1.70 pm (67.59% maxi-
mum force); the descending limb spanned from optimal
length to maximum sarcomere length of 4.02 pm. The model
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was scaled from sarcomere to fiber level by multiplying sar-
comere length values by serial sarcomere numbers. Then the
model was scaled to the whole muscle level using architec-
tural measurements from harvested supraspinatus muscles
(Table 1). The following relationship was derived for deter-
mining the predicted muscle lengths

Ly =Ly, + Lycos0 — Lg cos6

where L,, is the muscle length, L,,, is the optimal muscle
length, Ly is the fiber length, Ly, is the optimal fiber length
(determined from measured sarcomere length and raw fiber
length), 0,, is the average pennation angle for each muscle as
determined by the architectural analysis. The resting in vivo
operating range for the SSP was determined using the intact
muscle length-joint angle measurements, where the muscle
length measured at max extension and max flexion sets the
lower and upper physiological limits for the muscle length
range. The activated in vivo operating range was defined by
scaling the resting muscle lengths by the average muscle
strain during contraction.

Data Analysis

Two-way ANOVA was used to compare architectural dif-
ferences between experimental groups and between experi-
mental and contralateral sides. Post hoc Sidak’s test was
used to compare groups, and Fisher’s least significant differ-
ence (LSD) test was used to compare experimental versus
contralateral side differences. Muscle strain, isometric ten-
sion, and isometric stress were analyzed using one-way
ANOVA to compare the main effect of intervention and with
post hoc Tukey’s test for between-group comparisons. Two-
way ANOVA (experimental vs. predicted and intervention
group) with post hoc Sidak’s tests was used to compare full
width at half maximum (FWHM), peak force, and optimal
muscle length. Significance level was set at P < 0.05 for all
tests, and data are presented as means + SD.

RESULTS

Muscle Architectural Changes

Supraspinatus muscle mass was significantly decreased in
every intervention group (8 and 16 wk tenotomy, and 8 and
16 wk repair) compared with the unoperated side (P =
0.0043, P < 0.0001, P=0.0017, and P = 0.0005, respectively).
Both the 8 and 16 wk tenotomy groups had significantly
decreased muscle mass compared with control animals,
whereas neither of the repair groups was significantly lower
than controls (Fig. 24). Raw muscle length was significantly
shorter after both 8 and 16 wk tenotomy, and 8 wk repair

Table 1. Model parameters and values used for the pre-
dicted L-T curves

Control 8wk Ten 16wk Ten 8 wk Rep 16 wk Rep
Muscle length, mm 80.71 74.79 77.27 75.78 79.45
Sarcomere
number (#) 12,219 11,788 10,814 9,864 10,721
Pennation angle, ° 22.23 28.73 294 36.56 30.2
PCSA, cm? 3.86 2.77 3.09 3.6 3.46

PCSA, physiological cross-sectional area; Rep, repair; Ten,
tenotomy.

(Fig. 2B), increasing slightly from 9% shorter in the 8 wk te-
notomy group to 4% shorter at 8 wk after repair. Muscle
length after 16 wk repair was not significantly different
between experimental and contralateral sides. There were
no significant differences compared with age-matched con-
trols. Raw fiber length decreased across all intervention
groups compared with the contralateral side and age-
matched controls (Fig. 2C), except the 8 wk tenotomy group
showed no difference from age-matched controls. However,
the 8 wk tenotomy group had significantly longer fibers than
8 wKk repair (P = 0.0256).

Mean sarcomere length significantly increased to 2.40 pm
at 8 wk after repair compared with 2.14 um (age-matched
controls) and 2.18 (16 wk repair), as well as compared with
2.20 um on the contralateral side (P = 0.0076, P = 0.0211, and
P = 0.0054, respectively) (Fig. 2D). At the same timepoint,
mean sarcomere number was 9,864, significantly lower than
both age-matched controls (12,219), 8 wk tenotomy (11,788),
and its contralateral side (12,156) (P = 0.0119, P = 0.013, and
P < 0.0001, respectively) (Fig. 2E). After 16 wk of tenotomy,
serial sarcomere number decreased compared with its con-
tralateral side, despite sarcomere length remaining
unchanged, indicative of serial sarcomere deletion (Fig. 2, D
and E). The normalized fiber length remained shorter than
the contralateral side only for the 8 wk repair group (P =
0.0003), and it was also significantly shorter than both age-
matched controls and 8 wk tenotomy (P = 0.0119 and P =
0.0131, respectively) (Fig. 2F).

Pennation angle showed the most differences between ex-
perimental conditions. All intervention groups showed sig-
nificantly higher angles than the contralateral side (Fig. 2G),
with the largest mean pennation angle of 36.56° at 8 wk post-
repair compared with 22.23 in control animals, a difference
of 40%. Only the 8 wk tenotomy group did not show a signifi-
cant increase compared with age-matched controls. Both 8
and 16 wk tenotomy had a significantly lower mean penna-
tion angle than 8 wk repair, but there was no difference in
angles between 8 and 16 wk repair.

Finally, the calculated physiological cross-sectional area
was 29% lower at 8 wk after tenotomy compared with age-
matched controls (P = 0.0056). Both 8 and 16 wk tenotomy
and 16 wk repair had a lower PCSA than the contralateral
side (P = 0.0005, P < 0.0001, and P = 0.0085, respectively)
(Fig. 2H).

Peak Isometric Force and Stress

After tenotomy, peak isometric force was decreased by
22.4% after 8 wk (P = 0.17) and significantly decreased by
33.7% after 16 wk (P = 0.016) compared with the control
group (69.5+12.3 and 59.6+19.7 vs. 89.4+5.40 N, respec-
tively) (Fig. 3A). Peak force was not significantly different
between 8 and 16 wk tenotomy (P = 0.78). After repair, the 8
wk group tends to generate less force than controls
(67.0£19.0 N, P = 0.11). Although the 16 wk group was not
significantly different than controls, mean peak force was
decreased by 22.2% (69.7+10.5 N, P = 0.18). Peak force was
not significantly different between 8 and 16 wk repair (P =
0.99). In addition, peak force was not significantly improved
after repair compared with either tenotomy group (Fig. 3A).
Muscle stress (Fig. 3B) was not significantly different
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Figure 2. Architectural changes following tenotomy and repair. Average mass and raw muscle length (A and B), raw fiber length and sarcomere
length (C and D), sarcomere number and normalized fiber length (E and F), pennation angle and PCSA (G and H) for rabbit SSP shown for each
group. The experimental side (filled bars) and contralateral internal control (open bars) are shown (n = 6/group for control, 8 wk tenotomy, 16 wk
tenotomy, and 16 wk repair; n = 5 for 8 wk repair). Bars indicate means + SD. Data were analyzed with two-way ANOVA (P < 0.05), using post
hoc Sidak’s test to compare intervention groups (significance indicated by horizontal bars) and Fisher’s LSD test to compare contralateral vs. ex-
perimental side differences (significance indicated by asterisks). LSD, least significant difference; PCSA, physiological cross-sectional area;
SSP, supraspinatus.
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Figure 3. Peak isometric force (A) and stress (B) per animal (n = 30, n = 6 rabbits/group except 8 wk repair peak stress, which has n = 5). Dotted line
shows values from previously published study on 6-mo-old NZ white rabbit SSP (29). Peak isometric force is significantly decreased after 16 wk tenotomy
compared with controls. Each point represents one animal, and bars are shown as means + SD. Data were analyzed with one-way ANOVA and post hoc
Tukey’s test (P < 0.05). Significance is indicated by horizontal bars. SSP, supraspinatus.

between groups, although there were two animals in the 16
wk tenotomy group with very low peak stress (~11 N/cm?).

Muscle Strain

The measured whole muscle strain during each contrac-
tion was averaged for each animal (Fig. 4). The control group
had significantly higher muscle strain than the 8 wk tenot-
omy, and 8 and 16 wk repair groups (7.86%, 4.06%, 4.54%,
and 6.07%, respectively). Although not statistically signifi-
cant, the whole muscle strain for 16 wk tenotomy (6.81%)
decreased by 13% (P = 0.65). Muscle strain was significantly
increased from 8 to 16 wk tenotomy (P < 0.0001), and 8 wk
tenotomy compared with 16 wk repair (P = 0.0013). Eight
week repair was significantly lower than both the 16 wk te-
notomy and 16 wk repair groups (P = 0.008 and 0.006,
respectively).

Whole Muscle Strain

e Control

= 8 wk tenotomy
a 16 wk tenotomy
2 8 wk repair

a 16 wk repair

Figure 4. Whole muscle strain per animal (n = 30, n = 6 rabbits/group).
Compared with controls, muscle strain was significantly lower after 8 wk
tenotomy, 8 wk repair, and 16 wk repair. Eight week tenotomy was signifi-
cantly lower than 16 wk tenotomy and 16 wk repair. Sixteen week tenot-
omy was significantly higher than 8 wk repair; 8 wk repair was significantly
lower than 16 wk repair. Significance shown with horizontal lines. Each
point represents one animal, and bars are shown as means + SD. Data
were analyzed with one-way ANOVA and post hoc Tukey’s test (P <
0.05). Significance is indicated by horizontal bars.
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Predicted L-T Curves

The predicted curves (Fig. 5) were generated for each group
from the architecture data from each group (Table 1). The pre-
dicted curves varied in location (muscle length that yields peak
isometric tension), width (muscle excursion dictated by fiber
length), and height (peak isometric tension) based on the
observed architectural changes. The predicted curves were
statistically compared using three parameters: curve width
[described by full width at half max (FWHM)], curve height
(described by peak isometric force), and the length of peak

Predicted L-T Curves

100+
== Control
= 8 wk Tenotomy
80 <+« 16 wk Tenotomy
=z = 8 wk Repair
= 60- -+++ 16 wk Repair
o
g 40-
. \
20- 2\
e\
0- o s l\
60 80 100

Muscle Length (mm)

Figure 5. Predicted length-tension curves for each experimental group.
After 8 wk tenotomy, the curve is shifted left, wider, and peak tension is
lower than the control group. After 16 wk tenotomy, the curve is narrower
and taller than 8 wk tenotomy but still has a lower predicted peak force
than control. After 8 wk repair, the curve is similar in width and position to
8 wk tenotomy, with increased peak tension. Comparing 16 wk repair to
8 wk repair, the curve is shifted right due to increased muscle length, nar-
rower due to decrease in pennation angle, and peak is similar due to
unchanged PCSA. The predicted curve for 16 wk repair is visually most
similar to the control curve. The predicted curves were statistically com-
pared using three parameters: curve width [described by full width at half
max (FWHM)], curve height (described by peak isometric force), and the
length of peak force (described by optimal muscle length) with a one-way
ANOVA and post hoc Tukey’s test. No significant differences were noted
in these theoretical comparisons. PCSA, physiological cross-sectional
area.
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force (described by optimal muscle length) with a one-way
ANOVA and post hoc Tukey’s test. No significant differences
were noted in these theoretical comparisons.

Experimental Physiology

Experimental whole muscle length-tension curves were
approximated as inverted parabolas (Fig. 6). Activated mus-
cle length was used in these curves, as it more accurately
describes the length-tension behavior of the SSP than resting
muscle length (29). The control and 8 wk tenotomy animals
(Fig. 6, A and B) most closely match the ascending limb and
plateau of the predicted curve. Sixteen week tenotomy (Fig.
6C) is shifted left from the predicted curve; 8 wk repair (Fig.
6D) was the most disordered group studied. Sixteen week
repair (Fig. 6F) is shifted right compared with the predicted
curve, but the peak force is aligned with the prediction.

The experimental and predicted curves were statistically
compared using three parameters: curve width (described by
FWHM), curve height (described by peak isometric force),
and the length of peak force (described by optimal muscle
length) with a one-way ANOVA and post hoc Sidak’s test.
FWHM (Supplemental Table S1) was significantly different
between the experimental and predicted curves for each
group except for 8 wk repair (P = 0.4125). There were no sig-
nificant differences between experimental and predicted
curve height (Supplemental Table S2) or optimal muscle
length (Supplemental Table S3) for any group.

DISCUSSION

The purpose of this study was to determine the structural
and physiological consequences of rotator cuff tear and

surgical repair over time through measuring muscle archi-
tecture and the length-tension relationship. Our hypotheses
that architectural changes would demonstrate radial and
longitudinal atrophy after tear and persist through repair,
and that peak force would be decreased after tenotomy and
repair, were supported. Surprisingly, muscle strain was lower
after 8 wk tenotomy and repair, and similar to normal at
16 wk tenotomy and repair, refuting our initial hypothesis.
Perhaps most importantly, our hypothesis that length-ten-
sion curves would be narrower and lower in magnitude after
tenotomy and repair, based on structural changes in the
muscles, was supported only after 16 wk repair. The remain-
ing timepoint largely demonstrated an uncoupling between
sarcomere organization (architecture) and physiology.

The architectural consequences of tenotomy indicate that
muscle retraction and prolonged mechanical unloading lead
to serial sarcomere loss, consistent with prior literature (12,
19). Despite the shorter fibers, the increased pennation angle
seemed to overall maintain the width of the length-tension
curve, which is consistent with Gerber et al.’s hypothesis
that pennation angle increase is a compensatory mechanism
to increase the force output and muscle excursion in the
shortened, atrophied muscle (22). By 16 wk after tenotomy
(Fig. 2), there is significant muscle loss, indicating sarcomere
loss both in parallel (by muscle mass and PCSA decrease)
and in series (by sarcomere number decrease).

After repair, sarcomere lengths are dramatically length-
ened at 8 wk, indicating that the serial sarcomere loss per-
sists in the initial stage after repair. The increased pennation
angle at 8 wk suggests a lengthening of the tendon (as
opposed to muscle) to reattach the muscle-tendon unit to
the footprint. By 16 wk, some muscle length is recovered, as
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Figure 6. Predicted length-tension curves (dashed line) and individual data points fitted with second-order polynomial regressions for each rabbit in
each experimental group (A—E). Each point represents one contraction with different symbols used for each animal (n = 30, n = 6 female rabbits/group).
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well as sarcomere number and sarcomere length, indicating
some functional recovery of the muscle.

Whole muscle strain is vastly different between experi-
mental groups. After 8 wk of tenotomy, muscle strain is
decreased by nearly 50%, which is not explained by struc-
tural changes (sarcomere length and sarcomere number are
unchanged after 8 wk tenotomy compared with the contra-
lateral side or control animals, Fig. 2). However, fibrosis is
known to inhibit muscle strain and could be largely respon-
sible for this decrease (20, 36). This appears to be similar af-
ter 8 wk of repair, which has been shown to induce an acute
muscle injury itself, increasing muscle fibrosis (20).
However, it is unlikely that this fibrosis predominates the
physiological changes 8 wk postrepair. After 16 wk of either
tenotomy or repair, muscle strain increases closer to the con-
trol animals. Many biological changes occurring to the mus-
cle (fibrosis, muscle degeneration, fatty infiltration, etc.),
which are not explored here, may be competing to influence
muscle function (25-27).

Peak isometric tension was only significantly lowered af-
ter 16 wk of tenotomy and stress was not significantly differ-
ent between any groups. However, we believe these are
likely underpowered results, as there are large percentage
changes (~20%-30%) between groups. A post hoc power
analysis shows an n = 12 animals is required to detect statisti-
cal differences between these experimental groups. These
data are consistent with our prior study in normal rabbits
(29) but higher than previously reported by other groups in
rabbit (15, 16). Despite larger animal masses used here, we
believe the primary difference is due to the determination of
optimal muscle length through twitch tensions rather than
maximal tetanic contractions at multiple muscle lengths.
This is due to the muscle shortening during contraction,
leading the optimal muscle length to be longer at rest than
the twitch tensions would suggest. Peak muscle stress in this
study is slightly lower than our previous study in normal rab-
bit SSP, but within the range of normal literature.

Based on architectural parameters and the predicted mus-
cle length equation, we analytically derived length-tension
curves for each experimental group. Although the aponeuro-
sis is not explicitly described in that equation, the equation
implies that muscle length can be increased by fascicle
length (serial addition of sarcomeres) or reductions in pen-
nation angle. Increases in internal aponeurosis length would
be captured by the pennation angle changes. Given the con-
figuration of the SSP (multipennate with a long aponeurosis
and a short external tendon), we believe that aponeurosis
strains would be captured in this model (11, 22, 24). This is
important as the aponeurosis likely undergoes physiologi-
cally relevant changes after tenotomy and repair.

The physiological consequences of tear and repair are
seen in the experimental length-tension curves. The control
animals are tightly clustered along the ascending limb and
plateau of the length-tension curves. However, all of the
intervention groups differ from their predicted curves in dif-
ferent ways (Fig. 6). After 8 wk tenotomy, the SSP primarily
operating at the plateau and descending limbs of the length-
tension curve (Fig. 6B), indicating a shortening of physiolog-
ical operating range for the muscle. Curve height is highly
variable for 8 wk tenotomy, 16 wk tenotomy, and 8 wk repair,
but less variable in 16 wk repair. Optimal muscle length is
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fairly well predicted in 8 wk tenotomy, but not in 16 wk te-
notomy or 8 wk repair. Curve width also matches the pre-
dicted curve for 8 wk tenotomy but not the other three
intervention groups. This could be due to the varying levels
of fiber shortening, muscle fibrosis (therefore stiffening),
and fatty degeneration that are occurring in the muscles (19,
21, 35). Ultimately, the numerous changes occurring to the
muscle after tenotomy (atrophy, degeneration, fibrosis, fatty
infiltration, etc.) are dynamic processes which occur simul-
taneously, and they all contribute to physiological perform-
ance. From this study, we show that measures of PCSA are
able to predict peak muscle force fairly well, which has high
clinical value for estimating muscle function (5, 13, 16, 37).

This study has several limitations. First, there was higher
than expected experimental variability between groups. Our
methods allow for rigorous quality control of each force-time
record, so we believe that this variability represents true
physiological variability within and between groups. As
such, although our samples sizes are consistent with other
high-quality physiological experiments, statistical compari-
sons were marginally powered. This is a cautionary note to
the field for two reasons, first physiological endpoints are
unusual in the literature, but are arguably more important
than histological endpoints, and second, a sample size of 6/
group is on the large side relative to prior literature and
could easily be double for more robust analyses. Another li-
mitation is that we assume that our maximum recorded
force is on the plateau of the length-tension curve for each
rabbit, which could be off by the incremental unit length
change in the muscle during the experiment. If this were
true, we would expect errors in our prediction of optimal
muscle length by up to S mm. In addition, our theoretical
model utilizes averages to represent whole muscle architec-
ture, rather than incorporating regional heterogeneity into
account, which could impact model accuracy. And finally,
the measurement of external and internal (aponeurosis) ten-
don strains may have shed more light onto the disparities
between modeled and measured length tension curves.
These measurements should be incorporated into future
experiments.

In summary, this study provides a detailed picture of the
structural and physiological changes that occur in the rabbit
SSP after tenotomy and repair over time. We modeled a pre-
dicted length-tension curve based on animal-specific archi-
tecture data to reconcile structure with physiology. Through
performing physiology testing, we assessed the length-ten-
sion relationship of each animal in each group, and we com-
pare it with the predicted models. We report important
physiological parameters, including the muscle strain, peak
force, and peak stress for each group. These findings indicate
persistent structural changes (both radial and longitudinal
atrophy) and physiological deficiencies (decreased peak
force and uncoupling of structure-function relationships) af-
ter tenotomy that do not significantly recover after repair.
This work will allow researchers to better assess functional
aspects of potential therapies for RC tear (5, 13, 16, 37).

SUPPLEMENTAL DATA

Supplemental Fig. S1 and Supplemental Tables S1-S3: https://
doi.org/10.6084/m9.figshare.13513539.
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