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In Vivo Shoulder Function After
Surgical Repair of a Torn Rotator Cuff

Glenohumeral Joint Mechanics, Shoulder Strength,
Clinical Outcomes, and Their Interaction

Michael J. Bey,*! PhD, Cathryn D. Peltz,! PhD, Kristin Ciarelli," MS, Stephanie K. Kline," MS,
George W. Divine,* PhD, Marnix van Holsbeeck,§ MD, Stephanie Muh,|| MD,

Patricia A. Kolowich,II MD, Terrence R. Lock,” MD, and Vasilios Moutzouros,|| MD
Investigation performed at Henry Ford Hospital, Detroit, Michigan

Background: Surgical repair of a torn rotator cuff is based on the belief that repairing the tear is necessary to restore normal
glenohumeral joint (GHJ) mechanics and achieve a satisfactory clinical outcome.

Hypothesis: Dynamic joint function is not completely restored by rotator cuff repair, thus compromising shoulder function and
potentially leading to long-term disability.

Study Design: Controlled laboratory study and Case series; Level of evidence, 4.

Methods: Twenty-one rotator cuff patients and 35 control participants enrolled in the study. Biplane radiographic images were
acquired bilaterally from each patient during coronal-plane abduction. Rotator cuff patients were tested at 3, 12, and 24 months
after repair of a supraspinatus tendon tear. Control participants were tested once. Glenohumeral joint kinematics and joint contact
patterns were accurately determined from the biplane radiographic images. Isometric shoulder strength and patient-reported out-
comes were measured at each time point. Ultrasound imaging assessed rotator cuff integrity at 24 months after surgery.

Results: Twenty of 21 rotator cuff repairs appeared intact at 24 months after surgery. The humerus of the patients’ repaired shoulder
was positioned more superiorly on the glenoid than both the patients’ contralateral shoulder and the dominant shoulder of control
participants. Patient-reported outcomes improved significantly over time. Shoulder strength also increased over time, although
strength deficits persisted at 24 months for most patients. Changes over time in GHJ mechanics were not detected for either the rota-
tor cuff patients’ repaired or contralateral shoulders. Clinical outcome was associated with shoulder strength but not GHJ mechanics.

Conclusion: Surgical repair of an isolated supraspinatus tear may be sufficient to keep the torn rotator cuff intact and achieve sat-
isfactory patient-reported outcomes, but GHJ mechanics and shoulder strength are not fully restored with current repair techniques.

Clinical Relevance: The study suggests that current surgical repair techniques may be effective for reducing pain but have not
yet been optimized for restoring long-term shoulder function.

Keywords: rotator cuff; glenohumeral joint; biomechanics; kinematics

Rotator cuff tears are a common clinical condition that have a major effect on function, pain, and medical care
occur in up to 50% of people over the age of 65 years and costs.*® Symptomatic tears are often repaired surgically.
Rotator cuff repairs have been reported to fail structurally

in 20% to 70% of cases, with large tears having a much

*Address correspondence to Michael J. Bey, PhD, Bone and Joint higher failure rate after repair than small tears.13’19’21’27
Center, Henry Ford Hospital, 2799 West Grand Boulevard, Detroit, Ml
48202 (e-mail: bey@bjc.hfh.edu).

Thus, opinions vary regarding the optimal treatment of

*Bone and Joint Center, Henry Ford Hospital, Detroit, Michigan. rotator cuff tears. Surgical treatment is implicitly based
*Department of Public Health Sciences, Henry Ford Hospital, Detroit, on the belief that repairing the torn rotator cuff is neces-
Michigan. sary to restore normal glenohumeral joint (GHJ) mechan-

SDepartment of Radiology, Henry Ford Hospital, Detroit, Michigan.
”Department of Orthopaedic Surgery, Henry Ford Hospital, Detroit,
Michigan.

ics and achieve a satisfactory clinical outcome.
Previous studies have investigated the effect of rotator

One or more of the authors has declared the following potential con- cuff tears or rotator cuff repair on joint mechanics both
flict of interest or source of funding: Research support for this study was in vitro and in vivo. Cadaveric studies have shown that
received by NIH/NIAMS AR091512. GHJ mechanics are altered in the presence of rotator cuff
The American Journal of Sports Medicine, Vol. 39, No. 10 t(.ear%O and that the'se alt?ratlons . corre.l ate with tear
DOI: 10.1177/0363546511412164 size.”” Other cadaveric studies have investigated the effect
© 2011 The Author(s) of simulated rotator cuff repair and have shown that repair
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resulted in an inferior shift in the humeral head position.”
However, cadaveric studies cannot accurately simulate in
vivo conditions because muscle forces and joint forces
that occur under in vivo conditions are unknown. Gleno-
humeral joint mechanics have also been investigated
under in vivo conditions. Paletta and colleagues® used
static radiographs in 2 planes to investigate shoulder kine-
matics before rotator cuff repair and at 2 years after repair.
They found that mechanics were indeed altered before sur-
gery compared with healthy control participants but that
mechanics were normalized to those of controls in 86% of
patients at 2 years after surgery. However, the accuracy
and reliability of the measurement technique were not dis-
cussed, and it is possible that small changes in joint posi-
tioning that were too small to be detected by the
measurement technique were present even 2 years after
rotator cuff repair. Yamaguchi and colleagues® also used
static radiographs to investigate GHJ positioning in
patients with both asymptomatic and symptomatic rotator
cuff tears and found that both groups of patients demon-
strated superior translation of the humeral head with
increasing arm elevation. While these studies have con-
tributed to our understanding of rotator cuff injury, the
experimental approach of using conventional radiographs
requires that images be collected under static conditions
at specific arm positions. Consequently, these studies
were not designed to assess dynamic, 3-dimensional (3-D)
GHJ function.

Previous research has also examined the extent to which
patient-reported outcomes after rotator cuff repair are associ-
ated with measures of shoulder function. For example,
a study by Nho and colleagues®® reported that shoulder
strength was predictive of patients’ American Shoulder and
Elbow Surgeons (ASES) score. However, the relationship
between patient-reported outcomes and shoulder function is
not necessarily well understood. For example, satisfactory
patient-reported outcomes are sometimes reported even
when surgical rotator cuff repair fails.!1830395472 I the
case of a failed repair, it is difficult to imagine that normal
shoulder function has been restored. Conversely, successful
surgical repair of a torn rotator cuff can sometimes result
in poor patient-reported outcomes.'? This apparent discrep-
ancy underscores our lack of understanding and suggests
that the relationship between patient-reported outcomes
and restoration of shoulder function—specifically, shoulder
strength and joint mechanics—after surgical treatment is
not well understood.

The objectives of this study were to (1) determine the
extent to which rotator cuff repair restores and maintains
dynamic GHJ mechanics, (2) quantify changes over time in
clinical outcomes and shoulder strength, and (3) determine
the extent to which clinical outcomes are associated with
shoulder strength and GHJ mechanics. Given that it is
not uncommon for patients to have poor shoulder function
after rotator cuff repair, our central hypothesis was that
dynamic joint function is not completely restored by rotator
cuff repair, with altered GHJ mechanics associated with
poor clinical outcomes. Specifically, we hypothesized that
GHJ mechanics would be significantly different between
(1) the repaired shoulder of patients undergoing rotator
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cuff repair and their uninjured, contralateral shoulder
and (2) the repaired shoulder of patients undergoing rota-
tor cuff repair and the dominant shoulder of participants
with normal shoulder function. In addition, we hypothe-
sized that differences in GHJ mechanics between the
repaired and contralateral shoulders would decrease over
time and that measures of shoulder strength and GHJ
mechanics would be significantly associated with conven-
tional patient-reported measures of clinical outcome.

MATERIALS AND METHODS
Patients

After Institutional Review Board approval and informed
consent were obtained, 21 patients (14 men, 7 women,;
age, 63.5 = 9.7 years; range, 39-77 years) enrolled in this
study. Each patient had an arthroscopic surgical repair
of a full-thickness rotator cuff tear involving only the
supraspinatus tendon. The dominant shoulder was
involved in 15 of the 21 patients. Patients with multiten-
don tears were excluded from participating in the study.
All tears were small crescent or L-shaped tears of similar
size and architecture that required reattachment to their
native footprint. All tears were off the insertion site of
the supraspinatus with no intrasubstance tears noted.
Therefore, no margin convergence or intrasubstance sutur-
ing was required. The insertion site of the supraspinatus
tendon was debrided in each case, with the placement of
nonmetallic anchors in the footprint. Sutures were placed
in the tendon to allow for appropriate reapproximation of
the tendon back to its native insertion. A minimal acromio-
plasty was also performed in each patient to remove any
anterior subacromial spurring. Each patient’s contralat-
eral shoulder was asymptomatic. Additionally, 35 healthy
control participants (21 men, 14 women; age, 30.2 = 7.9
years) enrolled in the study. Each control participant
reported normal bilateral shoulder function, with no his-
tory of shoulder injury or upper extremity surgery that
could potentially compromise shoulder function. Given
that rotator cuff pathology is prevalent in individuals
over age 60 years and that joint function is generally
observed to change with age, younger individuals were
selected as controls because they are the best representa-
tion of qualitatively “normal” shoulder function.

Postoperative Rehabilitation

Postoperatively, all patients were enrolled in a rehabilita-
tion program that corresponded to the standard of care for
our institution. The program consists of 4 phases: an
immediate postoperative phase (weeks 0-4) that empha-
sized shoulder passive range of motion (ROM) and scapu-
lar retraining; a muscle re-education phase (weeks 4-8)
that emphasized active assisted to active ROM and sub-
maximal pain-free isometrics of the shoulder girdle
muscles; an early strengthening phase (8-12 weeks) that
focused on strengthening of the rotator cuff and scapular
muscles; and a return to function phase (>12 weeks) that
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included strengthening of the rotator cuff and scapular sta-
bilizers and progression to pain-free functional activities.
All patients were given a comprehensive home manage-
ment program that was consistent with their specific phase
of the rehabilitation protocol. Patients were seen by a phys-
ical therapist twice a week for an average of 3 to 5 months.

Testing Procedures

Participants were positioned with the GHdJ centered within
the 3-D imaging volume of a biplane radiography system.’
All participants wore a lead-lined thyroid shield and pro-
tective vest during testing to minimize radiation exposure.
Biplane radiographic images were acquired at 60 Hz as
patients performed coronal-plane abduction while holding
a 3-1b hand weight. Patients began this motion with their
arm in a position of adduction and neutral rotation (ie,
arm at their side) and then abducted their shoulder to
approximately 120° over 2 seconds. The rate of shoulder
motion was controlled using a metronome. Patients per-
formed 3 trials, with a minimum of 3 minutes between
trials to minimize fatigue. Both shoulders were tested,
and the testing order was randomized. For the rotator
cuff repair patients, all data were collected at 3, 12, and
24 months postoperatively.

After testing, bilateral computed tomography (CT)
scans of the entire humerus and scapula were acquired
(LightSpeed16, GE Medical Systems, Piscataway, New
Jersey). The scans were acquired with a slice thickness of
1.25 mm and an in-plane resolution of approximately
0.5 mm per pixel. The humerus and scapula were manually
segmented from other bones and soft tissue and recon-
structed into a 3-D bone model (Mimics 13.1, Materialise,
Leuven, Belgium).

Conventional Joint Kinematics

The 3-D motions of both the humerus and scapula were
determined from the biplane radiographic images using
an accurate (£0.4 mm, *+0.5°) CT model-based tracking
technique.’® With use of these data, conventional GHJ
kinematics (ie, translations and rotations of the humerus
relative to the scapula) were determined for each shoulder
using anatomic landmarks based on the International Soci-
ety of Biomechanics standard.®®® The conventional kine-
matic outcome measures included the anterior/posterior
(A/P) and superior/inferior (S/I) translation of the center
of the humeral head relative to the scapula.®® To account
for differences in patient size, the humeral head transla-
tion data were normalized relative to the glenoid height
as determined from the patient-specific bone models.

Joint Contact Patterns

Next, GHJ contact patterns were also estimated for each
shoulder. This technique has been used extensively to esti-
mate joint contact patterns by combining joint motion mea-
sured from the biplane radiographic images with the
patient-specific bone models.?*826:444650  Byiefly  the
GHJ contact center was estimated by first calculating
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the minimum distance between the glenoid and the
humerus at every point on the glenoid and then determin-
ing the centroid of this distance map. The contact center
position was expressed relative to a glenoid-based coordi-
nate system, and the process was repeated for all frames
of every trial. The glenoid-based coordinate system was
defined with custom software that created a best-fit plane
to the points on the glenoid rim, identified the glenoid’s
centroid as the origin, created the S/I axis that bisected
the glenoid into anterior and posterior regions of equal
area, and created the A/P axis as the cross-product of the
S/1 axis and a laterally directed vector perpendicular to
the plane defined by the glenoid rim. These calculations
resulted in a contact path, that is, a time series of GHdJ con-
tact center data. To account for differences in patient size,
these estimates of the joint contact center were normalized
relative to each shoulder’s glenoid height and width as
determined from the patient-specific bone models.

Using these joint contact center data, we determined
the dynamic contact location—that is, an estimate of the
average position of the humerus on the glenoid during
shoulder abduction—Dby calculating the average A/P con-
tact center and the average S/I contact center over each
trial. To assess dynamic joint excursion (ie, the amount
of GHJ translation that occurred during shoulder motion),
we calculated the A/P axis contact center range, the S/I
contact center range, and the contact center path length
over each trial. Lastly, the subacromial space was esti-
mated by calculating the acromiohumeral distance (ie,
the shortest distance between the humeral and acromial
surfaces) for every frame of data and then computing the
average distance over the entire trial.® For each parame-
ter, the data were then averaged over the 3 trials for
each patient. To account for differences in ROM across
patients and control participants, the data were reported
for the range of 20° to 70° of glenohumeral abduction.

Shoulder Strength

Isometric shoulder strength was tested using an isokinetic
dynamometer (Biodex System 2, Shirley, New York). Fol-
lowing the protocol described by Hughes and colleagues,?®
strength testing was performed at the following joint posi-
tions: coronal-plane abduction (ABD) at 30° of abduction,
sagittal-plane elevation (ELEV) at 30° of elevation, inter-
nal rotation (IR) at 15° of frontal-plane elevation and 0°
of humeral rotation, and external rotation (ER) at 15° of
frontal-plane elevation and 0° of humeral rotation. To iso-
late shoulder strength and minimize the likelihood of com-
pensation with other muscle groups, patients were secured
to the Biodex system with 2 hook-and-loop straps diago-
nally across their torso. Three trials were performed at
each position, with at least 2 minutes of rest between
each trial. The average of the 3 trials was calculated and
recorded as the patient’s maximum isometric strength.
All patients were tested at 3, 12, and 24 months after sur-
gery. Both shoulders were tested, and the testing order
was randomized. To account for any inherent differences
in strength between patients, normalized shoulder
strength was determined by computing the maximum
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isometric strength of the surgically repaired shoulder as
a percentage of the maximum isometric strength of the
contralateral shoulder.

Subjective Assessment

Upon completion of all strength testing, patients provided
a subjective assessment of their shoulder function by com-
pleting the Western Ontario Rotator Cuff (WORC) Index.
The WORC Index is a disease-specific quality-of-life mea-
surement tool that provides a cumulative score based on
the domains of physical symptoms, sport/recreation, work
function, lifestyle function, and emotional function. There
are a total of 21 questions, and patients indicate their
response to each question along a 10-cm visual analog
scale, where lower scores indicate a more satisfactory clin-
ical outcome. The WORC is a valid and reliable measure-
ment tool for patients with rotator cuff disease.?” This
survey was given at 3, 12, and 24 months after surgery.

Ultrasound Analysis

For the rotator cuff repair patients, rotator cuff tendon
integrity was assessed with ultrasound at 24 months after
surgery. The examinations were performed by an experi-
enced radiologist (MVH) with extensive experience in mus-
culoskeletal ultrasound.>%1:%2 The ultrasound examinations
were performed using a 12-MHz matrix linear transducer
(GE Logic 9, Milwaukee, Wisconsin) and included trans-
verse and longitudinal images of the supraspinatus,
subscapularis, infraspinatus, and biceps tendons. Rotator
cuff repair integrity was assessed by evaluating the supra-
spinatus tendon for abnormalities such as tendon nonvisu-
alization, abnormal echogenicity, and tendon thinning.

Statistical Analysis

Differences in dynamic contact location (ie, average A/P
contact center, average S/I contact center), dynamic joint
excursion (ie, A/P contact center range, S/I contact center
range, contact center path length), and average acromio-
humeral distance were assessed separately between the
repaired and contralateral shoulders with a paired ¢ test
and between the repaired and control participants’ should-
ers with an independent ¢ test. The control participant
data were compared with the repaired data at only 24
months after surgery because previous research has sug-
gested that shoulder function at 24 months after surgery
is predictive of longer term outcome.?° Comparisons were
made to the control participants’ dominant shoulders
only because of the majority of rotator cuff tears occurring
in the patients’ dominant shoulders. Changes over time in
WORC Index scores, normalized shoulder strength, and
GHJ mechanics were assessed using repeated-measures
1-way ANOVAs followed by a Bonferroni test for pairwise
comparisons. The relationship between the WORC Index
and measures of GHJ mechanics or shoulder strength
was assessed for all shoulders with linear regression and
correlation. Significance was set at P < .05 for all statisti-
cal tests.

The American Journal of Sports Medicine

RESULTS

Rotator Cuff Integrity

The average tear size (anterior-to-posterior width) was man-
ually measured intraoperatively and was found to be 1.6 +
0.6 cm. At the 24-month follow-up, ultrasound imaging found
20 of 21 repairs to be intact. In the contralateral shoulders at
the 24-month follow-up, 3 patients were found to have a full-
thickness tear, and 7 patients had a partial-thickness tear.
All of the full- or partial-thickness tears involved only the
supraspinatus tendon. The remaining 11 of the 21 patients
had no tear in their contralateral shoulder. At 24 months
after surgery, none of the patients had sought treatment at
our institution for their contralateral shoulder. However,
patients were not asked if they had sought treatment any-
where else for their contralateral shoulder.

Joint Contact Paths

Marked differences in the GHJ contact paths were noted
between the repaired, contralateral, and control participant
shoulders after 24 months (Figure 1). In the rotator cuff
repair shoulders, the contact center was located superior
to the glenoid’s centroid at 20° of glenohumeral abduction
and moved superiorly relative to the glenoid up to 30° of gle-
nohumeral abduction. The contact path then reversed direc-
tion and moved inferiorly on the glenoid as glenohumeral
abduction increased to 70°. In contrast, the contact center
in the contralateral shoulders of the rotator cuff repair
patients began inferior to the glenoid’s centroid at 20° gleno-
humeral abduction and moved superiorly on the glenoid up
to 45° of glenohumeral abduction. Similar to the repaired
shoulders, the contact center then moved inferiorly on the
glenoid as glenohumeral abduction increased to 70°. For
the controls, the contact center began slightly superior
and posterior to the glenoid’s centroid. Although the contact
center moved superiorly on the glenoid during shoulder
abduction, the control participants’ contact center position
varied by less than 7% of the glenoid’s width in the A/P
direction and less than 14% of the glenoid’s height in the
S/1 direction. For all shoulders, the contact path was located
on the posterior half of the glenoid and had relatively little
variability in the A/P direction.

Dynamic Contact Location

There were significant differences in the dynamic contact
location between the rotator cuff patients’ repaired and
contralateral shoulders. Specifically, the average S/I con-
tact center was higher in the repaired shoulder, indicating
that the humerus was positioned more superiorly relative
to the position of the glenoid than in the contralateral
shoulder (P < .001 at all time points) (Figure 2). The differ-
ence between repaired and contralateral shoulders in the
average S/I contact center was 9.0% = 10.1%, 9.8% =
11.7%, and 10.5% =+ 11.5% of the glenoid height at 3, 12,
and 24 months, respectively. In contrast, no statistically
significant differences were detected between the repaired
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Figure 1. The average contact center path at 24 months for
repaired (left), contralateral (center), and control (right)
shoulders is shown on the lateral view of the glenoid. For
each contact path, the open circle (o) indicates the contact
center at 20° of glenohumeral abduction, and the closed cir-
cle (e) indicates the contact center at 70° of glenohumeral
abduction. The gray arrows indicate the general direction of
the contact center path throughout shoulder abduction.
ANT, anterior; POST, posterior.

and contralateral shoulders in the average A/P contact cen-
ter (P > .4 at all time points) (Figure 2).

Relative to the control participants, the rotator cuff
patients’ average S/I contact center was located signifi-
cantly more superiorly on the glenoid at 24 months after
surgery (P = .007) (Figure 2). In contrast, no difference in
the average A/P contact center was detected between
repaired and control shoulders (P = .13) (Figure 2).

Over time after surgery, there were relatively few
changes in the joint contact patterns of the repaired shoul-
der. There was a statistical trend for a more anteriorly
located average A/P contact center at 12 months compared
with 3 months after surgery (P = .06), but differences in the
average S/I contact center were not detected over time (P =
.23) (Figure 2).

Dynamic Joint Excursion

Differences in dynamic joint excursion were not detected
between the rotator cuff patients’ repaired and contralat-
eral shoulders at any of the 3 postsurgical time points. Spe-
cifically, differences were not detected in terms of the A/P
contact center range (P > .13) (Table 1), S/I contact center
range (P > .48) (Table 1), or contact center path length (P >
.19) (Table 1).

Relative to the control participants, the rotator cuff
patients’ repaired shoulder demonstrated only minor dif-
ferences in dynamic joint excursion. Although statistically
significant differences were not detected in terms of the S/I
contact center range (P = .58) or contact center path length
(P = .85), the A/P contact center range of the repaired
shoulders was significantly greater than that of control
shoulders (P = .01) (Table 1).

Over time after surgery, changes in dynamic joint excur-
sion were detected in the repaired shoulders in terms of the
A/P contact center range and contact center path length but
not in the S/I contact center range (Table 1). Specifically, the
A/P contact center range was significantly greater at 12

Shoulder Function After Surgical Repair of Rotator Cuff 2121

Repaired Shoulder
¢ 3 months postsurgery

@12 months postsurgery
©24 months postsurgery
2
L Contralateral Shoulder

POST | ANT| = 3 months postsurgery
12 months postsurgery

o 24 months postsurgery

Control Subjects
¢ Dominant Shoulder

Figure 2. The average contact center for repaired and con-
tralateral shoulders at 24 months after surgery and the dom-
inant shoulder of the control participants are shown on the
lateral view of a glenoid. The repaired shoulders’ average
contact center was located more superiorly on the glenoid
than both the contralateral shoulder (P < .001) and the con-
trol participants’ dominant shoulder (P = .007). ANT, anterior;
POST, posterior.

months after surgery than at 3 months after surgery (P =
.02) (Table 1), and there was a statistical trend for increased
A/P contact center range at 24 months after surgery com-
pared with 3 months after surgery (P = .07) (Table 1). The
contact center path length at 12 months after surgery was
significantly greater than at 3 months after surgery (P =
.01) (Table 1). However, no significant difference in contact
center path length was detected between 24 months after
surgery and either the 3-month (P = .20) or 12-month (P =
.16) postsurgical time points (Table 1).

Subacromial Space

In general, the acromiohumeral distance decreased with
increasing abduction angle in all groups (Figure 3). The
acromiohumeral distance steadily decreased from 20° to
50° of abduction and then remained relatively constant
until the end of the motion at 70°. The difference in acro-
miohumeral distance between the groups also became
more apparent with increasing abduction angle. The
repaired shoulders’ average acromiohumeral distance
was significantly greater than the contralateral shoulders
at 3, 12, and 24 months after surgery (P < .001). The aver-
age acromiohumeral distance of the repaired shoulders
was 4.5 = 1.6 mm, 4.3 = 1.5 mm, and 4.2 = 1.6 mm at 3,
12, and 24 months after surgery, respectively. In contrast,
the average acromiohumeral distance of the rotator cuff
patients’ contralateral shoulder was 3.1 + 1.3 mm, 3.1 =
1.4 mm, and 3.1 + 1.4 mm at 3, 12, and 24 months after
surgery, respectively. Relative to the control participants’
average acromiohumeral distance (3.6 = 1.5 mm), the rota-
tor cuff patients’ average acromiohumeral distance in their
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TABLE 1
Comparison of Dynamic Joint Excursion Between Repaired, Contralateral, and Control Shoulders

Rotator Cuff Patients Control Participants

Repaired Shoulder Contralateral Shoulder P Dominant Shoulder P“

Anterior/posterior contact center range (% of glenoid width)

3 mo 10.0 = 6.2 9.2 £ 5.0 91 7.3 +45 .01
12 mo 12.7 = 8.2° 10.2 + 5.6 13
24 mo 11.7 + 6.4° 10.3 £ 5.5 .38
Superior/inferior contact center range (% of glenoid height)
3 mo 13.1 £ 10.9 13.3 £ 7.0 .48 13.6 = 8.2 .58
12 mo 13.1 £ 7.3 144 + 5.7 .79
24 mo 12.3 + 6.8 14.0 = 6.2 .55
Contact center path length (% of glenoid height)
3 mo 20.8 = 12.5 23.0 + 7.1 .19 21.5 £ 104 .85
12 mo 25.4 + 9.8° 24.5 + 6.7 .70
24 mo 22.2 + 8.0 24.7 £ 7.3 .30
“Control shoulders compared with repaired shoulders at 24 months after surgery.
bSignificantly different compared with 3 months after surgery (P < .05).
“Statistical trend compared with 3 months after surgery (P = .07).
repaired shoulder at 24 months after surgery was not 7 Rotator Cuff Patients

found to be significantly different (P = .18). Over time after
surgery, no differences were detected in the repaired
shoulders’ average acromiohumeral distance (P = .6).

Shoulder Strength

In general, normalized shoulder strength increased over
time after surgery. Specifically, shoulder strength increased
over time for ABD (P =.02), ER (P < .001), and IR (P = .01),
but the overall change over time for ELEV was not found to
be statistically significant (P = .18) (Figure 4). There were
statistically significant increases in shoulder strength
from 3 months to 12 months after surgery for ABD (P =
.02), ER (P = .001), and IR (P = .008). The IR was the only
activity in which shoulder strength demonstrated a statisti-
cally significant increase from 12 months to 24 months after
surgery (P = .04) (Figure 4).

Despite the increases over time in shoulder strength,
strength of the repaired shoulder was less than strength
of the contralateral shoulder at 24 months after surgery
in 52% (11/21) of the patients during ABD, 57% (12/21) of
patients during ELEV, 81% (17/21) of patients during
ER, and 24% (5/21) of patients during IR. The percentage
of patients who did not achieve the average control subject
strength ratios (Figure 4) at 24 months after surgery was
52% (11/21) during ABD, 62% (13/21) during ELEV, 86%
(18/21) during ER, and 38% (8/21) during IR.

Subjective Assessment

The patients’ subjective assessment demonstrated a statis-
tically significant improvement over time after rotator cuff
repair (Figure 5). Specifically, all 5 domains of the WORC
Index and the WORC Index composite score decreased
significantly with time (P < .001). The WORC Index
(both the composite score and the individual domains)

—+— Repaired Shoulder
-~ Contralateral Shoulder

Control Subjects

~4— Dominant Shoulder

Acromiohumeral Distance (mm)
» “ £ o

-

Angle (deg

Figure 3. The acromiohumeral distance decreased from 20°
to 50° of glenohumeral abduction and then remained rela-
tively constant. The difference in acromiohumeral distance
between the rotator cuff patients’ repaired and contralateral
shoulders ranged from 0.25 mm at 20° of abduction to 1.6
mm at 70° of abduction. Acromiohumeral distance did not
change over time in either the repaired or contralateral
shoulders of the rotator cuff repair patients, so only the
data from 24 months after surgery are shown.

was significantly higher at 3 months after surgery than
at 12 months after surgery (P < .001) and 24 months after
surgery (P < .001). However, neither the WORC composite
score nor the WORC individual domains changed from 12
to 24 months after surgery (P > .18) (Figure 5).

Subjective Assessment Versus Shoulder Strength

There were statistically significant associations between
the WORC Index composite score and normalized shoulder
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Figure 4. Normalized shoulder strength, defined as strength
of the repaired shoulder as a percentage of the strength of
the asymptomatic contralateral shoulder, improved from 3
to 12 months after surgery for abduction (ABD), external rota-
tion (ER), and internal rotation (IR) but not for elevation
(ELEV). Changes in normalized shoulder strength from 12
to 24 months after surgery were only detected for internal
rotation.

strength for ABD (r = —.4, P < .001), ER (r = =47, P <
.001) (Figure 6), and IR (r = —.48, P < .001). The associa-
tion between the WORC Index composite score and nor-
malized ELEV strength was not statistically significant
(r=-.20, P =.11).

Subjective Assessment Versus GHJ Motion

The study failed to detect associations between the WORC
Index composite score and the reported measures of
dynamic contact location or dynamic joint excursion.
Specifically, the WORC Index composite score was not
found to be significantly associated with the S/I contact
center position (P = .94) (Figure 7), A/P contact center
position (P = .32), S/I contact center range (P = .83), A/P
contact center range (P = .36), or contact center path
length (P = .24).

DISCUSSION

This study demonstrated that there were significant differ-
ences between rotator cuff repair patients’ repaired and con-
tralateral shoulders in terms of the joint contact path, the
average S/I contact center, and the average acromiohumeral
distance. The study also demonstrated significant differen-
ces between the rotator cuff patients’ repaired shoulder
and the control participants’ dominant shoulder in terms
of the joint contact path, the average S/I contact center,
and the A/P contact center range. Changes over time in
the rotator cuff patients’ repaired shoulders were observed
in terms of the A/P contact center range and contact center
path length. The study found improvements over time in
shoulder strength ratios, but deficits in strength of the
repaired shoulder relative to the contralateral shoulder
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persisted in most patients at 24 months after surgery.
Ultrasound imaging indicated that 20 of 21 patients had
an intact rotator cuff repair at 24 months after surgery,
and the patients’ subjective assessment improved over
time. There were significant associations between shoulder
strength and the patients’ subjective assessment, but the
patients’ subjective assessments were not significantly asso-
ciated with measures of GHJ mechanics.

One of the most apparent differences reported in this
study was that the repaired shoulders’ average contact
center was located more superiorly on the glenoid than
both the contralateral shoulders and the control shoulders
(Figure 2). The explanation for this finding is unclear. It is
possible that this finding may reflect an etiological factor
that may have contributed to the development of the rota-
tor cuff tear. This explanation would be consistent with the
well-established theory of subacromial impingement.?-%2
However, in the absence of preoperative data, this explana-
tion is speculative. It is also possible that this finding
reflects differences in scapulothoracic motion between the
3 patient populations. Specifically, it is plausible that
changes in the amount of scapular rotation relative to
the torso could shift the humeral contact location more
superiorly on the glenoid. Lastly, it is possible that the sur-
gical repair procedure may overtighten the tendon.
Although the double-row technique has been advocated
to avoid gap formation,®* it has also been suggested that
single- and double-row repairs are equivalent for small
tears such as the ones in this study.?® Thus, it is possible
that for small tears, the double-row technique puts unnec-
essarily high tension on the tendon and leads to superior
migration of the contact center. Regardless of the explana-
tion for this finding, the data in this study strongly suggest
that GHJ mechanics are not restored to the condition of the
patient’s contralateral shoulder or to the condition of this
particular control population after rotator cuff repair.

One interesting finding from this study was that the con-
tact path changed direction in both the repaired and contra-
lateral shoulders. Specifically, the contact center in the
repaired shoulders moved superiorly on the glenoid from
20° to 30° of abduction and then moved inferiorly as the
shoulder continued to abduct from 30° to 70° (Figure 1).
For the contralateral shoulders, the contact center moved
superiorly on the glenoid from 20° to 50° of abduction and
then moved inferiorly as the shoulder continued to abduct
from 50° to 70° (Figure 1). For the repaired shoulders, it is
possible that initial contact between the medial aspect of
the greater tuberosity and the acromion may be forcing
the humeral head to translate inferiorly relative to the gle-
noid. However, this seems unlikely because the acromio-
humeral distance is increased in the repaired shoulders
(Figure 3). Alternatively, this change in direction of the con-
tact path could be explained by underlying rotator cuff
weakness, with neuromuscular compensation to accomplish
elevation. Another potential explanation is that this phe-
nomenon may reflect muscular activation in force couples
to create humeral head depression. Prior cadaveric studies
have suggested that the rotator cuff stabilizes the GHdJ
through midranges of motion by centering the humerus
against the glenoid, thus preventing excessive translation
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Figure 6. Normalized external rotation (ER) strength was sig-
nificantly associated with the Western Ontario Rotator Cuff
(WORC) Index composite score.

of the humerus relative to the glenoid.?%2%:36:43.67.68 pyy.

thermore, previous research has also demonstrated that
the rotator cuff contributes approximately 25% to 50% of
total elevation strength.*® Although it is generally believed
that loss of rotator cuff strength will result in increased
GHJ excursion and superior translation of the humeral
head, this belief is based on cadaveric studies that are
unable to accurately simulate muscle forces and joint forces.
Indeed, recent in vivo studies have suggested that paralysis
of the supraspinatus and infraspinatus muscles results in
neither superior migration of the humerus® nor an increase
in subacromial space pressure.®* Thus, rotator cuff weak-
ness may not necessarily result in superior humeral trans-
lation and could instead result in the humeral head
translating inferiorly relative to the glenoid.
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Figure 7. The average superior/inferior (S/l) contact center
position during coronal-plane abduction was not found to
be significantly associated with the Western Ontario Rotator
Cuff (WORC) Index composite score.

Glenohumeral joint contact patterns have been quanti-
fied in a number of cadaveric studies. For example, the
effects of shoulder position on GHJ contact patterns have
been studied in cadaveric specimens using stereophotog-
rammetry.?>31%° Soslowsky and colleagues® indicated
that the glenoid contact location was primarily in the ante-
rior half of the glenoid with the shoulder adducted but
moved posteriorly with increasing elevation. Although
the current study demonstrated that the average contact
center was located on the posterior half of the glenoid,
the trend toward glenoid contact location moving posteri-
orly with increasing abduction was observed in the
repaired shoulders (Figure 1). Furthermore, while the cur-
rent study demonstrated significant changes in the S/I con-
tact center location with increasing abduction (Figure 1),
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the study by Soslowsky and colleagues®® reported no clear
shift in glenoid contact patterns with elevation in the S/I
direction. One plausible explanation that may help to recon-
cile these differences is that these previous cadaveric stud-
ies simulated scapular-plane elevation, whereas the
patients in the current study elevated their shoulders in
the coronal plane. The effects of shoulder position, joint con-
tact forces, muscle forces, and various simulated clinical
conditions on joint contact area and joint contact pressures
have been also studied by inserting thin pressure-sensitive
films or similar devices (eg, Fuji film, Tokyo, Japan, or Tek-
scan sensors, South Boston, Massachusetts) between the
humerus and glenoid of cadaveric specimens.!?232463.71
Although these types of cadaveric experiments have pro-
vided the bulk of existing knowledge about GHJ mechanics,
it is difficult to compare the results of the current in vivo
study with cadaveric experiments that cannot reproduce
muscle and joint forces because the magnitude, direction,
and timing of these forces are still largely unknown.

Despite the profound differences in the average contact
paths between the repaired and control shoulders at 24
months after surgery (Figure 1), it is interesting that the
study failed to detect significant differences in their S/I
contact center range or contact path length (Table 1).
The statistical explanation for this finding is that there
was tremendous variability in the joint contact patterns
for the control subjects, and this variability is not ade-
quately captured when reporting only the average contact
paths (Figure 1). For example, the S/I contact center range
in the control shoulders ranged from 2.2% to 39.5% of gle-
noid height. In contrast, the S/I contact center range of the
repair shoulders at 24 months after surgery ranged from
3.0% to 27.4% of glenoid height. Similarly, the contact
path length ranged from 6.7% to 51.7% of glenoid height
in the control participants, whereas the path length ranged
from only 5.6% to 36.0% of glenoid height in the repair
patients. These data clearly suggest that there is signifi-
cant variability in GHJ mechanics even among young
healthy subjects with qualitatively normal shoulder func-
tion. This finding supports the clinical observation of
a wide range of GHJ laxity across patients with clinically
stable shoulders.

In contrast to the lack of differences in S/I contact cen-
ter range or path length, the study demonstrated that the
A/P contact center range was smaller in the control par-
ticipants’ dominant shoulder than in the rotator cuff
patients’ repaired shoulders (P = .01) (Table 1). Previous
research has demonstrated that the glenoid has a higher
radius of curvature in the A/P direction than in the S/I
direction, indicating that the glenoid is “flatter” in the
A/P direction.*” Consequently, dynamic joint excursion
in the A/P direction may be less influenced by bony shape
and more dependent on the glenoid labrum, relative bony
positioning between the humerus and scapula, and
dynamic muscle function. Therefore, the finding of
a smaller A/P contact center range in the control partici-
pants may suggest that young, healthy subjects have
less A/P joint excursion because of differences in muscle
strength or neuromuscular control between these 2 sub-
ject populations.
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The finding of a greater acromiohumeral distance in the
repaired shoulders versus the contralateral shoulders (Fig-
ure 3) likely reflects the acromioplasty that was performed
at the time of rotator cuff repair. The amount of the ante-
rior acromion that is resected varies between patients and
is dependent on factors such as the acromion shape and
presence of osteophytes, but clinical observation suggests
that it is common to remove approximately 1 to 7 mm of
the acromion during an acromioplasty. Although the differ-
ence in average acromiohumeral distance between the
rotator cuff patients’ repaired and contralateral shoulders
was found to be only 1.2 mm, it is important to keep in
mind that the humerus in the repaired shoulder is posi-
tioned, on average, approximately 10% or 3.2 mm more
superiorly on the glenoid than the contralateral shoulder
(Figure 2). If the humerus in the repaired shoulder would
have been located at the same position on the glenoid as
the contralateral shoulder, then the acromiohumeral dis-
tance would likely be in the range of 4 to 5 mm. Thus,
the acromiohumeral distance data reported here are con-
sistent with the clinical observation of the amount of
bone resected during an acromioplasty.

Despite the general increase over time in the shoulder
strength ratios (Figure 4), most patients had strength def-
icits in their repaired shoulder relative to their contralat-
eral shoulder at 24 months after surgery. Specifically,
52% of patients had a strength deficit relative to their con-
tralateral shoulder during ABD, 57% of patients had
a strength deficit in ELEV, and 81% of patients had
a strength deficit in ER. This outcome is disappointing par-
ticularly because the strength of the contralateral shoulder
was likely lower by being the nondominant shoulder in
71% of the patients and was further compromised by the
presence of a rotator cuff tear in 48% of the patients.® Fac-
tors that may have contributed to this poor outcome
include (1) altered GHJ (and potentially scapulothoracic)
mechanics providing an inadequate or unstable base of
support necessary to generate high forces, (2) muscle
atrophy limiting the supraspinatus’ intrinsic ability to gen-
erate high forces, (3) inadequate or ineffective rehabilita-
tion, or (4) the patients’ motivation and/or expectation
levels relative to their activities of daily living.

The improvement in subjective outcomes (ie, the
decrease in the WORC Index composite score) over time
is consistent with previously published results. For exam-
ple, Cools and colleagues® reported that patient-reported
outcomes improved from presurgery to 18 months after
surgery as indicated by a 68% increase in the Constant-
Murley score. Similarly, Bigoni et al''! demonstrated
a 43% to 93% increase (depending on repair technique) in
the Constant score from presurgery to 12 months after
rotator cuff repair. Similar improvements in subjective
assessment after rotator cuff repair have been reported
by Klintberg and colleagues.>® By comparison, the current
study shows a relative decrease of 70% in the WORC
composite score from 3 months to 12 months after surgery
(Figure 5).

The finding that the study was unable to detect signif-
icant differences in GHJ mechanics, shoulder strength, or
subjective outcome between 12 and 24 months after
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surgery was not surprising. Although physical therapy
has been shown to play an important role in the nonsurgi-
cal treatment®**1%® and postsurgical rehabilitation after
rotator cuff repair,”>® previous research has shown that
most gains in function and strength, and presumably
the patient’s subjective assessment as well, will be real-
ized within the first year after surgery.??%” Patients
were encouraged to continue their home-based strength-
ening program, but it is unknown if they did or if activi-
ties of daily living were sufficient to maintain the
strength levels that they had achieved by 12 months after
surgery. It is certainly plausible that altered glenohum-
eral motion and strength deficits after rotator cuff repair
are not a reflection of the surgical technique but rather
a limitation in the postsurgical rehabilitation protocol.
Although each patient in this study was treated with
a postsurgical rehabilitation protocol consistent with the
standard of care at our institution, it is possible that var-
iations in patient outcomes are a reflection of differences
in compliance with rehabilitation protocol. However, this
explanation is speculative because patient adherence to
the postoperative rehabilitation protocol was not docu-
mented as a part of this study.

Changes in shoulder strength and subjective outcomes
showed similar trends over time (ie, improvements from
3 to 12 months, but no change from 12 to 24 months),
and there were statistically significant associations
between these outcome measures. Specifically, the study
indicated a statistically significant association between
ABD, ER, and IR strength and the WORC composite score
(Figure 6). Of the 21 questions in the WORC questionnaire,
approximately one third of them either directly or indi-
rectly assess the patient’s perception of his or her shoulder
strength. Consequently, it is perhaps not surprising that
this study would show a statistically significant association
between the WORC score and measures of shoulder
strength. In particular, the statistically significant associ-
ation between ER strength and the WORC Index (Figure
6) was not surprising because external rotation strength-
ening exercises are an important component of many pre-
viously published rehabilitation protocols?®*® including
the one used in this study.

In contrast to the significant associations between shoul-
der strength and subjective outcome, the study failed to
detect any statistically significant associations between joint
mechanics and subjective outcome (Figure 7). This was unex-
pected as we hypothesized that improved subjective assess-
ments would reflect, at least to some extent, improvements
in joint mechanics. However, there are several potential
explanations for the lack of association between WORC
scores and joint mechanics. First, joint mechanics were
assessed during coronal-plane abduction with a 3-1b weight,
and this activity may have not been sufficiently challenging
(even for patients recovering from rotator cuff surgery) to
provoke differences in joint mechanics as healing progressed.
Second, the presurgical joint mechanics of these patients are
unknown. The patients in this study had chronic rotator cuff
tears and therefore may have been living with altered joint
mechanics for a number of years before repair surgery.
Thus, it is possible that the altered joint mechanics (eg,
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altered scapulothoracic motion) present after surgery reflect
a presurgical condition that was not corrected through surgi-
cal repair. Alternatively, it is also plausible that the joint
mechanics after surgery represent an unintended conse-
quence of the surgical procedure—specifically, overtighten-
ing the repair—that is not resolved within the first 2 years
after surgery. Lastly, it is possible that subjective assess-
ments may simply be more heavily influenced by pain relief
than by changes in GHJ function. For example, from 3 to
12 months after surgery, this study demonstrated a 71%
improvement in the WORC composite score. In contrast,
there was a relative increase in shoulder strength of only
47% (range, 32%-68%, depending on the activity) without
any detected change in joint mechanics. These data would
support the contention that a patient’s subjective assessment
of shoulder function after rotator cuff surgery is more heavily
influenced by a reduction in pain than increases in strength®’
and that the surgery is successful in reducing pain but does
not necessarily fully restore shoulder function. Furthermore,
these data suggest that the complex interplay between pain,
strength, and joint mechanics is poorly understood and war-
rants further study.

The approach used here for quantifying joint contact
patterns has been used to report functional differences
associated with specific clinical conditions (distal radius
malunion,'®*% anterior cruciate ligament injury,* or osteo-
arthritis®2®) and offers some specific advantages over con-
ventional techniques for describing GHJ kinematics. First,
the estimates of joint contact provide a more robust mea-
surement of joint motion compared with conventional tech-
niques. Specifically, the joint contact outcome measures
are based on thousands of tessellated surface points that
compose the patient-specific CT-based bone model. The
estimated joint contact patterns use the entire geometry
of the glenoid and humerus, and therefore, the outcome
measures are not influenced by the potentially inaccurate
selection of individual anatomic landmarks. In contrast,
the conventional kinematic outcome measures are typi-
cally based on a small number of anatomic landmarks
per bone (3 landmarks for the humerus, 4 landmarks for
the scapula). Consequently, it has been shown that the cal-
culation of conventional kinematic outcome measures can
be adversely affected by the inaccurate or inconsistent
identification of these specific landmarks.*? In addition,
the joint contact patterns have additional clinical and
physical significance in that the joint contact center pro-
vides an estimate of the location where joint contact forces
are centered on the glenoid. In contrast, the center of the
humeral head has limited clinical and physical significance
because orthopaedic surgeons do not routinely characterize
pathologic shoulder conditions with respect to the center of
the humeral head. Thus, joint contact patterns provide
a technically robust description of joint motion in a context
that is of clinical relevance.

There are several limitations to this study. First, the
experimental technique relies upon CT-based bone models
that do not include articular cartilage. Consequently, the
estimates of joint contact are not based on measures of car-
tilage overlap. However, this study was not designed to
measure joint contact areas or estimate joint forces from
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measures of cartilage deformation. Furthermore, the same
measurement technique was applied to all patients so the
relative differences between the 3 groups are not compro-
mised. Another limitation is that the study does not report
preoperative data for any of the rotator cuff repair
patients. However, the study was not designed to assess
the effects of surgery but rather the extent to which GHJ
mechanics after rotator cuff repair are consistent with
that of the contralateral shoulder or a young, healthy con-
trol population. Another limitation of the study was the
status of the rotator cuff in the contralateral shoulders as
assessed with ultrasound at 24 months postsurgery. How-
ever, the finding of 48% (10 of 21) of the contralateral
shoulders having a partial-thickness or full-thickness rota-
tor cuff tear is consistent with previous research.” It is
important to note ultrasound imaging was performed at
only 24 months after surgery, and therefore, these tears
may have been present at the 3-month time point. How-
ever, the patients’ contralateral shoulders were asymptom-
atic at the start of the study, and none of the patients had
sought treatment at our institution for their contralateral
shoulder. However, the extent to which asymptomatic
partial- or full-thickness tears influence the outcome meas-
ures reported here remains unknown. Additionally, the
control group participants are significantly younger than
the rotator cuff repair patients, and it is possible that
GHJ mechanics may change as part of the aging process.
However, it should be noted that differences were still
observed in the patients’ repaired shoulder compared
with their contralateral side. Lastly, it is possible that
scapular motion patterns may have contributed to differen-
ces observed between the repaired and contralateral
shoulders,?? but the field of view of our biplane radiograph
system prevented us from simultaneously acquiring accu-
rate radiograph-based measures of glenohumeral and
scapulothoracic joint motion. A lack of data on scapulo-
thoracic motion is a limitation of this study.

In summary, this study indicates that subjective out-
comes and shoulder strength improve over time after sur-
gical repair of a 1-tendon rotator cuff tear and that 95%
of repairs appear intact at 2 years postsurgery. However,
deficits in shoulder strength persist over time, and GHJ
mechanics are not restored to the condition of either the
patients’ contralateral shoulder or healthy control partici-
pants. The study also demonstrated that, in general, there
are associations between patients’ subjective assessment
and shoulder strength but that subjective outcomes are
not associated with GHJ mechanics. Future efforts will
investigate the preoperative condition of patients with
rotator cuff tears, simultaneously measure glenohumeral
and scapulothoracic motions, and assess the extent to
which optimizing physical therapy protocols (both preoper-
ative and postsurgical) and surgical repair techniques to
restore normal GHJ mechanics improves clinical outcomes.
In addition, future research should focus on testing addi-
tional patient populations (eg, young patients with rotator
cuff tears, older subjects with an intact rotator cuff, older
patients with asymptomatic tears) to address the extent
to which factors such as age, gender, arm dominance, rota-
tor cuff condition, and symptoms affect GHdJ function.
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