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ARTICLE INFO ABSTRACT
Keywords: Objectives: To assess the ability of the arthroscopic superior capsule reconstruction (SCR) in restoring gleno-
Rotator cuff tear humeral stability in the presence of different preoperative patterns of irreparable rotator cuff tears (RCTs).
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Musculoskeletal model

Fascia lata autograft

Methods: A computational musculoskeletal (MSK) model of the upper limb was used to simulate isolated SCR and
to estimate the stability of the shoulder. Four patterns of preoperative irreparable RCTs were modeled: Supra-
spinatus (SSP); SSP + Subscapularis (SSC); SSP + Infraspinatus (ISP); and SSP + SSC + ISP. The muscles involved
in the irreparable RCT were removed from the MSK model to simulate an irreparable full-thickness tear. In the
MSK model, the muscle and joint forces were estimated for a set of upper limb positions, from four types of
motions (abduction in the frontal plane, forward flexion in the sagittal plane, reaching behind the back, and
combing the hair) collected in a biomechanics laboratory, through inverse dynamic analysis. The stability of the
shoulder was estimated based on the tangential and compressive components of the glenohumeral joint reaction
force. The comparison of pre- and post-operative conditions, for the four patterns of irreparable RCTs, with the
healthy condition, was performed using ANOVA and Tukey's tests (statistical level of p < 0.05).

Results: In the setting of an isolated irreparable SSP tear, SCR statistically significantly improved stability
compared with the preoperative condition (p < 0.001). For the irreparable SSP + SSC pattern, a statistically
significant loss in stability was observed (p < 0.001) when SCR was applied. For the irreparable SSP + ISP and
SSP + SSC + ISP patterns, the postoperative condition increased shoulder stability, compared to the preoperative
condition; however, the improvement was not statistically significantly different.

Conclusion: Isolated SCR for irreparable RCTs extending beyond the SSP does not statistically significantly
improve the stability of the glenohumeral joint.

Level of evidence: Level IV.

What are the new findings?

e Arthroscopic superior capsule reconstruction for isolated irreparable supraspinatus tendon tears improves shoulder stability for all shoulder
positions of fixation evaluated.

e For tears that extended to the subscapularis and/or infraspinatus tendons, the graft cannot restore the anterior and/or posterior stability lost
with the rotator cuff tear.

e For anterosuperior irreparable rotator cuff tears, a significant loss in stability was observed compared to the preoperative condition.

* Corresponding author. Hospital CUF Tejo, Av. 24 de Julho 171 A, 1350-352, Lisbon, Portugal.
E-mail addresses: madalena.antunes@tecnico.ulisboa.pt (M. Antunes), carlos.quental@tecnico.ulisboa.pt (C. Quental), jfolgado@tecnico.ulisboa.pt (J. Folgado),
ana_angelo@msn.com (A.C. Angelo), claracamposazevedo@gmail.com (C. de Campos Azevedo).

https://doi.org/10.1016/j.jisako.2024.01.014

Received 14 October 2023; Received in revised form 10 January 2024; Accepted 29 January 2024

Available online xxxx

2059-7754/© 2024 The Author(s). Published by Elsevier Inc. on behalf of International Society of Arthroscopy, Knee Surgery and Orthopedic Sports Medicine. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Please cite this article as: Antunes M et al., Influence of the rotator cuff tear pattern in shoulder stability after arthroscopic superior capsule
reconstruction: a computational analysis, Journal of ISAKOS, https://doi.org/10.1016/j.jisako.2024.01.014



mailto:madalena.antunes@tecnico.ulisboa.pt
mailto:carlos.quental@tecnico.ulisboa.pt
mailto:jfolgado@tecnico.ulisboa.pt
mailto:ana_angelo@msn.com
mailto:claracamposazevedo@gmail.com
www.sciencedirect.com/science/journal/20597754
www.elsevier.com/locate/jisakos
https://doi.org/10.1016/j.jisako.2024.01.014
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jisako.2024.01.014

M. Antunes et al.
INTRODUCTION

Arthroscopic superior capsule reconstruction (ASCR) was introduced
by Mihata et al. for the treatment of irreparable rotator cuff tears (RCTs)
[1]. An irreparable RCT leads to a destabilization of the glenohumeral
(GH) joint, as the muscles of the rotator cuff are its main dynamic sta-
bilizers [2-4]. In ASCR, a graft is positioned and fixed along the physi-
ological vector of the supraspinatus (SSP) tendon (Fig. 1), bridging the
superior glenoid rim and the SSP footprint [1,5,6]. The goal of the su-
perior capsular graft is to act as a fulcrum to the deltoid pulling vector
and to restore the physiologic kinematics [7,8].

The four most common patterns of irreparable RCTs, correspond to
the full-thickness tear of the following tendon(s): SSP; SSP + Sub-
scapularis (SSC); SSP + Infraspinatus (ISP); and SSP + SSC + ISP [5,
7-10]. These preoperative tear patterns influence the mechanisms of
stabilization of the GH joint. Previous cadaveric and computational
studies suggest that tear patterns that extend beyond the SSP are associ-
ated with instability and altered kinematics of the GH joint, highlighting
the importance of the stabilizing action of the transverse force couple
(SSC and ISP) [11-13]. If the SSC or ISP tendons are intraoperatively
identified as repairable, direct repair may be applied concomitantly to
ASCR by suturing the tendon to its healthy footprint [5,6,14]. Conversely,
if the fully torn SSC and/or ISP tendon are classified as irreparable,
alternative concomitant procedures may be considered with the purpose
of re-establishing the horizontal force couple, including [5,6,14]:
augmented repair using an autograft or allograft [15,16]; pectoralis major
or latissimus dorsi tendon transfer to the SSC footprint [17,18]; and la-
tissimus dorsi or lower trapezius transfer to the ISP footprint [19-22].

The effect of ASCR on the stability of the GH joint in the setting of an
isolated irreparable full-thickness tear of the SSP tendon has been studied
biomechanically through two in vitro and in silico models, with both
studies showing that the isolated fixation of the superior capsular graft is
able to restore GH joint stability [1,23]. Biomechanical evidence on
whether ASCR alone is able to compensate the loss of the transverse force
couple in the setting of a massive irreparable RCT is still lacking. Using
cadaveric shoulders, Lacheta et al. found that a dermal allograft partially
restored superior stability in the presence of superior (SSP) and poster-
osuperior (SSP + ISP) tears [24]; however, their study considered only
static muscle loading in standard shoulder planes of motion (abduction,
flexion and scaption). Further research is necessary to evaluate how the
biomechanics of the shoulder and the stabilization mechanisms are
affected by an irreparable RCT that extends to the anterior and/or pos-
terior cuff, and if ASCR alone is able to restore the stability and physio-
logical kinematics of the shoulder for these RCT patterns. The purpose of
this study was to assess the influence of the preoperative pattern of RCTs
in the stability of the GH joint after ASCR. Standard shoulder motions
(abduction and flexion) and two activities of the daily life were studied
using a three-dimensional musculoskeletal (MSK) model of the upper
limb. The hypothesis was that ASCR alone would not be able to restore
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Fig. 1. Schematic representation of a superior capsule reconstruction. The su-
perior capsular graft is fixed proximally to the superior glenoid rim and distally
to the supraspinatus tendon footprint on the greater tuberosity.
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the GH joint stability in the setting of an irreparable RCT extending
beyond the SSP tendon.

METHODS
Computational modeling

A three-dimensional MSK model of the upper limb composed of 7
rigid bodies and 22 muscles of the upper limb (74 muscle bundles), was
modified to account for the fixation of the superior capsular graft in the
superior capsule reconstruction (SCR) [23]. The origin and insertion sites
of the graft, in the glenoid rim and the SSP footprint, respectively, were
defined with the guidance of two experienced shoulder orthopedic sur-
geons (C.d.C.A. and A.C.A.). The graft was assumed to be perfectly
bonded to the bone at the SSP footprint. The graft type used was of fascia
lata (FL) material. The material properties of the FL graft were defined
based on experimental data collected from fresh cadaveric FL grafts [25].
Muscle and joint reaction forces were estimated through inverse dynamic
analyses considering kinematic data, collected from the database of the
Laboratory of Biomechanics of Lisbon [26,27]. The population dataset
consisted in 18 healthy subjects (7 males, 11 females), with a mean age of
24.5 years (range, 18-55 years). The kinematic data included four types
of activities: abduction in the frontal plane, forward flexion in the sagittal
plane, reaching behind the back, and combing the hair. The estimation of
muscles forces, for each upper limb position of the kinematic data, was
based on the minimization of muscle energy consumption, while also
ensuring the fulfillment of the equations of motion and the stability of the
anatomical joints [26]. A set of 45 shoulder positions of fixation of the
graft (combination between abduction relative to the trunk, forward
flexion, and axial rotation) were considered for analysis. These modeled
shoulder positions of fixation of the graft were based in the published
results of a previous computational study, considering the fixation po-
sitions in which the graft would not be at risk of failure in the setting of an
ASCR [23]. As the present study aimed to evaluate how the fixation of the
superior graft alone influenced GH joint stability, no other concomitant
procedures (e.g., ISP or SSC repair; or side-to-side sutures between the
graft and ISP or SSC tendons) were modeled.

Patterns of irreparable RCTs

The patterns of irreparable RCTs were modeled assuming the 4 most
common types of shoulder preoperative conditions observed in patients
who underwent ASCR [5,28,29]. Irreparable full-thickness tears of the
following tendons were assumed: SSP; SSP + SSC; SSP + ISP; and SSP +
SSC + ISP. For the sake of brevity, the term “irreparable” is henceforth
omitted when referring to the modelled RCTs. For each of these four
patterns of RCTs, the corresponding muscle of the torn tendon was
removed from the MSK model (Fig. 2). This methodology was followed
previously in cadaveric studies, where the muscles (of the torn tendons)
were unloaded or resected [1,30,31]; and in a computational study by
Steenbrink et al., where the force produced by these muscles was
cancelled [13].

Shoulder stability evaluation

Shoulder stability was assessed based on the ratio between the
tangential and compressive components of the GH joint reaction force,
augmented by a weighting term related with how much additional muscle
activity was necessary to prevent dislocation of the GH joint, mimicking
the central nervous system [23]—the larger this augmented ratio, the
lower the shoulder stability. Note that a high ratio, indicating reduced
shoulder stability, does not necessarily imply a dislocation of the GH joint.
Instead, it indicates a higher susceptibility of the joint to dislocation
compared to a condition with greater shoulder stability. When removing
the rotator cuff muscles from the MSK model (e.g., SSP, SSC and ISP), the
biomechanics of the shoulder is altered, as these are the main dynamic
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Fig. 2. Rotator cuff muscles and tendons for the (a) intact condition and rotator cuff tear conditions simulated, including an irreparable full-thickness tear of the
supraspinatus (SSP); supraspinatus and subscapularis (SSC); supraspinatus and infraspinatus (ISP); and supraspinatus, subscapularis, and infraspinatus tendons.

stabilizers of the GH joint. For some upper limb positions (from the ki-
nematic data), the MSK model may fail to find a physiological solution to
the muscle force sharing problem, as previously described by Steenbrink
etal. [13]. In this work, these positions, hereafter referred to as “unfeasible
upper limb positions”, represent a scenario in which the stability of the GH
joint or the fulfillment of the equations of motion were not ensured by the
remaining muscles (in the MSK model), as there is a physiological limit to
the additional muscular activity that can be recruited [27]. To allow a
consistent computation of shoulder stability among the four patterns of
RCTs, the stability of the shoulder for these positions was defined as the
worst stability condition obtained for the feasible upper limb positions.
These unfeasible upper limb positions were also saved, for each studied
condition, to evaluate the effect of graft fixation on shoulder stability, by
comparing their frequency between the pre- and post-operative condi-
tions; and the effect of the pattern of RCT on shoulder stability, by
comparing their frequency between the four RCT patterns considered.

Statistical analysis

Shoulder stability was compared between pre- and post-operative
conditions for the four patterns of RCTs and the corresponding 45
shoulder positions of fixation studied. This comparison was based on one-
way analysis of variance (ANOVA) and post-hoc Tukey's multiple com-
parison tests. The statistical analysis was conducted in MATLAB 2018a,
where the anoval and multi-compare functions were used for ANOVA and
Tukey's test, respectively. The significance level was set to p = 0.05.

RESULTS
Biomechanical performance of SCR

Compared to the intact condition, shoulder stability decreased with
the increased extent of the RCT pattern, i.e., the SSP + SSC + ISP pattern
was further away from the intact condition than the SSP pattern (p <
0.05) (Fig. 3). For the SSP pattern, our results suggest a statistically
significant improvement, in terms of shoulder stability, from the pre to
the postoperative condition, regardless of the shoulder position of fixa-
tion evaluated (95% confidence intervals, p < 0.001). For the SSP + SSC
pattern a statistically significant loss in stability was observed for
shoulder positions of fixation with abduction angles of 10° and 15° (p <
0.05), compared with the respective preoperative condition. Overall,
fixation positions with neutral or 5° of abduction presented no statisti-
cally significant difference before and after isolated SCR. For the SSP +
ISP and SSP + SSC + ISP patterns, the postoperative condition was better
than the preoperative condition; however, this improvement was not
statistically significant. Shoulder stability for each individual motion
activity was also assessed, but, for the sake of briefness, these results are

only presented in the Supplementary Material. For the SSP pattern, the
postoperative condition recovered the intact shoulder condition (p <
0.001) for the motions of abduction in the frontal plane and reaching
behind the back. For the SSP + SSC pattern, the postoperative condition
presented a statistically significant improvement in shoulder stability (p
< 0.05) for the motions of abduction in the frontal plane, forward flexion
in the sagittal plane, and combing the hair. On the other hand, for the
SSP + ISP and SSP + SSC —+ ISP patterns, there was only an improvement
in shoulder stability for the motion of forward flexion in the sagittal
plane.

Unfeasible upper limb positions

For the SSP pattern, the MSK model found a physiological solution for
all 7,529 upper limb positions evaluated, both before and after isolated
SCR (Table 1). For the SSP + SSC, SSP + ISP and SSP + SSC + ISP pat-
terns of RCT, the amount of unfeasible upper limb positions accounted
for 1%, 6%, and 10% of the studied upper limb positions, respectively, in
the preoperative condition. After fixation of the graft, the number of
unfeasible upper limb positions increased from 1% to 3.80% (range,
1.92%-5.68%) for the SSP + SSC pattern, but decreased from 6% to
1.80% (range, 1.43%-2.17%) and from 10% to 5.73% (range, 4.50%—
6.96%) for the SSP + ISP and SSP + SSC + ISP patterns of RCTs,
respectively.

DISCUSSION

The main finding of this study was that isolated ASCR was not able to
statistically significantly improve the stability of the shoulder for pre-
operative patterns of RCTs that extended beyond the SSP tendon, con-
firming the hypothesis of this study. The isolated fixation of the superior
capsular graft could not compensate the loss of the transverse force
couple.

The shoulder is a complex structure, whose stability is ensured by the
joint action of muscles and static structures. A destabilization of this
balance may translate into changes of the muscular dynamic activation
and, consequently, the stability mechanisms. The preoperative patterns
of RCTs were associated with a shoulder stability loss, compared to the
intact shoulder condition. To prevent the dislocation of the GH joint,
higher muscle recruitment was needed by the remaining muscles in the
MSK model. For an irreparable tear of the SSP tendon, previous studies by
Oh et al., Parsons et al., and Steenbrink et al. found no difference in the
stability of the shoulder between the torn and intact conditions [11-13].
However, the first two are cadaveric studies that did not consider the
dynamic muscular activation by the remaining muscles of the upper arm
that participate in the stabilization of the GH joint [11,12]; and the third
study evaluated only the stability of the shoulder for a single upper limb
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Fig. 3. Multiple comparison test for the estimated shoulder stability in the pre- and postoperative conditions for the four patterns of irreparable rotator cuff tears,
including irreparable tears of the following tendons: supraspinatus (SSP); supraspinatus and subscapularis (SSC); supraspinatus and infraspinatus (ISP); and supra-
spinatus, subscapularis, and infraspinatus. In the postoperative condition, the shoulder positions of fixation are grouped by abduction angles (0°, 5°, 10°, and 15°), in
which forward flexion varies between 0° and 70° and axial rotation varies between —10° and 10°. The markers represent the mean value of each group. The lines
crossing the markers symbolize the respective comparison intervals. The difference between two means is statistically significant when the comparison intervals do

not overlap.

position, against the 7,529 upper limb positions from four types of ac-
tivities used in the current study [13]. For the preoperative patterns of
RCTs that extended in the anterior direction and/or posterior direction,
previous studies also found a loss in shoulder stability compared to the
intact condition [12,13]. Note that the infraspinatus has been shown to
aid stabilization during abduction of the arm, by restricting posterior and
superior translations [32,33]; and the subscapularis has been shown to
prevent excessive anterior translations [4]. In the current study, the MSK
model failed to find a physiological solution for these preoperative pat-
terns of RCTs for some upper limb positions (Table 1), hereafter referred
to as “unfeasible upper limb positions.” No statistically significant dif-
ference was found in stability between the preoperative SSP + ISP and
SSP + ISP + SSC patterns of RCTs, as obtained previously by Parsons
etal. [12].

ASCR aims to restore the physiological kinematics of the shoulder and
the stability mechanisms compromised by the irreparable RCT [1,7]. The
superior capsular graft works like a hammock, helping to center the

Table 1

humeral head with respect to the glenoid, and as a stabilizer, producing
force and redirecting the force couple to the glenoid as it deforms [23].
For an isolated irreparable full-thickness tear of the SSP tendon, the MSK
model found a physiological solution for all upper limb positions after
isolated SCR. The muscular activity necessary to avoid dislocation of the
joint statistically significantly reduced (p < 0.001), compared to the
preoperative condition, as the superior component of the vertical force
couple was re-established by the superior capsular graft. Moreover, for
some of the shoulder positions of graft fixation studied, the postoperative
shoulder condition restored the intact condition. These results are
consistent with those of Mihata et al., who showed that ASCR restored
superior stability for a full-thickness SSP [1].

For the SSP 4 SSC pattern, with the ISP still transmitting force (intact or
after repair), shoulder stability statistically significantly decreased (p <
0.05) for some shoulder positions of graft fixation, compared with the
preoperative condition (Fig. 3 and Table 1), mainly because the number of
unfeasible upper limb positions increased. Unfeasible positions occurred

Percentage of unfeasible upper limb positions for the pre- and post-operative conditions of the four patterns of irreparable rotator cuff tears, including irreparable tears
of the following tendons: supraspinatus (SSP); supraspinatus and subscapularis (SSC); supraspinatus and infraspinatus (ISP); and supraspinatus, subscapularis, and

infraspinatus.

Irreparable RCT Preoperative condition, %

Postoperative condition, %

Mean Std
SSp 0 0 0
SSP + SSC 1 3.80 1.88
SSP + ISP 6 1.80 0.37
SSP + SSC + ISP 10 5.73 1.23
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when secondary joint forces and moments introduced by the graft defor-
mation in ASCR could not be counteracted by the remaining muscles while
also ensuring GH joint stability, which represented a less stable condition
than the preoperative condition. The upper limb positions of the reaching
behind the back motion contributed the most to this outcome. As the SSC
was not repaired, the transverse force couple was disrupted, and the
remaining muscles could not assist the internal rotation of the arm [2]. For
the remaining motions evaluated (abduction in the frontal plane, forward
flexion in the sagittal plane, and combing the hair) the postoperative
condition presented a statistically significant improvement in shoulder
stability (p < 0.05), compared to the preoperative condition. It has been
suggested that the irreparability of the SSC line of action should be
considered a contraindication for ASCR [28,34]. This is supported by the
results of the current study. Nevertheless, further studies are necessary to
evaluate the performance of concomitant procedures to restore the SSC
line of action in ASCR, such as anterior graft reconstruction, pectoralis
major transfer, and latissimus dorsi transfer [16-18].

When the rotator cuff tear extended to the ISP (SSP + ISP and SSP +
SSC + ISP patterns), isolated SCR resulted in an improvement of shoulder
stability; however, this improvement was not statistically significant. The
fixation of the graft decreased the number of unfeasible upper limb po-
sitions, compared to the preoperative conditions of the respective pat-
terns of RCTs. Even though the MSK model found a physiological solution
at the cost of higher muscle recruitment, compared to the intact condi-
tion, note that in a physiological scenario, the loss of the ISP action, and
the extra muscular activity necessary to compensate for this loss, might
not be tolerated by the patient. The results of this study suggest that the
fixation of the superior capsular graft is not able to statistically signifi-
cantly compensate for the disruption in the transverse direction when the
ISP is fully torn, which is in agreement with the cadaveric study by
Lacheta et al. [24], where SCR alone with a dermal allograft was only
able to partially restore superior stability in a simulated posterosuperior
RCT (SSP + ISP). For the SSP + ISP pattern, further investigation is
necessary to evaluate if the stability of the shoulder may be improved by
concomitant procedures that re-establish the stabilizing action of the ISP,
such as graft augmentation, latissimus dorsi transfer, and lower trapezius
transfer [15,19,22]. For the complete loss of the transverse force couple,
in the SSP + SSC + ISP pattern, concomitant procedures to restore the
action of the ISP and SSC are not recommended, as they should only be
performed in patients that have an intact ISP or SSC [14,35]. For patients
presenting with a SSP + SSC + ISP pattern of RCT, other techniques
should be considered, such as reverse total shoulder arthroplasty [36,37].

The current study provides relevant insight into the biomechanics of
the shoulder after isolated ASCR for several preoperative patterns of
RCTs. The MSK model used was qualitatively validated in previous
studies for healthy and pathological (patients with reverse shoulder
arthroplasty) populations by comparing muscle moment arms with the
literature and muscle activations with collected EMG data [27,38]. Four
types of activities were included: abduction in the frontal plane, forward
flexion in the sagittal plane, reaching behind the back, and combing the
hair. The kinematic data used were obtained from a dataset of healthy
and young subjects, as also considered in previous studies addressing
irreparable RCTs [13,23], allowing for a direct comparison of the esti-
mated shoulder stability between the four patterns of RCTs. The trans-
lation and possible dislocation of the GH joint was modeled indirectly
based on the ratio between the components of the GH joint reaction
force, which are affected by dynamic muscular activation [23,39,40].

The methodology followed is not free of limitations. No direct vali-
dation of the MSK model was performed for isolated SCR. The muscular
activation was computed through the minimization of muscle energy
consumption [41,42], even though it might not be the primary aim of the
central nervous system when recruiting muscle fibers in patients affected
by an irreparable RCT. The spacer effect of the graft was not directly
modeled. By modeling the GH joint as a spherical joint with clearance in
the MSK model [43], future studies may also evaluate if the role of the
superior capsular graft as a spacer, working against superior translations,
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is able to assist the stabilization of the GH joint, when the transverse force
couple is disrupted. No concomitant procedures that restore the line of
action of the SSC or ISP were studied. Further studies should investigate
the impact of concomitant procedures on the outcome of ASCR, and if
this impact is able to restore the stabilizing action of the remaining ro-
tator cuff torn tendons (SSC and ISP).

CONCLUSION

Shoulder stability was evaluated using a computational model of the
upper limb, before and after isolated superior capsule reconstruction. For
isolated irreparable supraspinatus tendon tears, shoulder stability statis-
tically significantly improved for all shoulder positions of fixation evalu-
ated. For tears that extended to the subscapularis and/or infraspinatus
tendons, the isolated superior capsule reconstruction does not statistically
significantly improve shoulder stability, and the graft cannot restore the
anterior and/or posterior stability lost with the rotator cuff tear.
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