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Abstract: The objective of this study was to examine the effect of pulling angle on time-zero mechan-
ical properties of intact infraspinatus tendon or infraspinatus tendon repaired with the modified
Mason-Allen technique in a canine model in vitro. Thirty-six canine shoulder samples were used.
Twenty intact samples were randomly allocated into functional pull (135◦) and anatomic pull (70◦)
groups (n = 10 per group). The remaining sixteen infraspinatus tendons were transected from the in-
sertion and repaired using the modified Mason-Allen technique before being randomly allocated into
functional pull or anatomic pull groups (n = 8 per group). Load to failure testing was performed on all
specimens. The ultimate failure load and ultimate stress of the functional pulled intact tendons were
significantly lower compared with anatomic pulled tendons (1310.2 ± 167.6 N vs. 1687.4 ± 228.2 N,
p = 0.0005: 55.6 ± 8.4 MPa vs. 67.1 ± 13.3 MPa, p = 0.0334). For the tendons repaired with the
modified Mason-Allen technique, no significant differences were observed in ultimate failure load,
ultimate stress or stiffness between functional pull and anatomic pull groups. The variance of pulling
angle had a significant influence on the biomechanical properties of the rotator cuff tendon in a
canine shoulder model in vitro. Load to failure of the intact infraspinatus tendon was lower at the
functional pulling position compared to the anatomic pulling position. This result indicates that
uneven load distribution across tendon fibers under functional pull may predispose the tendon to
tear. However, this mechanical character is not presented after rotator cuff repair using the modified
Mason-Allen technique.

Keywords: rotator cuff; canine model; biomechanics; biomechanical testing; pulling angle

1. Introduction

Rotator cuff injury is the most common cause of shoulder dysfunction [1], with a
prevalence of nearly 13% in people older than 50 years of age [2]. Although surgical
repair of torn rotator cuff has shown satisfactory results with pain relief and functional
improvement, the postoperative retear rate is reported to range from 15% to 94% [3–7].
There are a variety of factors affecting the healing of repaired rotator cuff which involve
surgical techniques, rehabilitation protocols, size of tear, tissue quality, comorbidities and
smoking [8]. Using magnetic resonance imaging or computed tomographic arthrography,
Park et al. reported a significantly higher postoperative failure rate in patients who have
a tear size larger than 2 cm compared to those with a smaller tear at a minimum one-
year follow-up. They also found a positive correlation between Goutallier grade II or
higher muscle fatty degeneration and increased failure rate [9]. Another cohort study
demonstrated 96% healing in small or medium tears compared with 78% healing in large or
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massive tears after arthroscopic rotator cuff repair at a minimum of 2 years of follow-up [10].
Through collecting muscle samples from heavy smokers and matched non-smokers during
arthroscopic repair of medium-sized rotator cuff tears, Lee et al. identified a series of genes
with upregulated expression that regulates inflammation, fatty degeneration and fibrosis,
such as high mobility group box 1 (HMGB1), peroxisome proliferator-activated receptor
gamma (PPARγ) and fibrogenic alpha-smooth muscle actin (α-SMA). The histological
observation further corroborated the gene expression patterns that increased inflammatory
cell infiltration, fatty area and fibrogenic area were seen in rotator cuff muscles from
smokers compared to that in non-smokers [11].

To improve the postoperative outcomes of rotator cuff repair, a better understanding
of the pathophysiology of rotator cuff tear and the exploration of more effective therapeutic
strategies is required. Currently, a number of animals that can model the features of human
rotator cuff, including the anatomy, biomechanical and biological properties, have been
established for the evaluation of novel therapies [12]. Animal models of rotator cuff injury
can generally be categorized into small animal models, such as rat and mouse, or large
animal models, such as sheep, goat, dog and nonhuman primate. Considering the closer
anatomical structure to humans and the ease of conducting clinically relevant approaches,
large animals are critical tools that bridge preclinical studies and clinical trials, playing an
indispensable role in investigating the efficacy of newly developed treatment strategies
for rotator cuff injury prior to potential clinical translation [13]. In addition to histological
evaluation that mainly focuses on the cell infiltration, vascularity, diameter and orientation
of collagen fibers, and the formation of fibrocartilage, biomechanical testing serves as a
primary outcome to assess the initial strength and healing quality of the repaired tendon. It
is estimated that biomechanical testing has been performed in more than 50% of studies
on rotator cuff injury and repair using animal models [12]. Regaining a similar maximum
load to failure, stiffness and maximum stress to the normal tendon is the aim of every
tested repair method. However, the positioning of animal shoulder specimens during
biomechanical testing, specifically the angle between the humeral shaft and the cuff tendon,
varies among studies.

The most commonly used rotator cuff tendons in animal models are the supraspinatus
and infraspinatus tendons [14–20]. While the majority of studies pulled the tendon along
its anatomic vector [21–26] or at 90◦ abduction, mimicking a mid-stance phase during
animal walking [17,27,28], several studies performed the biomechanical testing at a func-
tional position to simulate a heel-strike phase during animal walking [15,16,29–31]. It is
noteworthy that only a few studies specified the pulling angle between the cuff tendon and
humeral shaft during biomechanical testing. Nicholson et al. set a 105◦ angle between the
infraspinatus tendon and humeral shaft for biomechanical testing in an ovine model [26].
Rossbach et al. aligned the infraspinatus tendon to the humeral shaft at a 90◦ angle in a
sheep model [29]. Furthermore, biomechanical testing could be done in either an anatomic
or functional direction of pull in the same animal model [23,29]. Thus, it seems that there
has been no consensus regarding the pulling angle for evaluating rotator cuff mechanical
properties in different animal models, which would make the interpretation and compari-
son of testing results between studies difficult. Although Newton et al. have demonstrated
that the biomechanical properties of the rat supraspinatus tendon changed significantly
as a result of the variance of abduction testing angle [32], it remains unclear whether this
phenomenon would also present in the infraspinatus tendon, especially for preclinical large
animal models.

Canine shoulder is one of the most widely employed models for preclinical rotator
cuff-related research. Compared to other large animals, such as cows, goats or sheep, the
advantages of the canine shoulder model are a high tolerance of various postoperative
rehabilitation protocols and similarity to humans in terms of rotator cuff muscle archi-
tecture and joint mechanical environment [14,33]. In previous studies, the authors have
successfully utilized the canine shoulder model to evaluate novel surgical techniques or
tissue engineering strategies for improving rotator cuff repair and regeneration [16,30,31].
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The configuration of suture has a significant effect on repair strength. Specifically, the repair
strength is closely associated with the suture materials, the number of strands and the area
of suture-tendon interface. It has been shown that the arthroscopic modified Mason-Allen
technique contributed to footprint restoration and satisfactory postoperative outcomes
in patients with large U- or L-shaped cuff tears at a minimum two-year follow-up [34].
Compared to suture-bridge repair, Lee et al. also found comparable clinical and radiologic
outcomes of patients with full-thickness cuff tears who underwent arthroscopic double-row
modified Mason-Allen repair [35]. In addition, the modified Mason-Allen technique is
a preferred repair method for canine rotator cuff tendons, given the merits of sufficient
repair strength and well tissue preservation [21,22]. Therefore, the purpose of this study
was to examine the effect of pulling angle on time-zero mechanical properties of an intact
infraspinatus tendon or an infraspinatus tendon repaired with the modified Mason-Allen
technique in a canine model in vitro. We hypothesized that the intact infraspinatus tendon
pulled at the functional angle would demonstrate lower failure strength than that at the
anatomic angle, and the modified Mason-Allen repair would overcome the effect of pulling
angle and yield similar mechanical strength.

2. Materials and Methods
2.1. Experimental Design

Thirty-six canine shoulders were harvested from mixed-breed dogs (body weight
24 ± 2 kg) euthanized for other studies approved by our Institutional Animal Care and Use
Committee (IACUC No. A15815-15). A length of the infraspinatus muscle approximately
10 cm long was detached from the fossa infraspinata, along with its tendon attachment
on the humerus with complete removal of irrelevant soft tissues (Figure 1A). The muscle-
tendon-bone complex was then wrapped in saline-soaked gauze and stored at −20 ◦C until
biomechanical testing. Twenty intact samples were randomly allocated into two groups
(n = 10 per group): functional pull (135◦) and anatomic pull (70◦). The remaining sixteen
infraspinatus tendons were repaired with the modified Mason-Allen technique and were
also randomly allocated into functional pull or anatomic pull groups (n = 8 per group).
The 135◦ angle of functional pull was based on previous studies [16,30,36]. To determine
the anatomic pull angle, the authors found there is a concavity on the caudal aspect of the
greater tubercle through which the infraspinatus tendon passes. The angle between the
concavity and humeral longitudinal vector was consequently measured to represent the
anatomic direction of pull (Figure 1B). A power analysis was performed based on previous
studies [30,36], which showed eight samples per group was enough to reach a statistical
power of 80% with α level of 0.05 for biomechanical testing.

2.2. Rotator Cuff Repair

The canine infraspinatus tendon was sharply transected at full-width from its insertion
on the greater tubercle of the humerus using a scalpel blade. Two transosseous bone tunnels
were subsequently created at the greater tubercle with a 1-mm-diameter drill bit. After
securing the infraspinatus tendon to its insertion via the modified Mason-Allen technique
with two 0-Fiberwire sutures (Arthrex, Naples, FL, USA) passed through the transosseous
tunnels, the sutures were tied over the lateral aspect of the humerus.

2.3. Biomechanical Testing

A day prior to biomechanical testing, the samples were thawed at room temperature.
The cross-sectional area of the intact or repaired infraspinatus tendons was estimated at the
insertion site using a digital caliper, assuming a rectangular shape. Biomechanical testing
was performed using a servohydraulic materials testing system (MTS 312, MTS Systems
Corp, Minneapolis, MN, USA). The infraspinatus muscle belly was gripped by a custom
cryoclamp cooled by liquid carbon dioxide to prevent muscle damage and slippage during
the testing. The humeral shaft of each specimen was potted in an aluminum tube with
polymethylmethacrylate. After each specimen was fixed to the testing machine, a 70◦ or
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135◦ angle between the longitudinal axis of the infraspinatus tendon and the humeral shaft
was set to simulate anatomic and functional pull, respectively (Figure 2). Load to failure
testing was subsequently conducted at a rate of 30 mm/min in accordance with previous
studies [16,30]. The ultimate failure load was determined as the peak force obtained
throughout the testing. Failure modes for all specimens were recorded. The ultimate stress
was calculated by dividing the ultimate failure load with the initial cross-sectional area.
The repair stiffness was calculated from the linear region of the load-displacement curve.
Mechanical testing was performed at room temperature, and saline solution spray was
used to keep specimens moist.
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Figure 1. (A) A photograph of the dissected muscle-tendon-bone complex. (B) The determination of
the anatomic pull angle of 70◦. The concavity on the caudal aspect of the greater tubercle through
which the infraspinatus tendon passes was indicated with the white dashed line (insert). AC,
acromion; IST, infraspinatus tendon; GT, greater tubercle.
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Figure 2. The positioning of canine shoulder specimens during biomechanical testing simulating
(A) anatomic pull and (B) functional pull.

2.4. Statistical Analysis

Numerical data are presented as mean and standard deviation, and were tested for
normality and equal variance before statistical analysis. The comparison of ultimate failure
load and ultimate stress of the intact tendons between groups was performed using the
unpaired Student t test. The Mann-Whitney U test was used to compare the difference
between ultimate failure load, ultimate stress and stiffness of the repaired tendons. All
statistical analyses were performed with the SPSS software (version 23.0; SPSS Inc., Chicago,
IL, USA). The statistical significance was determined at p < 0.05.
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3. Results

No loosening of the humeral shaft or slippage of the tendon were observed throughout
the biomechanical testing. The predominant failure mode of the intact tendon subjected
to anatomic pull was bone avulsion of the tendon from the insertion on the humeral head
(seven of ten specimens) (Figure 3A) (Table 1). In contrast, rupture of the tendon, either at or
away from the tendon-bone interface, was seen for all intact specimens in the functional pull
group (Figure 3B) (Table 1). With regard to the repaired tendons, four of eight specimens
failed by suture break or suture pullout from tendon for the functional and anatomic pull
group, respectively (Table 1).
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Table 1. Summary of the Failure Modes.

Intact Repaired

Failure Modes Functional
(n = 10)

Anatomic
(n = 10)

Functional
(n = 8)

Anatomic
(n = 8)

Bone avulsion at insertion 0 7 - -
Proximal bone fracture 0 3 - -

Soft tissue & 10 0 - -
Suture pullout from tendon - - 1 4
Suture pullout from bone - - 3 2

Suture break - - 4 2
& Failure by tendon rupture away from or at the tendon-bone interface.

When tested at the functional pulling angle, the intact infraspinatus tendon had a
significantly lower mean ultimate failure load and ultimate stress than those of the anatomic
pull group (1310.16 ± 167.62 N vs. 1687.39 ± 228.24 N, p = 0.0005: 55.64 ± 8.40 MPa vs.
67.13 ± 13.35 MPa, p = 0.0334) (Figure 4). There were no significant differences in the mean
ultimate failure load, ultimate stress or stiffness between repaired infraspinatus tendons
tested along the functional and anatomic direction (Figure 5). In addition, no significant
difference was found in the mean cross-sectional area between groups for intact (functional
vs. anatomic, 23.89 ± 3.93 mm2 vs. 25.52 ± 2.75 mm2, p = 0.2959) or repaired tendons
(functional vs. anatomic, 24.15 ± 3.56 mm2 vs. 27.01 ± 2.99 mm2, p = 0.1038), respectively.
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4. Discussion

The objective of this study was to determine whether the mechanical properties of
intact tendon or tendon after repair is affected by the pulling angle set for mechanical
testing in a canine shoulder model in vitro. The most important finding of our study
was that intact canine infraspinatus tendon pulled at the functional angle demonstrated
significantly lower ultimate failure load and ultimate stress compared to those pulled along
the anatomic direction. In addition, we found that repair of the infraspinatus tendon using
the modified Mason-Allen stitches resulted in comparable mechanical properties, including
ultimate failure load, ultimate stress and stiffness, between functional and anatomic pull
groups. These findings confirmed our hypothesis that different pulling angles do, in fact,
have an effect on the rotator cuff biomechanics.

There are a variety of factors associated with rotator cuff healing and regeneration
after surgical repair. In addition to providing a favorable biological environment that
facilitates cell proliferation, growth factor regulation and collagen maturation, a suitable
mechanical environment also plays a critical role in promoting the healing process and
improving functional outcomes [37,38]. For example, Mihata et al. examined the retear rate
after arthroscopic single-row, double-row and compression double-row rotator cuff repair
which combines double-row and suture-bridge techniques. Based on magnetic resonance
imaging, the overall retear rate was 10.8%, 26.1% and 4.7% for single-row, double-row and
compression double-row repairs. Importantly, the retear rate of large and massive cuff tears
was significantly reduced using the compression double-row technique, which provided
enhanced compression of the tendon against the footprint compared to the other two
techniques. Additionally, the lower retear rate was associated with better clinical outcomes
at a minimum 24 months of follow-up [10]. In this regard, biomechanical testing has
been extensively used in preclinical animal studies to evaluate the mechanical properties
of repaired rotator cuff tendon. Although the selection of an animal shoulder model is
primarily dependent on the research purpose, the mechanical testing modality differs
among studies. When using smaller animal models, such as rat or rabbit, the rotator
cuff tendon was usually tested at 90◦ of abduction. Rothrauff et al. used a 90◦ testing
angle to investigate the effect of adipose-derived stem cells on enthesis healing in a rat
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supraspinatus tear model [17]. Yea et al. conducted the mechanical testing by positioning
the rat shoulder at 90◦ abduction to evaluate the efficacy of umbilical cord-derived stem
cells combined with a biomimetic scaffold on rotator cuff tendon-to-bone healing [28]. Of
note is that a 90◦ angle between the tendon-bone interface and the supraspinatus tendon
has been adopted to mimic the anatomic pull in both a rat and rabbit rotator cuff repair
model [19,20]. Given the differences in rotator cuff structures between rat and rabbit, it
seems that use of a common pulling angle would hardly replicate an anatomic pull in both
of these animal models. Additionally, many authors did not specify the pulling angle but
only described that the testing was along the functional or anatomic direction when using
large animal models, such as dogs and sheep [15,21,22,24,25]. Interestingly, for the repaired
infraspinatus tendon in sheep, the biomechanical testing could either be done by aligning
the tendon to the humeral shaft at a 90◦ or 105◦ angle to simulate a functional or anatomic
pull, respectively [26,29]. Thus, the interpretation and comparison of mechanical properties
from various studies utilizing different animal models necessitates the standardization of
the pulling angle.

To our knowledge, this is the first study to report the influence of pulling angle on
the mechanical properties of rotator cuff tendon in a large preclinical animal model. In
addition, our study compared the mechanical strength of the repaired tendon using the
modified Mason-Allen pattern under functional or anatomic direction of pull. In 2016,
Newton et al. assessed the effect of different abduction angles on the mechanical properties
of the supraspinatus tendon in a rat model. The biomechanical testing was performed
by positioning the rat shoulder at 0◦, 30◦, 60◦ and 90◦ of abduction. They found that the
shoulder abduction angle was positively correlated with the tendon stiffness and modulus,
and is associated with the crimp pattern and viscoelastic behavior change of the collagen
fiber [32]. In our study, the intact canine infraspinatus tendon pulled at the functional angle
exhibited lower ultimate failure load and ultimate stress than at the anatomic angle, which
may predispose the tendon to injury. It has been suggested that collagen fiber realignment
and crimp behavior can be affected by applied tensile loading [39,40]. Therefore, it is
reasonable to postulate that all or most of the tendon fibers were recruited to bear tensile
loading in the anatomic position, which led to failure at the bony site. However, in the
functional position, only a portion of the tendon fibers participated in tensile load bearing
with the remaining fibers maintaining a crimped status at the beginning of testing. This
uneven load distribution on tendon fibers may result in a stress concentration on a group
of fibers, thus leading to partial fiber damage or even rupture. Unlike bony failure at
the greater tubercle for the anatomic group, the mode of failure for specimens tested
along the functional direction was predominantly partial tendon tear at or away from the
tendon-bone interface. This distinct failure mode further corroborated our assumption
that functional pull would make the rotator cuff tendon more susceptible to tear, which
resembles the clinical scenario that initial small or partial-thickness tears gradually progress
to full-thickness tears, eventually leading to shoulder pain and dysfunction [41,42].

It is more important to note that the modified Mason-Allen technique yielded com-
parable mechanical strength in terms of ultimate failure load, ultimate stress and stiffness
regardless of the pulling angle. Previous studies have shown that the modified Mason-
Allen technique is a validated suture configuration for rotator cuff repair and often serves as
a control for the evaluation of new suture material, suture configuration and postoperative
rehabilitation [16,21–23]. Accordingly, we propose that for any novel treatment aiming to
improve rotator cuff repair outcomes, the biomechanical testing in preclinical large animal
models would be better performed using functional pull, which simulates the clinical
setting to test its ability to prevent tear.

This study has several limitations. First, the specific angle defining a functional or
anatomic pull varies among animal models. Although a few studies pointed out the
specific angle simulating functional or anatomic pull, the majority of studies either did
not mention the testing angle or simply described the pull direction. As canine shoulder
is a widely used large animal model, our results would provide useful information on
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the supplementation and standardization of rotator cuff biomechanical testing protocols
in preclinical animal studies. Second, we performed the testing on intact or acute full-
thickness repaired infraspinatus tendon in vitro, which does not mimic the chronically
injured and degenerated tendon repair situation in human patients. In addition, only time-
zero mechanical properties were evaluated between the repaired groups. Future studies
comparing the effect of pulling angle on enthesis healing in the context of a chronic tear
in vivo are warranted. Third, the tendon repair was only performed in the modified Mason-
Allen fashion; other clinically relevant repair techniques, such as single or double row with
suture anchors, were not considered. However, the modified Mason-Allen technique with
the use of 0-Fiberwire sutures is recommended for canine rotator cuff repair [21]. Finally,
the collagen fiber realignment and viscoelastic behavior that might be responsible for the
mechanical differences at varying pulling angles was not elucidated. Future studies are
required to reveal the underlying fiber orientation and crimp patterns as a function of the
pulling angle.

5. Conclusions

The variance of pulling angle had a significant influence on the biomechanical proper-
ties of the rotator cuff tendon in a canine shoulder model in vitro. Load to failure of the
intact infraspinatus tendon was lower at the functional pulling position due to potential
uneven load distribution on the tendon fibers compared to the anatomic pulling position.
However, this mechanical character is not presented after rotator cuff repair using the
modified Mason-Allen technique. In future studies, it would be interesting to investigate
rotator cuff mechanical properties at varied shoulder abduction angles with human cadav-
ers, which may reveal the shoulder position where the rotator cuff is most susceptible to
injury.

Author Contributions: Q.L. designed the study, performed the experiments, analyzed the data and
contributed to the writing and preparation of the manuscript. J.Q., W.Z., A.R.T., S.P.S., K.-N.A. and
C.Z. designed experiments, analyzed data and contributed to preparation of the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by National Natural Science Foundation of China (No. 81902221),
Natural Science Foundation of Hunan Province (2019JJ30035) and NIH/NIAMS (AR73811).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of MAYO CLINIC (IACUC No. A15815-15).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: Biomechanical testing was supported by the Mayo Biomechanics Core Facility.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Deprés-Tremblay, G.; Chevrier, A.; Snow, M.; Hurtig, M.B.; Rodeo, S.; Buschmann, M.D. Rotator cuff repair: A review of surgical

techniques, animal models, and new technologies under development. J. Shoulder Elb. Surg. 2016, 25, 2078–2085. [CrossRef]
[PubMed]

2. Tirefort, J.; Schwitzguebel, A.J.; Collin, P.; Nowak, A.; Plomb-Holmes, C.; Ladermann, A. Postoperative Mobilization After
Superior Rotator Cuff Repair: Sling Versus No Sling: A Randomized Prospective Study. J. Bone Jt. Surg. Am. 2019, 101, 494–503.
[CrossRef]

3. Hantes, M.E.; Ono, Y.; Raoulis, V.A.; Doxariotis, N.; Venouziou, A.; Zibis, A.; Vlychou, M. Arthroscopic Single-Row Versus
Double-Row Suture Bridge Technique for Rotator Cuff Tears in Patients Younger Than 55 Years: A Prospective Comparative
Study. Am. J. Sports Med. 2017, 46, 116–121. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jse.2016.06.009
https://www.ncbi.nlm.nih.gov/pubmed/27554609
https://doi.org/10.2106/JBJS.18.00773
https://doi.org/10.1177/0363546517728718
https://www.ncbi.nlm.nih.gov/pubmed/28942685


Bioengineering 2023, 10, 599 9 of 10

4. Oh, J.H.; Park, J.S.; Rhee, S.M.; Park, J.H. Maximum Bridging Suture Tension Provides Better Clinical Outcomes in Transosse-ous-
Equivalent Rotator Cuff Repair: A Clinical, Prospective Randomized Comparative Study. Am. J. Sports Med. 2020, 48, 2129–2136.
[CrossRef] [PubMed]

5. Plachel, F.; Siegert, P.; Rüttershoff, K.; Thiele, K.; Akgün, D.; Moroder, P.; Scheibel, M.; Gerhardt, C. Long-term Results of
Arthroscopic Rotator Cuff Repair: A Follow-up Study Comparing Single-Row Versus Double-Row Fixation Techniques. Am. J.
Sports Med. 2020, 48, 1568–1574. [CrossRef] [PubMed]

6. Yoon, J.P.; Chung, S.W.; Kim, J.Y.; Lee, B.J.; Kim, H.-S.; Kim, J.E.; Cho, J.H. Outcomes of Combined Bone Marrow Stimulation and
Patch Augmentation for Massive Rotator Cuff Tears. Am. J. Sports Med. 2016, 44, 963–971. [CrossRef]

7. Vastamäki, M.; Lohman, M.; Borgmästars, N. Rotator Cuff Integrity Correlates With Clinical and Functional Results at a Minimum
16 Years After Open Repair. Clin. Orthop. Relat. Res. 2013, 471, 554–561. [CrossRef]

8. Mall, N.A.; Tanaka, M.J.; Choi, L.S.; Paletta, G.A., Jr. Factors Affecting Rotator Cuff Healing. J. Bone Jt. Surg. 2014, 96, 778–788.
[CrossRef]

9. Park, J.S.; Park, H.J.; Kim, S.H.; Oh, J.H. Prognostic Factors Affecting Rotator Cuff Healing After Arthroscopic Repair in Small to
Medium-sized Tears. Am. J. Sports Med. 2015, 43, 2386–2392. [CrossRef]

10. Mihata, T.; Watanabe, C.; Fukunishi, K.; Ohue, M.; Tsujimura, T.; Fujiwara, K.; Kinoshita, M. Functional and Structural Outcomes
of Single-Row Versus Double-Row Versus Combined Double-Row and Suture-Bridge Repair for Rotator Cuff Tears. Am. J. Sports
Med. 2011, 39, 2091–2098. [CrossRef]

11. Lee, Y.-S.; Kim, J.-Y.; Ki, S.-Y.; Chung, S.W. Influence of Smoking on the Expression of Genes and Proteins Related to Fat Infiltration,
Inflammation, and Fibrosis in the Rotator Cuff Muscles of Patients with Chronic Rotator Cuff Tears: A Pilot Study. Arthroscopy
2019, 35, 3181–3191. [CrossRef] [PubMed]

12. Zhao, W.; Yang, J.; Kang, Y.; Hu, K.; Jiao, M.; Zhao, B.; Jiang, Y.; Liu, C.; Ding, F.; Yuan, B.; et al. Animal Models of Rotator Cuff
Injury and Repair: A Systematic Review. Tissue Eng. Part. B Rev. 2022, 28, 1258–1273. [CrossRef] [PubMed]

13. Lebaschi, A.; Deng, X.-H.; Zong, J.; Cong, G.-T.; Carballo, C.B.; Album, Z.M.; Camp, C.; Rodeo, S.A. Animal models for rotator
cuff repair. Ann. N. Y. Acad. Sci. 2016, 1383, 43–57. [CrossRef] [PubMed]

14. Derwin, K.A.; Baker, A.R.; Iannotti, J.P.; McCarron, J.A. Preclinical Models for Translating Regenerative Medicine Therapies for
Rotator Cuff Repair. Tissue Eng. Part B Rev. 2010, 16, 21–30. [CrossRef]

15. Easley, J.; Puttlitz, C.; Hackett, E.; Broomfield, C.; Nakamura, L.; Hawes, M.; Getz, C.; Frankle, M.; Pierre, P.S.; Tashjian, R.; et al. A
prospective study comparing tendon-to-bone interface healing using an interposition bioresorbable scaffold with a vented anchor
for primary rotator cuff repair in sheep. J. Shoulder Elb. Surg. 2020, 29, 157–166. [CrossRef]

16. Liu, Q.; Yu, Y.; Reisdorf, R.L.; Qi, J.; Lu, C.K.; Berglund, L.J.; Zhao, C. Engineered tendon-fibrocartilage-bone composite and
bone mar-row-derived mesenchymal stem cell sheet augmentation promotes rotator cuff healing in a non-weight-bearing canine
model. Biomaterials 2019, 192, 189–198. [CrossRef] [PubMed]

17. Rothrauff, B.B.; Smith, C.A.; Ferrer, G.A.; Novaretti, J.V.; Pauyo, T.; Chao, T.; Hirsch, D.; Beaudry, M.F.; Herbst, E.; Tuan, R.S.; et al.
The effect of adipose-derived stem cells on enthesis healing after repair of acute and chronic massive rotator cuff tears in rats. J.
Shoulder Elb. Surg. 2019, 28, 654–664. [CrossRef] [PubMed]

18. Smith, M.J.; Cook, J.L.; Kuroki, K.; Jayabalan, P.S.; Cook, C.R.; Pfeiffer, F.M.; Waters, N.P. Comparison of a Novel Bone-Tendon
Allograft with a Human Dermis–Derived Patch for Repair of Chronic Large Rotator Cuff Tears Using a Canine Model. Arthrosc. J.
Arthrosc. Relat. Surg. 2011, 28, 169–177. [CrossRef]

19. Yoon, J.P.; Chung, S.W.; Jung, J.W.; Lee, Y.S.; Kim, K.I.; Park, G.Y.; Choi, J.H. Is a Local Administration of Parathyroid Hormone
Effective to Tendon-to-Bone Healing in a Rat Rotator Cuff Repair Model? J. Orthop. Res. 2020, 38, 82–91. [CrossRef] [PubMed]

20. Yoon, J.P.; Lee, C.H.; Jung, J.W.; Lee, H.J.; Lee, Y.S.; Kim, J.Y.; Chung, S.W. Sustained Delivery of Transforming Growth Factor
beta1 by Use of Absorbable Alginate Scaffold Enhances Rotator Cuff Healing in a Rabbit Model. Am. J. Sports Med. 2018, 46,
1441–1450. [CrossRef]

21. Derwin, K.A.; Baker, A.R.; Codsi, M.J.; Iannotti, J.P. Assessment of the canine model of rotator cuff injury and repair. J. Shoulder
Elb. Surg. 2007, 16, S140–S148. [CrossRef] [PubMed]

22. Derwin, K.A.; Codsi, M.J.; Milks, R.A.; Baker, A.R.; McCarron, J.A.; Iannotti, J.P. Rotator Cuff Repair Augmentation in a Canine
Model with Use of a Woven Poly-L-Lactide Device. J. Bone Jt. Surg. 2009, 91, 1159–1171. [CrossRef] [PubMed]

23. Schlegel, T.F.; Hawkins, R.J.; Lewis, C.W.; Turner, A.S. An in vivo comparison of the modified Mason-Allen suture technique
versus an inclined horizontal mattress suture technique with regard to tendon-to-bone healing: A biomechanical and histologic
study in sheep. J. Shoulder Elb. Surg. 2007, 16, 115–121. [CrossRef]

24. Smith, M.J.; Bozynski, C.C.; Kuroki, K.; Cook, C.R.; Stoker, A.M.; Cook, J.L. Comparison of biologic scaffolds for augmentation of
partial rotator cuff tears in a canine model. J. Shoulder Elb. Surg. 2020, 29, 1573–1583. [CrossRef] [PubMed]

25. Smith, M.J.; Pfeiffer, F.M.; Cook, C.R.; Kuroki, K.; Cook, J.L. Rotator cuff healing using demineralized cancellous bone matrix
sponge interposition compared to standard repair in a preclinical canine model. J. Orthop. Res. 2017, 36, 906–912. [CrossRef]

26. Nicholson, G.P.; Breur, G.J.; Van Sickle, D.; Yao, J.Q.; Kim, J.; Blanchard, C.R. Evaluation of a cross-linked acellular porcine dermal
patch for rotator cuff repair augmentation in an ovine model. J. Shoulder Elb. Surg. 2007, 16, S184–S190. [CrossRef]

27. Pulatkan, A.; Anwar, W.; Ayık, O.; Bozdag, E.; Yildirim, A.N.; Kapicioglu, M.; Tuncay, I.; Bilsel, K. Tear Completion Versus In Situ
Repair for 50% Partial-Thickness Bursal-Side Rotator Cuff Tears: A Biomechanical and Histological Study in an Animal Model.
Am. J. Sports Med. 2020, 48, 1818–1825. [CrossRef]

https://doi.org/10.1177/0363546520930425
https://www.ncbi.nlm.nih.gov/pubmed/32551868
https://doi.org/10.1177/0363546520919120
https://www.ncbi.nlm.nih.gov/pubmed/32391732
https://doi.org/10.1177/0363546515625044
https://doi.org/10.1007/s11999-012-2494-1
https://doi.org/10.2106/JBJS.M.00583
https://doi.org/10.1177/0363546515594449
https://doi.org/10.1177/0363546511415660
https://doi.org/10.1016/j.arthro.2019.06.037
https://www.ncbi.nlm.nih.gov/pubmed/31785743
https://doi.org/10.1089/ten.teb.2022.0034
https://www.ncbi.nlm.nih.gov/pubmed/35972750
https://doi.org/10.1111/nyas.13203
https://www.ncbi.nlm.nih.gov/pubmed/27723933
https://doi.org/10.1089/ten.teb.2009.0209
https://doi.org/10.1016/j.jse.2019.05.024
https://doi.org/10.1016/j.biomaterials.2018.10.037
https://www.ncbi.nlm.nih.gov/pubmed/30453215
https://doi.org/10.1016/j.jse.2018.08.044
https://www.ncbi.nlm.nih.gov/pubmed/30527883
https://doi.org/10.1016/j.arthro.2011.08.296
https://doi.org/10.1002/jor.24452
https://www.ncbi.nlm.nih.gov/pubmed/31441073
https://doi.org/10.1177/0363546518757759
https://doi.org/10.1016/j.jse.2007.04.002
https://www.ncbi.nlm.nih.gov/pubmed/17560802
https://doi.org/10.2106/JBJS.H.00775
https://www.ncbi.nlm.nih.gov/pubmed/19411465
https://doi.org/10.1016/j.jse.2006.05.002
https://doi.org/10.1016/j.jse.2019.11.028
https://www.ncbi.nlm.nih.gov/pubmed/32169466
https://doi.org/10.1002/jor.23680
https://doi.org/10.1016/j.jse.2007.03.010
https://doi.org/10.1177/0363546520909854


Bioengineering 2023, 10, 599 10 of 10

28. Yea, J.-H.; Bae, T.S.; Kim, B.J.; Cho, Y.W.; Jo, C.H. Regeneration of the rotator cuff tendon-to-bone interface using umbilical
cord-derived mesenchymal stem cells and gradient extracellular matrix scaffolds from adipose tissue in a rat model. Acta Biomater.
2020, 114, 104–116. [CrossRef]

29. Roßbach, B.P.; Gülecyüz, M.F.; Kempfert, L.; Pietschmann, M.F.; Ullamann, T.; Ficklscherer, A.; Niethammer, T.R.; Zhang, A.; Klar,
R.M.; Müller, P.E. Rotator Cuff Repair with Au-tologous Tenocytes and Biodegradable Collagen Scaffold: A Histological and
Biomechanical Study in Sheep. Am. J. Sports Med. 2020, 48, 450–459. [CrossRef]

30. Ji, X.; Chen, Q.; Thoreson, A.R.; Qu, J.; An, K.N.; Amadio, P.C.; Zhao, C. Rotator cuff repair with a tendon-fibrocartilage-bone
composite bridging patch. Clin. Biomech. 2015, 30, 976–980. [CrossRef]

31. Zhang, T.; Hatta, T.; Thoreson, A.R.; Lu, C.; Steinmann, S.P.; Moran, S.L.; Zhao, C. Rotator cuff repair with a novel mesh suture:
An ex vivo assessment of mechanical properties. J. Orthop. Res. 2017, 36, 987–992. [CrossRef] [PubMed]

32. Newton, M.D.; Davidson, A.A.; Pomajzl, R.; Seta, J.; Kurdziel, M.D.; Maerz, T. The influence of testing angle on the biomechanical
properties of the rat supraspinatus tendon. J. Biomech. 2016, 49, 4159–4163. [CrossRef] [PubMed]

33. Mathewson, M.A.; Kwan, A.; Eng, C.M.; Lieber, R.L.; Ward, S.R. Comparison of rotator cuff muscle architecture between humans
and other selected vertebrate species. J. Exp. Biol. 2013, 217, 261–273. [CrossRef] [PubMed]

34. Jung, S.-W.; Kim, D.-H.; Kang, S.-H.; Lee, J.-H. Arthroscopic modified Mason-Allen technique for large U- or L-shaped rotator
cuff tears. Knee Surg. Sports Traumatol. Arthrosc. 2016, 25, 2129–2137. [CrossRef] [PubMed]

35. Lee, K.W.; Yang, D.S.; Lee, G.S.; Ma, C.H.; Choy, W.S. Clinical outcomes and repair integrity after arthroscopic full-thickness
rotator cuff repair: Suture-bridge versus double-row modified Mason-Allen technique. J. Shoulder Elb. Surg. 2018, 27, 1953–1959.
[CrossRef]

36. Ji, X.; Bao, N.; An, K.-N.; Amadio, P.C.; Steinmann, S.P.; Zhao, C. A Canine Non-Weight-Bearing Model with Radial Neurectomy
for Rotator Cuff Repair. PLoS ONE 2015, 10, e0130576. [CrossRef]

37. Derwin, K.A.; Galatz, L.M.; Ratcliffe, A.; Thomopoulos, S. Enthesis Repair: Challenges and Opportunities for Effective Ten-don-
to-Bone Healing. J. Bone Jt. Surg. Am. 2018, 100, e109. [CrossRef]

38. Sharma, P.; Maffulli, N. Biology of tendon injury: Healing, modeling and remodeling. J. Musculoskelet. Neuronal Interact. 2006, 6,
181–190.

39. Miller, K.S.; Connizzo, B.K.; Feeney, E.; Soslowsky, L.J. Characterizing local collagen fiber re-alignment and crimp behavior
throughout mechanical testing in a mature mouse supraspinatus tendon model. J. Biomech. 2012, 45, 2061–2065. [CrossRef]

40. Miller, K.S.; Edelstein, L.; Connizzo, B.K.; Soslowsky, L.J. Effect of Preconditioning and Stress Relaxation on Local Collagen Fiber
Re-Alignment: Inhomogeneous Properties of Rat Supraspinatus Tendon. J. Biomech. Eng. 2012, 134, 031007. [CrossRef]

41. Gomoll, A.H.; Katz, J.N.; Warner, J.J.P.; Millett, P.J. Rotator cuff disorders: Recognition and management among patients with
shoulder pain. Arthritis Rheum. 2004, 50, 3751–3761. [CrossRef] [PubMed]

42. Rothrauff, B.B.; Pauyo, T.; Debski, R.E.; Rodosky, M.W.; Tuan, R.S.; Musahl, V. The Rotator Cuff Organ: Integrating Developmental
Biology, Tissue Engineering, and Surgical Considerations to Treat Chronic Massive Rotator Cuff Tears. Tissue Eng. Part B Rev.
2017, 23, 318–335. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.actbio.2020.07.020
https://doi.org/10.1177/0363546519892580
https://doi.org/10.1016/j.clinbiomech.2015.06.020
https://doi.org/10.1002/jor.23668
https://www.ncbi.nlm.nih.gov/pubmed/28762567
https://doi.org/10.1016/j.jbiomech.2016.11.003
https://www.ncbi.nlm.nih.gov/pubmed/27863739
https://doi.org/10.1242/jeb.083923
https://www.ncbi.nlm.nih.gov/pubmed/24072803
https://doi.org/10.1007/s00167-016-4028-y
https://www.ncbi.nlm.nih.gov/pubmed/26850514
https://doi.org/10.1016/j.jse.2018.04.005
https://doi.org/10.1371/journal.pone.0130576
https://doi.org/10.2106/JBJS.18.00200
https://doi.org/10.1016/j.jbiomech.2012.06.006
https://doi.org/10.1115/1.4006340
https://doi.org/10.1002/art.20668
https://www.ncbi.nlm.nih.gov/pubmed/15593187
https://doi.org/10.1089/ten.teb.2016.0446
https://www.ncbi.nlm.nih.gov/pubmed/28084902

	Introduction 
	Materials and Methods 
	Experimental Design 
	Rotator Cuff Repair 
	Biomechanical Testing 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

