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1 | INTRODUCTION
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Abstract

Current rat model of rotator cuff (RC) tear could not mimic the suture anchor (SA)
repair technique in the clinical practice. We designed a novel SA for RC repair of rats to
establish a clinically relevant animal model. Small suture anchors that fit the rat
shoulder were assembled. 60 rats were assigned to the transosseous (TO) repair group
or SA repair group (n = 30/group). Micro-computed tomography (Micro-CT) scanning,
biomechanical test and histological analysis were implemented at 2, 4, and 8-week
post-repair. The failure load and stiffness in the SA group were significantly higher
than those of TO group at 4-week post-repair. Micro-computed tomography analysis
showed the bone mineral density and trabecular thickness of the SA group were
significantly lower than those of TO group. The SA group showed a better insertion
continuity at 4-week post-repair compared to TO group. No significant difference in
gait parameters was found between groups. Therefore, SA repair is applicable for the
rat model of RC tears. The SA repair achieved superior RC tendon healing, but more
extensive initial bone damage compared to TO repair, while the shoulder function was
comparable. This model could replicate the current repair technique in the clinical
situation and be considered for future preclinical studies on healing enhancement for
RC tears. Statement of Clinical Significance: With high clinical relevance, this model

may facilitate the translation from an animal study into clinical trials.
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wash, hair comb, perineal care, and upward reach (Vidt et al,, 2016).

The incidence of the rotator cuff (RC) tear is high and increasing with
age. It has been reported that 49.5% of the population above 60-
year-old suffered RC tear (Yamamoto et al., 2010). The main symp-
toms of RC tears are pain and dysfunction of the shoulder, which will

reduce the patient's ability to perform daily activities, such as axilla

Up to 93% of the patients with symptoms cannot lift heavy things.
Therefore, the RC tear negatively impact the patients' quality of life.

Once the RC tendon is completely torn, it will not heal without
surgical repair (CJ & K, 2002), after which the shoulder function will
recover up to 70% (McElvany et al., 2015). However, clinical data

showed that 21-26.6% of the patients with small or medium tears
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(<3 cm) suffered retear of the RC tendon. The rate increased to 94%
in patients with massive tears (>5 cm) (Bedeir et al., 2018; Moos-
mayer et al., 2019; Vastamaki et al., 2013). The poor healing of the
RC tendon associates with poor shoulder function, especially for
massive retear patients in the long term. Hence, the poor healing
outcome of RC repair remains a significant concern. Strategies for
improving healing are urgently demanded.

Rat RC tear model has been widely used in previous preclinical
studies on enhancements of tendon-to-bone healing (Bedi
et al, 2010; Kovacevic et al., 2011; Min et al., 2016; Yonemitsu
et al., 2019). However, biological enhancements proved effective in
animal studies has seldomly translated into clinical practice. It
might be due to the differences between the animal model and the
human condition (Mergenthaler & Meisel, 2015). Although the rat
model is well developed for RC repairs, the tendon repair tech-
nique on this model varies from that of the up-to-date clinical
practice. Currently, the primary technique of tendon fixation for
clinical RC repair is suture anchor (SA) (Visscher et al., 2019).
While in the rat models, the transosseous (TO) bone tunnel tech-
niqgue has been commonly applied (Denard & Burkhart, 2013;
Visscher et al, 2019). Different techniques could lead to a
different mechanical and biological environment of the repair site,
thereby influencing the shoulder's healing outcome and functional
recovery (Burkhart et al., 1997; Ficklscherer et al, 2014; Levy
et al., 2013; Park et al., 2005).

Therefore, a modified rat RC model incorporated the surgical
technique of clinical relevance is needed. Since the rat shoulders are
so small that the commercially available SA cannot fit in, we proposed
a custom-made SA suitable for rats. Hence, this study aimed to
develop a rat model of RC tears repaired with SA and compare the
healing outcome and functional recovery of the shoulder with the
conventional TO technique. We hypothesized that the SA repair is
applicable, and it might show better healing outcomes and shoulder
functions than the TO repair.

2 | MATERIALS AND METHODS

The research protocol has been approved by the Animal Experi-
mentation Ethics Committee in the Chinese University of Hong Kong
(Ref. No. 19-141-MIS).

2.1 | Preparation of the SA

Based on the design of the commercially available all-suture anchor
(Barber & Herbert, 2017), the SA for rats was assembled with a
section of suture which was 12 cm in length (5-0 VicryITM, Ethicon,
Inc, New Jersey, USA) crookedly passing through a section of suture
(#0 Vicryl™, Ethicon, Inc, New Jersey, USA) which was 8 mm in
length. The thin thread was passed through the thick thread with
three interwoven sutures (Figure 1). A hole (@ 0.9 mm) was drilled on

the insertion area at the greater tuberosity of the humeral head.

Then, the SA was inserted until the anchor fully engaged with the
cortical bone (Figure 2).

2.2 | The RC tear model

Sixty male adult Sprague-Dawley rats (400-450g) were randomly
assigned to the TO and SA repair groups (n = 30). The rats for the
current study were obtained from the animal center in the Chinese
University of Hong Kong and held in the animal house at the Prince
of Wales Hospital. Four rats were held together in a standard plastic
rat cage. The study design is shown in Figure 3.

Anesthesia was performed with an intraperitoneal injection of
ketamine (75 mg/kg) and xylazine (10 mg/kg). Subcutaneous injection
of buprenorphine (0.05 mg/kg) was administrated for pain relief
15 min before the operation. Rats received operations in the supra-
spinatus (SS) tendon on the right shoulder by the same operator.

A 1.5 cm skin incision was made longitudinally above the acro-
mial in a supine position. The deltoid muscle was split along the di-
rection of muscle fibers to expose the SS tendon, identified as a bright
tendon that reached out below the acromion and inserted onto the
greater tuberosity. The SS tendon was isolated and transected from
its bony insertion with a No.15 scalpel. A suture marker was made at
the distal end of the SS stump using a section of 8 mm 5-0 Prolene™
(Ethicon, Blue Ash, Ohio, USA). The incision was then closed in layers.

After surgery, the rats were kept separately for 24 h and fed ad
libitum, allowing free cage activities after recovering from anesthesia.
Buprenorphine (0.05 mg/kg) was injected subcutaneously every 12 h
for 72 h.

2.3 | Surgical procedure of RC repairs
Sixty rats and six pairs of fresh cadaver shoulder samples from rats
received the SA and TO repair.

2.3.1 | The TO repair

Four weeks after the RC tear, the TO repair surgery was
implemented. Scar tissues between the tendon stump and greater
tuberosity were identified and excised. The SS tendon was
mobilized from surrounding tissues until it approximated the
anatomical insertion site on the greater tuberosity. After removing
the suture marker, the distal end of the tendon (2 mm from the
insertion) was stitched with 5-0 Vicryl™ suture with the Modified
Mason-Allen stitches (Gerber et al., 1994). Two bone tunnels
were hand-drilled by a new spherical drill bit (@ 0.45 mm),
cooling by normal saline, longitudinally at the tendon's footprint
with a 2 mm distance between each other and guided out from
the lateral humeral neck. The sutures were passed through the
bone tunnels and fixed with five knots without tension (Figure 4).

The incision was then closed in layers.
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FIGURE 1 Assembling procedure of the suture anchor (SA) for the rat model. (a) The needle attached with 5-0 Vicryl thread passes
through a section of #0 Vicryl thread at 1 mm to the right end. (b) The needle re-enters the #0 thread at 2 mm to the right end and forwards
inside the thread along the long axis for 4 mm, then exit the thread at 2 mm to the left end. (c) The needle passes through the #0 thread at
1 mm to the left end of the thread. (d) The SA is completed

FIGURE 2 The schematic diagram showed the design of suture anchor (SA). (a) A bone site was prepared with a @ 0.9 mm drill bit. (b) The
SA was inserted into the hole. (c) With contraction force applied to the suture, the anchor-like part was squeezed and (d) stuck in the bone site
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FIGURE 3 60 rats were randomly assigned into the transosseous (TO) and suture anchor (SA) group. 10 rats were euthanized at 2-, 4-,

8-week post repair. TO: transosseous; SA: suture anchor

2.3.2 | The suture anchor repair

The surgical procedure was adapted from previous studies (Barros
et al., 2010; Kang et al., 2013). A hole (@ 0.9 mm, 3 mm depth) was
created with a drill bit at 45° to the long axis of humerus, in which the
SA was inserted. Then, threads of the SA were stitched through the
tendon stump. The sutures were fastened with five knots, and the SS

tendon was pulled back onto the insertion.

2.4 | Functional assessment

At each endpoint, gait analysis was carried out in the morning. The
downhill walking gait analysis was performed by CatWalk™ XT 9.0
(Noldus, Netherlands), with the right end of the walkway tilted up for
10° (Fu et al., 2012). Rats were allowed to walk voluntarily back and
forth from the right end of the walkway. Each animal should at least
finish two compliant walks, which was defined with speed variation
less than 30%. To eliminate potential influences introduced by
walking speed, the speed of each walk was recorded. Once a rat

entered the region of interest (10 x 60 cm), it triggered the detection

system to record the pawprint images by a digital camera set at
60 cm below the walkway. The max intensity, pawprint area, stride
length and swing duration of a forelimb were automatically calcu-
lated by built-in software. All gait parameters were presented as a
ratio between the operated and the control (the contralateral intact
side of each rat) side in a trial to control individual variations.

2.5 | Sample collection
At each endpoint (2, 4, and 8 week post-repair), shoulder segments
(upper forelimb and the whole scapular) were collected according to

the requirements of the following analyses.

2.6 | Micro-CT analysis

The specimens were fixed in 10% neutral buffered formalin for 24 h
and transferred to 70% ethanol at room temperature. The shoulder
samples were carefully dissected and inserted vertically into the

micro-CT (micro-CT 40 Scanco Medical, Brittisellen, Switzerland).
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FIGURE 4 The schematic diagram showed the design of bone tunnels made in the humeral head

The volume of interest spanned from the proximate end of the
greater tuberosity to 7.2 mm distal of the humerus, which included
the whole humeral head. The resolutions were set with 18 um per
voxel and 1024 x 1024 pixels. Four hundred consecutive scans were
performed (45 kV, 175 mA, 300 ms), and three-dimensional recon-
struction was implemented with a low pass Gaussian filter
(Sigma = 0.8, Support = 2). Following parameters of the trabecular
region were measured: bone volume (BV) fraction (BV/total volume;
BV/TV), trabecular thickness (Tb. Th), trabecular separation (Tb. Sp),
trabecular number (Tb. N) and bone mineral density (BMD).

2.7 | Biomechanical tests

Ex vivo tests were performed to evaluate the pull-out strength of the
anchor from the bone before connecting to the tendon. Then,
cadaver shoulder samples that repaired with TO and SA technique
were used to test the primary fixation strength.

For in vivo analyses, shoulder samples harvested at each time-
point were send for load-to-failure test. The rat humerus was held
vertically with a custom-made jig. The attached thread of the SA was
directly held by a screw jig that connected to a 250 N load cell, while
the jig held the repaired SS tendon with a folded blotting paper.

Distance between the holding point of the SS tendon and the top of
the humeral head was standardized at 2 mm. The specimen was
preloaded with 0.1 N and pulled along the long axis of the humerus
with 40 mm/min until failure by a universal material testing machine
(Hounsfield H25K-S, Tinius Olsen Ltd, United Kingdom). The failure
mode was recorded. The failure load and stiffness were recorded as
raw values and transformed into the ratio of the operated and con-
trol side, respectively.

2.8 | Histology analysis

Specimens were fixed in 30° abduction of the glenohumeral joint
angle with 10% neutral buffered formalin for 24 h, followed by
demineralization in 10% formic acid for 14 days. As the footprint of
SS tendon was not placed at the center of the surface of a humeral
head, the orientation of specimens was adjusted according to
desired sectioning plane. The specimen was embedded with the
scapular facing down while the distal humerus tilted up for 30°.
Sectioning was conducted from anterior to posterior of the humeral
head with a microtome (RM 2165, Leica, Wetzlar, Germany). Tis-
sues were trimmed off until the anterior border of the SS tendon
appeared, where was set as initial position of sectioning. Three
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consecutive sections with an interval of 250 um were collected and
stained with Hematoxylin and Eosin (H&E) staining. The quality of
sectioning and staining was checked with a microscope (Leica DM
500, Wetzlar, Germany). The specimens were recorded with a
random number and assessed blindly by two operators indepen-
dently (Yang LIU and Xiaodan CHEN). Two regions of interest
(ROI), including the tendon-bone interface in the greater tuberosity
and the SS tendon proper, were defined (200 x 200 um). The
insertion continuity and insertion histology were evaluated ac-
cording to the first ROI (interface area). The cellularity, vascularity,
cell orientation, and collagen orientation were evaluated according
to the second ROI (tendon proper). Six parameters were graded
from 1 (closest to normal) to 4 (most abnormal) (Table 1) (Lipner
et al., 2015). The maturity score was a sum of the six parameters
which represented the extend of healing of the tendon-to-bone
construct. The final score was the average score of the two as-
sessors. The consistency of the scoring between the two assessors

was evaluated with Kappa analysis.

2.9 | Statistical analysis

The statistical analyses were performed with SPSS Version 25 (IBM
Corp, Armonk, NY, USA). Parameters were checked for normality by
the Shapiro-Wilk test. The effect of surgical techniques on the
shoulder function was evaluated by the repeat measured analysis of
variation. The effect of surgical techniques on the mechanical, bone
quality, and histological properties were analyzed with unpaired
t-test or Mann-Whitney U test. The level of significance was set at
a = 0.05.

3 | RESULTS

All rats survived the surgery, and no wound complications were
found. 10 rats in each group were euthanized at 2-, 4-, and 8-week
post repair. At each timepoint, six out of 10 rats' shoulder samples
were processed for biomechanical analysis, and the rest four shoul-
der samples underwent micro-CT and histological analysis. 10 rats
from each group were performed with gait analysis at baseline,
4-week post tear and 2-, 4-, 8-week post repair.

3.1 | Functional assessment

The normality of distribution and equal variance were both tested.
The pooled walking speed at the baseline was 27.4 + 1.0 cm/s. No
significant difference of walking speed was found at baseline be-
tween groups (p = 0.736). No significant decrease of the walking
speed of the TO group was noticed except at 1-week after repair
(p = 0.005), while the speed at all timepoints after SA repair were
found significantly slower compared to the baseline. However, no

significant difference was found between groups at all timepoints.

TABLE 1 Grading of the histological parameters

Parameters

<25%

26%-50%

51%-75%

>75%

Insertion

continuity

Lacks fibrocartilage, regularity, and

With regularity but lacks fibrocartilage and

With regularity and fibrocartilage but lack

Insertion histology With regularity, fibrocartilage, and

tidemark

tidemark

tidemark

tidemark

4 times of normal >4 times of normal

2 times of normal

Close to normal

Cellularity

>15 blood vessels

11-15 blood vessels

6-10 blood vessels

<6 blood vessels

Vascularity (x25)

<25%

26%-50%

51%-75%

>75%

Cells parallel

<25%

26%-50%

51%-75%

>75%

Collagen

orientation
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FIGURE 5 Results of the gait analysis were presented as a ratio between the operated and contralateral sides. (a) The max intensity of the
suture anchor (SA) group decreased significantly at the first-week post repair than that of 4-week post tear. (b) The pawprint area dropped
significantly at 1- and 2-week post repair in both groups. (c, d) The stride length and swing duration showed a similar trend. They decreased at
1-week post repair for both groups and restored at 2-week post repair. TO: transosseous; SA: suture anchor. #: p < 0.05 compared to 4-week
post tear. a: p < 0.05 compared to baseline. Error bar: 95% confidence interval

No significant difference of the parameters was found be-
tween the TO and SA group in all timepoints in the downhill
walking gait analyses. At 4-week post tear, all gait parameters
restored to the baseline level (Figure 5). At 1-week post repair, all
gait parameters were affected, especially the max intensity
(p = 0.047) and pawprint area (p = 0.002) of the SA group were
significantly decreased compared to those of 4-week post tear. At
2-week post repair, the pooled data of pawprint area of both
groups (0.59 & 0.26) remained significantly lower than baseline

(1.00 + 0.19, p = 0.001).

3.2 | Micro-CT analysis

BV/TV, Th. Th and BMD of the SA group were significantly lower than
those of the TO group (BV/TV: p = 0.046; Th. Th: p = 0.023; BMD:
p = 0.015). For the SA group, at 2-week post repair, the BV/TV
(0.06 + 0.02, p = 0.009) and BMD (150.32 + 34.99 mgHA/cm?®,
p = 0.002) decreased significantly compared to the baseline (BV/TV:
0.22 + 0.03, BMD: 287.96 + 26.16 mgHA/cm®). They restored grad-
ually but remained lower than baseline upon endpoint (BV/TV:
0.16 + 0.12; BMD: 217.07 + 69.93 mgHA/cm®). No significant
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FIGURE 6 (a) Anincreasing trend of BV/TV was observed after repair. The suture anchor (SA) group was significantly lower than the the

transosseous (TO) group at 2-week post repair. (b) No significant difference of Th.N was found between groups. (c) Th.Th of the SA group was
significantly less than the TO group at 4-week post repair. (d) No significant difference of Th. Sp was found between groups. (e) The bone

mineral density (BMD) of the TO group was significantly higher than the SA group at 8-week post repair. TO: transosseous; SA: suture anchor.
BV: bone volume; TV: tissue volume; Th. N: trabecular number; Tb. Th: trabecular thickness; Th. Sp: trabecular separation; BMD: bone mineral

density; HA: hydroxyapatite.*: p < 0.05
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difference was found for the TO group between each timepoint and
baseline (Figure 6).

3.3 | Biomechanical analysis

3.3.1 | Ex vivo analyses

The pull-out strength of the anchor from the bone ranged from
12.7 to 16.9 N (mean: 14.77 N, standard deviation: 1.46). All
ruptures took place at the suture, and no displacement of the
anchor was observed. Then, cadaver shoulder samples were
repaired by TO and SA technique. The primary fixation strength of
the SA group (ratio of failure load: 0.14 4 0.10; ratio of stiffness:
0.14 £ 0.08) showed no significant difference with the TO group
(ratio of failure load: 0.15 4 0.03, p = 0.56; ratio of stiffness:
0.17 4+ 0.06, p = 0.15). For both groups, rupture took place at the
suture-tendon interface, without any displacement of the anchor

or loosening of the knots.

3.3.2 | In vivo analyses

For both groups, the ratio of failure load and stiffness have signifi-
cantly increased from 2- to 8-week post repair (p < 0.001). The ratio
of failure load increased from 0.18 + 0.60 to 0.58 + 0.12 in the TO
group and from 0.19 £ 0.05-0.57 £ 0.24 in the SA group, while the
ratio of stiffness increased from 0.13 + 0.06-0.42 + 0.20 in the TO
group and from 0.13 + 0.05-0.41 + 0.17 in the SA group. The ratio of
failure load and stiffness of the SA group were significantly higher
than those of the TO group at 4-week post repair (ratio of failure
load: p = 0.029, ratio of stiffness: p = 0.02) but comparable at 8-week
post repair (Figure 7). Thirty three out of 36 control samples tore
cohesively at the tendon proper, while the other three samples failed
with an avulsion at the greater tuberosity. All the repaired specimens
ruptured at the tendon-bone interface.

3.4 | Histological analyses
The agreement of histological scores between the two assessors was
substantial, with a Kappa Coefficient of 0.732 (95% Cl: 0.622-0.842).
In gross observation, no rupture or loose of the sutures or pull
out of the suture anchors were observed. Swelling of the SS tendon
was noticed in both groups at 2-week post repair, while it remained
remarkable in the TO group at 4-week post repair. The microscopical
observation was shown in Figure 8. Significant histologic differences
were noticed between TO and SA specimens at 4-week post repair
(p = 0.029), when the SA group showed a better insertion continuity,
and more organized cell arrangement (Table 2). Healing of the
tendon-bone unit was remarkable over time in the SA group, as
demonstrated by the maturity score decreased from 19.5 (2-week

post repair) to 10 (8-week post repair, p = 0.01). For the TO group,
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FIGURE 7 The ratio of failure load and stiffness of the suture
anchor (SA) group was significantly higher than those of the the
transosseous (TO) group at 4-week post repair. TO: transosseous.
SA: suture anchor. *p < 0.05

healing of the unit was noticed, with the maturity score decreased
from 16.25 (2-week post repair) to 15.5 (8-week post repair) though
the change was not statistically significant.

Both groups showed significantly disorganized fibro-vascular
tissue without any continuous fiber. At 8-week post repair, the
orientation of the collagen fibers became more regular, with imma-
ture perforation fibers running at the tendon-bone interface. No
distinctive zonal structure of fibrocartilage or Sharpey fiber was
found.

4 | DISCUSSION

To the best of the authors' knowledge, SA repair on rat RC tear
models has not been reported in previous studies. Only larger ani-
mals like rabbits or sheep have been employed for SA repair (Easley
et al., 2020; Harrison et al., 2000; Kang et al., 2013). However, the
shoulder structure of rats was considered most alike to the humans
(Soslowsky et al., 1996). The current study has successfully devel-
oped the SA technique for rats, which has been commonly used in
clinical practice. Therefore, rat models with this novel technique can
be employed in the future studies on RC tear with better clinical

relevance, lower labor, and financial cost.
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FIGURE 8 (a) Typical zonal structure of the enthesis in the intact control. A layer of mineralized fibrocartilage lies between the fibrocartilage
and bone (a'). (b, ¢) In both groups, the continuity of the insertion was not well restored after repair (less than 50%). (f', g’) No typical enthesis with
fibrocartilage and mineralized fibrocartilage layers were formed at 8 weeks. (c”) After suture anchor (SA) repair, cell proliferation and
inflammatory response were observed at 2-week post repair with increased cellularity and poorer cell orientation and collagen arrangement.
These alternations improved at 4 weeks (e”) and 8 weeks (g”). The cell proliferation and inflammation were evident in the TO repair group at 2-
week post repair (b”) and 4-week post repair (d”) and improved at 8-week post repair (f”). The tendon-bone healing improved significantly with
time (p=0.001) for the SA group, while not significant for the TO group. The insertion continuity and cells parallel for the SA group were superior to
those of the TO group at 4-week post repair (p = 0.029). Abbreviations: B, bone; IF, interface; T, tendon proper
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TABLE 2 Histological scoring of the

repair site of the transosseous (TO) and Parameter

suture anchor (SA) repair group (Median, Insertion continuity
range)
Insertion histology
Cellularity
Vascularity
Cells parallel

Collagen orientation

Maturity score

TO
SA
TO
SA
TO
SA
TO
SA
TO
SA
TO
SA

Group Intact control 2-week 4-week 8-week
1(1,1) 3 (1.5, 3.5) 35(354) 3.25(15,4)
3(1,4) 175 (15,25  1(1,25)
1(1,1) 3 (3, 3.5) 3.75 (3, 4) 3.25 (3, 4)
4(35,4) 3.25 (3, 4) 3(3,3)"
1(1,1) 4(3,4) 4(3,4) 2.5 (2, 3.5)
4(3,4) 2.25 (1.5, 3.5) 2(2, 25"
1(1,1) 2 (1.5, 3.5) 1.5(1.5,25) 15(15,3)
2.75 (1.5, 3) 2(2,3) 1.5 (1.5, 2)
1(1,1) 2.75 (1.5, 4) 3.75 (3, 4) 2.75 (1.5, 3.5)
375 (3, 4) 1.75 (1.5, 25)* 1.25(1,2)*
1(1,1) 2.25 (1, 4) 3.5 (2.5, 4) 2.5 (1, 3.5)
3(2.5,3.5) 2(1,3) 1(1, 1.5)*
6 (6, 6) 16.25 (15, 20.5)  20.25 (17.5,21) 15.5 (12, 20.5)

TO
SA

19.5 (17.5,21.5) 13.25 (11, 17.5) 10 (9.5, 13)*

Abbreviations: SA, suture anchor; TO, transosseous.

*, p < 0.05 compared with the TO; #, p < 0.05 compared with the 2-week.

As revealed by the biomechanical and histological analyses,
both TO and SA technique provided sufficient initial fixation and
enabled tendon-to-bone healing, while a significantly better heal-
ing of the bone and tendon has been noticed in SA group than
TO at 4 weeks. The functional recovery of the two techniques
were comparable. Therefore, the hypothesis of this study was
partially rejected. Since the SA technique has been widely used in
the clinical practice, it is considered of better clinical relevance to
investigate new healing enhancements for RC repair on this SA

repair model.

4.1 | Healing of the tendon-bone complex

In the present study, the SA group achieved an earlier healing of the
tendon-bone complex compared to the TO group, revealed by a
significantly higher failure strength and stiffness of the repaired
tendon at 4-week post repair. The result of histological analyses also
indicated a superior healing of the SA group compared to the TO
group at 4-week post repair. The scores of insertion continuity and
cell organization of the SA group were significantly higher than TO at
4-week post repair. This finding agreed to a previous study on rabbit
that showed the end-point healing of the SA repair was comparable
to that of the TO group, but SA group showed a faster healing at 3-
week post repair (Barros et al., 2010). It has been reported the SA
repair underwent greater motion at the tendon-bone interface than
TO, which might result in mechanical stimulations at the interface
(Ahmad et al., 2005). (Shi et al., 2012) found that mechanical tensions
promoted osteogenic differentiation of rat tendon-derived stem cells.
Nakanishi et al. (2019) found increased collagen deposition and

tendon-like structures in a tension-loaded condition. Compared to
the TO group, whose knot was at the bone shaft distal from
the footprint, the suture knot of the SA group was made above the
tendon and occupied some space between the acromion and the
rotator cuffs, which might compress the tendon onto the bone and
lead to better healing. However, these speculations were supported
by direct measurements of the present study.

Another probable reason is that the SA surgical procedure
only penetrated one side of the cortical bone, while the TO
technique perforated both sides. Extra damage of the periosteum
would lead to prominent swelling of the tendon and hindered
early healing, as found in the gross observation that TO group
showed remarkable swelling even at 4-week post repair. Besides,
it has been reported that bone marrows promote the tendon-to-
bone healing (Kida et al, 2013). In the present study, release of
the bone marrow in the SA group might be more than the TO
group, as the cancellous bone exposure in SA (0.636 mm?) was
greater than TO (0.318 mm?). It might explain the SA repair
showed better healing of the tendon-bone complex at the early
timepoint. At the endpoint, however, both groups showed disor-
ganized fibro-vascular tissue without any continuous fiber be-
tween the tendon and bone or distinctive zonal structure of
fibrocartilage. Previous studies also found the tendon-bone inter-
face filled with disoriented granulation instead of a typical
enthesis after RC repair (lde & Tokunaga, 2018), so that the
biomechanical strength of the repair was inadequate to withstand
tensile stresses in functional movements. It seems the positive
effect of bone marrow on enthesis healing was insignificant and
regeneration of the enthesis remained challenging. The role of
bone marrows in RC healing remains a matter of debate.
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4.2 | Healing of the bony insertion

On the other hand, healing of the bony tissue of the SA group
appeared unsatisfying. The bone parameters decreased significantly
after the SA repair and failed to recover to the baseline level even at
the endpoint, while those of the TO group did not show significant
reduction at any timepoint after repair. The micro-CT indicated the
BV of the SA group was significantly less than the TO at 2- and
8-week post repair, indicated an extensive loss of the bone. In the SA
group, a large amount of bone mass had been drilled away to prepare
the hole, which would lead to a longer healing time than the TO
group. The bone loss was considerably less in the TO group.
Furthermore, BMD of the SA group was significantly lower than the
TO, indicated a poorer bone regeneration at the insertion site. It
might be because that the anchor has occupied the space of the hole
and hindered the tendon-bone contact. This phenomenon has also
been noticed in real patients who suffered from RC retear after SA
repair, and insufficient BV regeneration has been regarded as critical
factors (Chung et al., 2011; Simon et al., 2003). It is controversial to
find the biomechanical property of the bone-to-tendon complex in
the SA group was higher while the bone quality was poorer than TO
at 4-week post repair. In the biomechanical test, most ruptures took
place in the scar tissue instead of the bone, which indicated the
weakest link in the tendon-to-bone interface lay at the newly formed

soft tissue, but not the formation of the trabecular bone.

4.3 | Functional recovery

No significant difference of walking gait was observed between the
groups at all timepoints. The gait has restored to the baseline at 4-
week post tear. This finding agreed to the previous study that, af-
ter RC tear, the impaired gait would only last for a short time, for
example, the swing duration recovered to the baseline within 1 week
(Kim et al., 2017; Perry et al., 2009). However, the prompt recovery
pattern was much different from those of the patients, most of whom
presented progressively decreased shoulder function after injury.
After repair, the gait parameters deteriorated for 2 weeks and
restored to the baseline at 4-week post repair. This short recovery
time might be explained by natural healing capacity of rats. Similar
phenomena have been noticed in multiple animal studies with rat
models, whose healing progress was proven to be superior to human.
Besides, gait analyses reflected shoulder capacity under loading,
while human shoulders often underwent a greater range of motion
without bearing body weight. Therefore, the newly developed SA
technique should be further validated by the functional assessment

that is more relevant to human shoulder.

4.4 | Limitations

In this study, the all-suture anchor technique was chosen because the

suture is an optimal carrier for biological enhancements in further

studies to promote healing after RC tear. However, the healing
process after all-suture anchor repair might be different from those
of metal or plastic anchors that were commonly used in clinical
practice. Therefore, the result of this study should be extrapolated
with caution. The material of the suture anchors is absorbable and
will be hydrolyzed in 56-70 days (Barbolt, 2002), while the material
of all-suture anchors used in humans is non-absorbable. The degra-
dation process might affect the healing process and trigger tissue
reactions. Since degradable materials are considered as better solu-
tions for implantations, the interactions between materials and
healing need further investigation. Besides, the cross-section of the
tendon was not considered in the biomechanical test, because the
tissues were in an irregular shape, and it is difficult to identify the
tendon from scars. It can be measured by micro-CT or laser devices
in previous studies. However, it is hard to keep the tendon under
tension during the micro-CT scanning, which may influence the cross-
sectional shape of the tendon.

Last, considerable within group standard deviation was pre-
sented due to the individual variation of the rats, particularly the
functional behavior is very difficult to standardize. It appeared
inadequate power of this study, though ratiometric comparison to

control limbs within the same animal was used.

5 | CONCLUSIONS

The SA technique is applicable to repair RC tears in rat models. The
SA repair achieved faster healing of the RC tendon-bone complex,
but not in the bony insertion compared to the TO. The shoulder
functions of the SA and TO group are comparable.
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