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Background. Significant proportion of rotator cuff tears (RCTs) in clinical field are of a kind of repairable tear wherein the degree of
fatty infiltration is of Goutallier stage 1 or stage 2. Therefore, the animal model, showing similar fatty infiltration, seems preferable
for researches. The purpose of this study is to find out the proper time frame in which there is Goutallier stage 1 or stage 2 fatty
infiltration in the rabbit RCT model for the research of repairable RCT in humans. Methods. Supraspinatus tendon tears were
created in forty male New Zealand white rabbits at their right shoulder (n= 8 for each group), and a sham operation on the left
shoulder. Rabbits were divided into five groups (2nd, 4th, 6th, 8th, and 12th weeks). Specimens were harvested from the central
portion of the supraspinatus muscle for haematoxylin and eosin (H &E) staining, followed by histological and Goutallier grading
evaluation. Results are expressed as mean ± standard deviation by Sigma Plot software (version 7.0). Results. At two weeks, mainly
lipoblasts were observed around the muscle fibers, and at four weeks these lipoblasts were replaced by mature adipocytes with fatty
infiltration amount (2.13 ± 0.35). The degree of muscle atrophy was (1.50 ± 0.53) at four weeks compared to sham group (0.88 ±
0.64) with significant difference (p < 0.05). The inflammatory process appeared as two phases. At two weeks, it was increased with
grading value (1.88 ± 0.35). However, in the four-week group, it showed a sharp decrease (0.50 ± 0.53). At six weeks, inflammation
reappeared to increase (1.13 ± 0.83). Then, a gradual decline appeared at eight weeks (0.88 ± 0.83) and at 12 weeks (0.50 ± 0.92).
Conclusions. At two and four weeks, both fat distribution in rabbit supraspinatus muscles and Goutallier grading scale mostly
appeared as grade 2. Therefore, we can consider four weeks to be a suitable period for making a repairable RCT animal model for
the human research, considering the early acute tissue reaction at 2 weeks after the tendon tears.

1. Introduction

Rotator cuff tears (RCTs) are a pathological condition that
frequently affects aged populations. RCT often causes persis-
tent pain and severe functional impairments in the affected

shoulder joint. Although there are advanced surgical tech-
niques, the management of RCTs remains a challenge [1].
The detachment of tendon from bone and the accompanying
unloading of tensile forces leads to changes in the structure
and function of the tendon and muscle [2, 3].
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Fatty infiltration of the rotator cuff was described as
adipocytes depositionwithin the rotator cuffmuscles [4].The
degenerated supraspinatus muscle shows fatty infiltration,
atrophy, and retraction [5, 6]. The Goutallier classification
system for fatty infiltration has become a standard reference
for determining the severity of fatty infiltration and uses CT
images of the rotator cuff muscle [7].

The fatty degeneration and the atrophy of the RCTmuscle
is an important factor in the prognosis for the healing of
the rotator cuff repair as well as surgical outcome [3, 8, 9].
According toThomazeau et al. [10], the tendon tear becomes
irreparable if there is stage 3 muscle atrophy or, according
Goutallier et al., if there is stage 3 or stage 4 fatty infiltration
of the muscle [4, 11]. On the other hand, Goutallier stage 1
or stage 2 fatty infiltration may indicate that the tendon tear
is repairable. Clinically, surgical repair looks appropriate in
most RCT patients with a fat infiltration index smaller than
grade 2 [12].

Actually, a significant proportion of RCTs in clinical field
is of a kind of repairable tear wherein the degree of fatty
infiltration is of stage 1 or stage 2. Therefore, the animal
model, showing fatty infiltration grade 1 or grade 2 to rotator
cuff muscle, seems preferable for researches to be conducted
in association with patients of repairable RCT.

Preclinical animal models are rich tools in the search
for understanding of the basics of human pathology at the
cellular and tissue levels, as well as for the evaluation of new
therapeutics and surgical techniques [13, 14]. Previous studies
have used rabbit models for research on rotator cuff diseases.
Fabis et al. have described fatty infiltration development
in rabbit supraspinatus in relation to the degree of tendon
detachment [15, 16]. Some described pathology based on two-
week time point [13, 17–19]; others also used four weeks [20–
26] or six weeks [27–31] or eight weeks [32, 33] or 12 weeks
[29, 31, 34–36].

The purpose of this study is to gain more understanding
of the proper time frame in which there is Goutallier stage 1
or stage 2 fatty infiltration in the rabbit RCT model for the
research of repairable RCT in humans. Our hypothesis is that
the 4-week model demonstrates Goutallier stage 1 or stage 2
fatty infiltration consistentwith a repairablemodel for human
RCT research.

2. Materials and Methods

All experimental procedures were approved by the experi-
mental animal committee of the biomedical research institute
of Chonnam National University (CNU IACUC-H-2016-33).

2.1. Rabbit’s Allocation. A total of 40 male New Zealand
white rabbits (Damul Science, Daejeon, South Korea), aged
four months, with a mean body weight of 2.8 kg (range:
2.5 to 3 kg) were used. The rabbits were housed in light
within temperature controlled rooms and fed a standard diet.
The animals were observed for one week before surgery to
confirm that they were healthy and disease-free. The animals
were randomly allocated into five groups: 2 weeks (n= 8); 4
weeks (n= 8); 6 weeks (n= 8); 8 weeks (n= 8); 12 weeks (n=

8). Lesion was defined as supraspinatus tendon detachment.
The experimental control (sham) at left side was defined as
a skin incision and retraction of both omotransversarius and
trapezius muscles from scapular spine, without any gesture
carried out in the rotator cuff tendons.

2.2. Surgical Procedure. All animals were anesthetized by
induction with ketamine (35mg/kg) (Youhan Corporation,
Seoul, South Korea) and xylazine (5mg/kg) in one syringe
for each rabbit [36]. Once the rabbits were anesthetized,
we shaved around their shoulder joints at the area of the
surgical site, the skin was disinfected with povidone-iodine
(Firson, South Korea), and the animals were placed in the
lateral position with the forelimbs in adduction and external
rotation.

A 3.0 cm incision was made in the skin over the
glenohumeral joint. The subcutaneous tissue was dissected;
retraction of omotransversarius and trapezius muscles was
performed to expose the supraspinatus tendon (located in a
superior position of the scapular spine) [37] (Figures 1(a) and
1(b)).

As described by Fabis et al. [15], sharp release of
supraspinatus tendonwas performed at the greater tuberosity
of the humerus (large detachment) as well as from the
surrounding subscapularis and infraspinatus tendons (cut
interdigitation-length of split about 1 cm) (Figure 1(c)). Then
the detached tendon stump was wrapped with a silicone
Penrose drain, 10mm long (8mm in outer diameter, Yushin
Corp, Bucheon, South Korea), to prevent adhesion to the
surroundings (Figure 1(d)) [38]. The wounds were then
irrigated and closed in layers with Vicryl� 4-0 (Ethicon,
Johnson and Johnson, USA). Meanwhile, for the control
group, the sham operation was done on the left side, without
release of the supraspinatus tendon after retraction of the
omotransversarius and trapezius muscles. All rabbits toler-
ated this procedurewithout any intraoperative complications.

After surgery, analgesia (meloxicam 1mg/kg), and antibi-
otic (enrofloxacin, 1mg/ml, Bayer, Germany), intramuscular
injections were administered to control pain and infec-
tion, respectively. Postoperative immobilization was not pre-
scribed. Rabbits were kept in separate stainless steel cages in
the animal house and allowed free access to both food which
was supplied as a compound pellets by Cargill Agri Purina,
Inc. Kunsan Plant, South Korea, and water.

2.3. Collection of Specimens. The 40 rabbits were randomly
euthanized at the second, fourth, sixth, eighth, and 12th
weeks after surgery, so that a histological assessment could
be performed. A lethal dose of intravenous KCL (5ml)
was injected after induction of intramuscular anaesthesia,
and the rabbits entered a deep sleep. The scapula with the
attached four rotator cuff muscles and the proximal half of
the humerus were removed en bloc after dissection from both
shoulders of each rabbit (Figure 2(a)).

2.4. Histological Evaluation. The specimens were immedi-
ately fixed in neutral buffered 10% formalin (PH 7.4) and
maintained thus for two days. Then they were decalcified
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(a) (b)

(c) (d)

Figure 1: (a) shows the 3.0 cm skin incision at the glenohumeral joint, (b) the exposed supraspinatus tendon at the foot print, (c) the large
detached supraspinatus tendon from the greater tuberosity, and (d) wrapped the silicone Penrose drain around the detached supraspinatus
tendon.

(a) (b)

Figure 2: (a) shows the scapula with the whole surrounding rotator cuff muscles, posterior view; dashed line shows the cutting site at the
supraspinatus central portion, (b) the scapular Y view portion after central cutting, shows supraspinatus muscle (SS), infraspinatus muscle
(IS), and subscapularis muscle (SSc).

with histological decalcifying agent HCL (Calci-clear Rapid,
National Diagnostics 305 Patton Drive Atlanta, GA 30036,
USA) for 10 days. Residual decalcifying agent was removed
by immersion in tap water for 24 hr.

In each rabbit, the supraspinatus muscle was sectioned
in the transverse (sagittal) plane at 10𝜇m thickness from the
center (Figure 2(b)) and processed with paraffin embedding.
Four 𝜇m sections were cut on a rotary microtome, mounted
on glass slides, and dried overnight at 45∘C. The slides were
stained with haematoxylin and eosin (H&E), and then the

slides were scanned and read by the Aperio image analysis
system [V 12.3.2.8013] (Leica Biosystems, Vista, USA) and
light microscopy.

Based on a four-stage scale, in a manner consistent
with the Goutallier classification for fatty infiltrations of
the supraspinatus muscles in each group, the H&E staining
allowed a semiquantitative assessment of the amount of fat
infiltration within the affected muscle. Stage 0 = a completely
normal muscle; stage 1 = muscle contains some fatty streaks;
stage 2 = fatty infiltration is still less than muscle; stage 3 =
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(a) (b)

Figure 3: Shows the gross findings during the dissection. (a) The scarring tissue covering the supraspinatus tendon; (b) the supraspinatus
tendon stump, wrapped by silicone Penrose drain.

(a) (b) (c)

Figure 4: Fatty infiltration distribution in the middle part of supraspinatus muscles of experimental groups (scale bar: 7𝜇m). (a) Below
tangent line, (b) above the tangent line, and (c) both below and above the tangent line.

there is as much muscle as fat; stage 4 = more fat than muscle
[39, 40].

In addition, H&E stained slides were graded semiquan-
titatively for the muscle atrophy as follows: normal =0,
mild atrophy =1, moderate=2, and severe =3. These grades
were identified based on a few suggestive findings, such as
an angular shape of muscle fibers as opposed to a round
shape, the decreasedmuscle fiber size, and decreased distance
between myonuclei and centralized myonuclei [40, 41]. Also,
inflammatory cells was graded as follows: 0 = no inflamma-
tory cell, 1 = mild, 2 = moderate, and 3 = severe [40, 41].

2.5. Statistical Analysis. Results are expressed as mean ±
standard deviation by Sigma Plot software 2001 (version 7.0).
Differences between each group were regarded as statistically
significant when P < 0.05.

3. Results

3.1. Gross Observation at Dissection. All detached tendon
stumps were found to be adhered around the glenoid, and
they were retracted medially at the time of dissection. We
observed bursal tissue thickening, and, in all groups, fibrous
tissue was filling the gap between the greater tuberosity and
the retracted tendon; we removed the scar tissue to find
out the wrapped Penrose drain around the detached tendon
(Figure 3). The supraspinatus muscle was observed as a
smaller than the control muscle on the contralateral side. In
the sham operated group, there was no evidence of either
muscle atrophy or adhesions.

Figure 5: The supraspinatus muscle (H&E) in the sham group with
almost normal muscle fibers, interfascicular fat is nil [scale bar
200 𝜇m].

3.2. Pattern of Fatty Infiltration. The majority of samples
were noticed to have fatty infiltration distribution below the
tangent line among the all 40 samples (Figure 4), in which 8/8
at 2wks, 7/8 at 4wks, 6/8 at 6wks, 5/8 at 8wks, and 1/8 at 12 wks
showed the below tangent line pattern Table 1.

3.3. Grading of Fatty Infiltration. Histological analysis
demonstrated more obvious morphologic changes in the
transected supraspinatus muscles than sham group which
appeared almost normalwith nil interfascicular fat (Figure 5).
Formost of the all operated groups, adipocytes were observed
in clusters among the supraspinatus muscle fascicles with a
characteristic signet ring appearance, and they were more
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Table 1: Shows the fatty infiltration distribution.

Pattern of fatty infiltration Groups
2weeks 4weeks 6weeks 8weeks 12weeks

Below tangent line 8/8 (100%) 7/8 (87.5%) 6/8 (75%) 5/8 (62.5%) 1/8 (12.5%)
Above tangent line 1 1
Below and above tangent line 2 3 6
Total 8 8 8 8 8

Table 2: Histology grading findings in the central portion of the supraspinatus muscle following tendon release.

Groups Fat Infiltration Muscle Atrophy Inflammatory Cells
Sham 0.50 ±0.53 0.88 ±064 0.00 0.00
2w 2.13 ±0.64 1.38 ±0.51 1.88 ±0.35
4w 2.13 ±0.35 1.50 ±0.53 0.50 ±0.53
6w 3.13 ±0.83 2.25 ±0.70 1.13 ±0.83
8w 3.88 ±0.35 2.88 ±0.35 0.88 ±0.83
12w 3.88 ±0.35 2.88 ±0.35 0.50 ±0.92

Figure 6:The supraspinatus muscle section (H&E) showing a grade
2 fatty infiltration at 2 weeks [scale bar 200 𝜇m].There is infiltration
of lipoblasts (black arrow) and inflammatory cells around muscle
fibers.

numerous than in the controls (Table 2). Semiquantitative
analysis of H&E stained specimens showed significant higher
fat contents in the supraspinatus muscle after the tendon
tear (Table 3). Interclass correlation coefficients for the three
raters were >0.7 for the evaluation of fat infiltration, muscle
atrophy, and inflammation (Table 4).

At two weeks, mainly immature adipocytes (lipoblasts)
were observed around themuscle fibers (Figure 6), and at four
weeks these lipoblasts were replaced by mature adipocytes
(Figure 7). The average fat grading at two weeks was (2.13
± 0.64), and at four weeks it was (2.13 ± 0.35). This is
corresponding mostly to grade 2 on the Goutallier scale. At
six weeks, the average grading of the adipocytes between
muscle fibers was (3.13 ± 0.83), which looks almost like grade
3 on the Goutallier scale (Figure 8). At both eight weeks and
12 weeks, the average fat grading was (3.88 ± 0.35) which was
consistent with grade 4 of the Goutallier classification system
(Figures 9 and 10). These average values were compared to
the sham group (0.5 ± 0.53). However, there was a significant
difference in fat grades (p < 0.05) between sham group and all
the operated groups, no significant differences between the

Figure 7: The supraspinatus muscle section (H&E) showing
adipocytes around muscle fibers at 4 weeks with fatty infiltration
appearing as grade 2.

two- and four-week groups and between eight- and 12-week
groups (Figure 11).

3.4. Grading of Muscle Atrophy. The muscle atrophy was
graded based on the angular change of the rounded muscle
fiber, centralized myonuclei. The degree of muscle atrophy
was (1.38 ± 0.51), (1.50 ± 0.53), and (2.25 ± 0.70) at two, four,
and six weeks, respectively, compared to sham group (0.88 ±
0.64). So, muscle atrophy was increased from two weeks to
six weeks, ranged frommild to moderate, while an advanced,
severe atrophy stage was evident in both the eight-week and
12-week groups with atrophy value (2.88 ± 0.35). However,
there was a significant difference (p < 0.05) between the sham
group and the operated groups for atrophy except within two-
week group. There is no significant difference between the
two-week group and the four-week group or between the
eight-week group and the 12-week group (Figure 12).

3.5. Grading of Inflammatory Cells. The inflammatory pro-
cess scattered among themuscle fibers appeared as noticeably
as two phases. On the one hand, at two weeks, it showed a
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Table 3: Fatty infiltration grading in each group.

Fatty infiltration grading Groups
2 weeks 4 weeks 6 weeks 8 weeks 12 weeks

Grade 1 1
Grade 2 5 7 2
Grade 3 2 1 3 1 1
Grade 4 3 7 7
Total 8 8 8 8 8

Table 4: Interclass correlation coefficients among the three raters for histological evaluation of fat infiltration, muscle atrophy, and
inflammation.

Fat Infiltration Muscle Atrophy Inflammatory Cells
Interclass correlation coefficient 0.95 0.92 0.96
95% CI (0.92 to 0.97) (0.87 to 0.95) (0.94 to 0.98)

Figure 8: The supraspinatus muscle section (H&E) demonstrating
adipocytes around muscle fibers at 6 weeks with fatty infiltration
appearing as grade 3.

dramatic increase of inflammatory cells scattered among the
muscle fibers with grading value (1.88± 0.35). However, in the
four-week group, it showed a decline (0.50 ± 0.53). On the
other hand, at six weeks, the number of inflammatory cells
reappeared to increase with grading value (1.13 ± 0.83).Then,
this was followed by a gradual decrease at eight weeks (0.88
± 0.83) and at 12 weeks (0.50 ± 0.92), in all operated groups
(Figure 13).

4. Discussion

Theobjective of this studywas to determine the degree of fatty
degeneration of the supraspinatus muscle at different time
points inNewZealandwhite adult rabbits and to demonstrate
the repairable RCTmodel in correlationwith fatty infiltration
grading. We hypothesized that the fatty degeneration of
the supraspinatus muscle of the rabbit after detachment of
supraspinatus tendon from the footprint would progress
gradually with the lapse of time and we could find out the
proper time frame which corresponds to the repairable RCT
model.

The scar tissue was observed to fill the space between
tendon and bone. Adhesion was seen surrounding detached

Figure 9: The supraspinatus muscle section (H&E) illustrating
adipocytes around muscle fibers at 8 weeks with fatty infiltration
appearing as grade 4.

Figure 10:The supraspinatusmuscle section (H&E) shows extensive
fatty infiltration with a few scattered muscle fibers (grade 4) at 12
weeks.

tendon stump. This may cause load transfer into the super-
ficial muscle portion of the supraspinatus muscle. However,
Barton et al. [42] have described that the reversal of muscle
change is more pronounced in a rat model. It may be
partially explained by altered loading environment of the
muscle resulting from scar tissue adhesion to the acromion,
humerus, and other surrounding structures in the rat model.
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Figure 11:The graph shows the fatty infiltration grading and the data
represented by mean ± SD.
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Figure 12:The graph shows themuscle atrophy grading and the data
represented by mean ± SD.

Scar tissue adhesions to surroundings may play a crucial role
in muscle loading following tendon detachment.

In the present study, we observed the majority of samples
showed the fatty infiltration in the area below the tangent
line among the 40 samples. We considered the area lying
below the tangent line, from the superior border of the
coracoid to the superior border of the scapular spine, is the
area of interest which represents the deep portion of the
supraspinatusmuscle of the rabbit, corresponding to a binary
method of measuring the supraspinatus by Zanetti [43].

The optimal time allowed for development of pathologi-
cal changes in the rabbit rotator cuff model is controversial.
Much research has been done on the process of RCT in
rabbits, with many variations in the documented time point
[19, 29–31, 34, 44, 45]. The most important findings of the
present study were that detachment of the supraspinatus
tendon of the rabbit leads to fatty infiltration which was
scattered among themuscle fibers in amanner corresponding
to Goutallier stage 2 which might be consistent with the
repairable RCT model and increased over time.

Barton et al. and others reported that muscle atrophied
until four weeks, and muscle fibers were decreased in size.
The rapid decline in muscle mass after tendon detachment
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Figure 13: The graph shows the inflammatory cells grading and the
data represented by mean ± SD.

shows that the muscle is a very sensitive indicator of the state
of tendon attachment [42, 46]. In sheep, fat accumulation
was also detectable on MRI scans after six weeks, indicating
the turning point for fat accumulation is between two and
six weeks after tendon release [47]. In our study, based on
Goutallier classification, we have found that the two- and
four-week groups were consistent with grade 2 fatty infiltra-
tions. The amount of fatty infiltration seen histologically is
similar to that reported for human tissue samples of rotator
cuff tears with fatty infiltration [4]. It was significantly higher
in both the eight-week and 12-week groups than in the two-,
four-, and six-week groups. Each group was significantly
different from the sham group at each time point.

In the present study, these findings were analyzed in
accordance with histological findings. The histological find-
ings were observed at two weeks and showed the appear-
ance of immature adipocytes with large cells—multiple fat
vacuoles that indent the nucleus. This occurs in the early
stage of adipocytes production. These cells were noticed
surrounding the atrophied muscle fibers, and they became
mature adipocytes at around four weeks. The inflammatory
cells can be seen among the degenerated muscle fibers.

Some of the previous studies showed that fatty infiltration
into muscle was increased significantly at the 6-week time
point in amanner similar to that found in humans [13, 28, 48–
50]. Fabis et al. have demonstrated the development of fatty
infiltration in the supraspinatus muscle at six weeks, with
contractility changes after supraspinatus tendon tear in a
rabbitmodel. Grade 1 was stable and therewas no progression
after 6weeks onCTor histopathology (morphometry).Grade
2 was characterized by morphometric progression of fatty
infiltration from 13% at 6 weeks to 21% at 12 weeks.There was
no significant progression after 24 weeks [15, 16].

Rowshan et al. describedminimal fat accumulation at two
weeks after injury, and a significant increase in fat content
in chronically detached muscles at six weeks [18]. In the
present study, we showed that at six weeks, the fat amountwas
increased as grade > 3. Kim et al. found that after 16 weeks,
there was a higher degree of fatty degeneration than there
was after eight weeks in rodents model [41]. In our study, we
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showed that the amount of fat is evident at eight weeks. In
addition, fibrosis was observed in the atrophic muscle tissue,
and the fat amount corresponded to grade 4 on Goutallier
scale.

Muscle atrophy is a critical prognostic factor in determin-
ing the outcome of the RCT repair [51]. A problem-free and
reliable direct repair of the torn tendon may be predicted
by grades 1 and 2. On the other hand, grade 3 atrophy
is a predictor of surgical difficulties and the unreliability
of a direct suture [10]. Although some authors reported
that muscle atrophy and fatty degeneration between muscle
fascicles developed after tendon injury progresses over time
[16, 29], Buchmann et al. [52] have said that, in a rat model,
the level of atrophy showed a peak in the early group
(three weeks) and decreased with time. Barton et al. [42]
reported that in a rat model, initial loss of muscle mass after
tenotomy returned to the control levels at 12 weeks after
surgery.

Fabis et al. [15] have described themorphometric changes
of the supraspinatus within the middle part of the muscle
at 6, 12, and 24 weeks and demonstrated that the size of the
rabbit supraspinatus tenotomy is the primary factor affecting
the increase of interstitium volume, with maximum effect
at 6 weeks after a small tenotomy, although it is increased
more after a large tenotomy during 12 weeks of observation.
Fabis et al. [29] have also used Goutallier grading system
of fatty degeneration with regard to CT examination and
observed that rabbit supraspinatus muscle cross-sectional
area is decreased by about 50% after the large tenotomy. This
was supplemented by themeasurement of muscle fibers types
I and II diameter as well as interstitium volume increase.
Furthermore, Fabis et al. [29] noted the 21% increase of
interstitium volume while Gayton et al. [36] in a similar
model showed 19% after 12 weeks of observation from rabbit
supraspinatus tendon detachment. In our study, we found
progress of atrophy in all groups from four weeks to twelve
weeks. Mild to moderate atrophy was seen in both four- and
six-week groups while extensive atrophy of the supraspinatus
muscle was found in the extra muscular area in both eight-
and 12-week groups. This is consistent with the ability for
RCT repair at four weeks andmaybe at six weeks in the rabbit
RCT model. In severe atrophy, the affected muscle becomes
irreparable. Thus, we agree with previous studies showing
that tendons become irreparable to their anatomic footprint
due to advanced muscle atrophy [50, 53].

A huge inflammatory infiltrate is recruited after muscle
injury, and it is likely to participate in the regulation of
muscle regeneration [54–56]. The inflammation was defined
as inflammatory cells infiltrate into a tissue, which may be
beneficial for tissue repair as it has been demonstrated in
several recent studies [57, 58]. Chazaud et al. mentioned
that after skeletal muscle injury, the regeneration is charac-
terized by two distinct subsequent phases, each associated
with different types of inflammatory cells. Just after injury,
recruited macrophages are activated and phagocytose the
tissue debris, while preventing myogenic differentiation too
early in the repair process [54]. As has been shown to
happen in other tissues, the macrophages then switch their
phenotype to resolve inflammation [59]. The second phase

of muscle repair is characterized by the presence of anti-
inflammatory macrophages that directly support myogenesis
and myofibers growth [60]. We found the inflammatory cells
appearance had twophases. It initially increased at twoweeks,
and it dropped down at four weeks. This may be due to
the early acute tissue reaction after the tendon tear. Then
there was a second abrupt increase, at six weeks which may
be because of the chronic inflammatory cells recruitment.
This was followed by a gradual decrease crossing the eight-
and 12-week groups. These observations indicate that the
inflammatory process diminishes with time and the potential
for the tendon tear to heal by means of resolution and
regeneration, and also repair diminishes over time.

Our study has some important limitations.The histologic
analysis was semiquantitative. To minimize the potential
for bias, three investigators (a musculoskeletal pathologist
and two orthopaedic surgeons) independently reviewed the
histology specimens, blinded to groups and time points. In
the present study, we used four-month-old rabbits, and it
is unclear how the development of fatty infiltration would
be affected by aging. Because of RCT and fatty infiltration,
patients are mostly elderly; therefore, the results of animal
model studies should be interpreted with caution. Although
fatty degeneration relates directly to muscle function, a
functional assessment of the muscle was not performed.
To determine the origin of perimuscular fat, relationship
between rotator cuff degeneration, and contractile ability,
further research is necessary. Also, in this rabbit experi-
ment, spontaneous healing probably resulted in a reversal
of atrophy, and the adhesions affect the muscle area above
the tangent line which is not consistent exactly with the
human condition. Furthermore, this rabbit model does not
undergo the robust fibrofatty infiltration that is observed in
humans with chronic rotator cuff tears, nor in large-animal
rotator cuff chronic injurymodels [61–63].The inflammatory
process needs more specific focus to determine what kind of
cells there are at the early and late stage of the study.

5. Conclusion

This study provides histopathologic grading system of fatty
infiltration relevant to Goutallier classification system. We
have found different fatty infiltration grades at different time
points in the rabbit RCT model. At two and four weeks,
both fat distribution in rabbit supraspinatus muscles and
Goutallier grading scale are mostly similar at grade two.
Therefore, we can consider four weeks to be a suitable period
for making a repairable RCT animal model for the human
research, considering the early acute tissue reaction at 2weeks
after the tendon tears. On the other hand, at eight weeks
and 12 weeks, there is advanced fatty infiltrations measured
as grade four, with severe muscle atrophy, which may be
considered as an irreparable rotator cuff tear model.
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[29] J. Fabiś, P. Kordek, A. Bogucki, and J. Mazanowska-Gajdowicz,
“Function of the rabbit supraspinatus muscle after large detach-
ment of its tendon: 6-week, 3-month, and 6-month observa-
tion,” Journal of Shoulder and Elbow Surgery, vol. 9, no. 3, pp.
211–216, 2000.

[30] S. W. Chung, H. Park, J. Kwon, G. Y. Choe, S. H. Kim, and
J. H. Oh, “Effect of hypercholesterolemia on fatty infiltration
and quality of tendon-to-bone healing in a rabbit model of a
chronic rotator cuff tear: electrophysiological, biomechanical,
and histological analyses,” The American Journal of Sports
Medicine, vol. 44, no. 5, pp. 1153–1164, 2016.

[31] H. K. Uhthoff, F. Matsumoto, G. Trudel, and K. Himori, “Early
reattachment does not reverse atrophy and fat accumulation of
the supraspinatus—an experimental study in rabbits,” Journal of
Orthopaedic Research, vol. 21, no. 3, pp. 386–392, 2003.

[32] H. Tan, D. Wang, A. H. Lebaschi et al., “Comparison of bone
tunnel and cortical surface tendon-to-bone healing in a rabbit
model of biceps tenodesis,”The Journal of Bone & Joint Surgery,
vol. 100, no. 6, pp. 479–486, 2018.

[33] K. Bilsel, F. Yildiz, M. Kapicioglu et al., “Efficacy of bone
marrow-stimulating technique in rotator cuff repair,” Journal of
Shoulder and Elbow Surgery, vol. 26, no. 8, pp. 1360–1366, 2017.

[34] F. Matsumoto, H. K. Uhthoff, G. Trudel, and J. F. Loehr,
“Delayed tendon reattachment does not reverse atrophy and fat
accumulation of the supraspinatus — an experimental study in
rabbits,” Journal of Orthopaedic Research, vol. 20, no. 2, pp. 357–
363, 2002.

[35] J. P. Yoon, C.-H. Lee, J. W. Jung et al., “Sustained delivery of
transforming growth factor 𝛽1 by use of absorbable alginate
scaffold enhances rotator cuff healing in a rabbit model,” The
American Journal of Sports Medicine, vol. 46, no. 6, pp. 1441–
1450, 2018.

[36] J. C. Gayton, L. J. Rubino, M. M. Rich, M. H. Stouffer, Q.
Wang, and G. P. Boivin, “Rabbit supraspinatus motor endplates
are unaffected by a rotator cuff tear,” Journal of Orthopaedic
Research, vol. 31, no. 1, pp. 99–104, 2013.

[37] T. O. McCracken, Color Atlas of Small Animal Anatomy: The
Essentials, John Wiley & Sons, 2013.

[38] S. W. Chung, B. W. Song, Y. H. Kim, K. U. Park, and J. H. Oh,
“Effect of platelet-rich plasma and porcine dermal collagen graft
augmentation for rotator cuff healing in a rabbit model,” The
American Journal of Sports Medicine, vol. 41, no. 12, pp. 2909–
2918, 2013.

[39] J. P. Iannotti and G. R. Williams, Disorders of the Shoulder:
Diagnosis&Management, vol. 1, LippincottWilliams&Wilkins,
2007.

[40] N. Sevivas, S. C. Serra, R. Portugal et al., “Animal model for
chronic massive rotator cuff tear: behavioural and histologic
analysis,” Knee Surgery, Sports Traumatology, Arthroscopy, vol.
23, no. 2, pp. 608–618, 2015.

[41] H. M. Kim, L. M. Galatz, C. Lim, N. Havlioglu, and S. Tho-
mopoulos, “The effect of tear size and nerve injury on rotator

cuff muscle fatty degeneration in a rodent animal model,”
Journal of Shoulder and Elbow Surgery, vol. 21, no. 7, pp. 847–
858, 2012.

[42] E. R. Barton, J. A. Gimbel, G. R. Williams, and L. J. Soslowsky,
“Rat supraspinatus muscle atrophy after tendon detachment,”
Journal of Orthopaedic Research, vol. 23, no. 2, pp. 259–265,
2005.

[43] M. Zanetti, C. Gerber, and J. Hodler, “Quantitative assessment
of the muscles of the rotator cuff with magnetic resonance
imaging,” Investigative Radiology, vol. 33, no. 3, pp. 163–170,
1998.

[44] Y. Koike, G. Trudel, D. Curran, and H. K. Uhthoff, “Delay of
supraspinatus repair by up to 12 weeks does not impair enthesis
formation: a quantitative histologic study in rabbits,” Journal of
Orthopaedic Research, vol. 24, no. 2, pp. 202–210, 2006.

[45] J. Fabis, M. Danilewicz, J. T. Zwierzchowski, and K. Niedzielski,
“Atrophy of type I and II muscle fibers is reversible in the case
of grade >2 fatty degeneration of the supraspinatus muscle: An
experimental study in rabbits,” Journal of Shoulder and Elbow
Surgery, vol. 25, no. 3, pp. 487–492, 2016.

[46] H. Shirasawa, N. Matsumura, M. Shimoda et al., “Inhibition
of PDGFR signaling prevents muscular fatty infiltration after
rotator cuff tear in mice,” Scientific Reports, vol. 7, Article ID
41552, 2017.

[47] X. Liu, G. Manzano, H. T. Kim, and B. T. Feeley, “A rat model of
massive rotator cuff tears,” Journal of Orthopaedic Research, vol.
29, no. 4, pp. 588–595, 2011.

[48] J. Björkenheim, “Structure and function of the rabbit’s
supraspinatus muscle after resection of its tendon,” Acta
Orthopaedica, vol. 60, no. 4, pp. 461–463, 2009.

[49] M. B. Kuenzler, K. Nuss, A. Karol et al., “Neer Award 2016:
reduced muscle degeneration and decreased fatty infiltration
after rotator cuff tear in a poly(ADP-ribose) polymerase 1
(PARP-1) knock-out mouse model,” Journal of Shoulder and
Elbow Surgery, vol. 26, no. 5, pp. 733–744, 2017.

[50] S. H. Coleman, S. Fealy, J. R. Ehteshami et al., “Chronic rotator
cuff injury and repair model in sheep,”The Journal of Bone and
Joint Surgery-American Volume, vol. 85, no. 12, pp. 2391–2402,
2003.

[51] C. Gerber, B. Fuchs, and J. Hodler, “The results of repair of
massive tears of the rotator cuff,” The Journal of Bone & Joint
Surgery, vol. 82, no. 4, pp. 505–515, 2000.

[52] S. Buchmann, L. Walz, G. H. Sandmann et al., “Rotator cuff
changes in a full thickness tear rat model: verification of the
optimal time interval until reconstruction for comparison to
the healing process of chronic lesions in humans,” Archives of
Orthopaedic and Trauma Surgery, vol. 131, no. 3, pp. 429–435,
2011.

[53] K. A. Derwin, A. R. Baker, J. P. Iannotti, and J. A. McCarron,
“Preclinical models for translating regenerativemedicine thera-
pies for rotator cuff repair,” Tissue Engineering - Part B: Reviews,
vol. 16, no. 1, pp. 21–30, 2010.

[54] B. Chazaud, M. Brigitte, H. Yacoub-Youssef et al., “Dual and
beneficial roles of macrophages during skeletal muscle regen-
eration,” Exercise and Sport Sciences Reviews, vol. 37, no. 1, pp.
18–22, 2009.

[55] J. G. Tidball and S. A. Villalta, “Regulatory interactions between
muscle and the immune system during muscle regeneration,”
American Journal of Physiology-Regulatory, Integrative and
Comparative Physiology, vol. 298, no. 5, pp. R1173–R1187, 2010.

[56] M. Bencze, E. Negroni, D. Vallese et al., “Proinflammatory
macrophages enhance the regenerative capacity of human



BioMed Research International 11

myoblasts by modifying their kinetics of proliferation and
differentiation,”MolecularTherapy, vol. 20, no. 11, pp. 2168–2179,
2012.

[57] H. W. Luk, L. J. Noble, and Z. Werb, “Macrophages contribute
to the maintenance of stable regenerating neurites following
peripheral nerve injury,” Journal of Neuroscience Research, vol.
73, no. 5, pp. 644–658, 2003.

[58] S. L. Pull, J. M. Doherty, J. C. Mills, J. I. Gordon, and T. S.
Stappenbeck, “Activated macrophages are an adaptive element
of the colonic epithelial progenitor niche necessary for regener-
ative responses to injury,” Proceedings of the National Acadamy
of Sciences of the United States of America, vol. 102, no. 1, pp. 99–
104, 2005.

[59] C. N. Serhan and J. Savill, “Resolution of inflammation: the
beginning programs the end,” Nature Immunology, vol. 6, no.
12, pp. 1191–1197, 2005.

[60] V. Prisk and J. Huard, “Muscle injuries and repair: The role of
prostaglandins and inflammation,” Histology and Histopathol-
ogy, vol. 18, no. 4, pp. 1243–1256, 2003.

[61] D. C. Meyer, H. Hoppeler, B. von Rechenberg, and C. Gerber,
“A pathomechanical concept explains muscle loss and fatty
muscular changes following surgical tendon release,” Journal of
Orthopaedic Research, vol. 22, no. 5, pp. 1004–1007, 2004.

[62] O. Safran, K. A. Derwin, K. Powell, and J. P. Iannotti, “Changes
in rotator cuff muscle volume, fat content, and passive mechan-
ics after chronic detachment in a canine model,”The Journal of
Bone & Joint Surgery, vol. 87, no. 12 I, pp. 2662–2670, 2005.

[63] D. C. Meyer, C. Pirkl, C. W. Pfirrmann, M. Zanetti, and
C. Gerber, “Asymmetric atrophy of the supraspinatus muscle
following tendon tear,” Journal of Orthopaedic Research, vol. 23,
no. 2, pp. 254–258, 2005.


