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Abstract

Background: The objective of the study was to demonstrate the effect of concentrated bone
marrow stem cells (MSCs) to the healing of sutured tendon of the supraspinatus muscle in
comparison to the same procedure performed without MSCs. We have postulated the hypothesis
that MSCs enhance the healing of the sutured supraspinatus tendon to its humeral footprint.
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Methods and findings: None of the patients had to be excluded from our prospective randomized
study. 50 patients met the indication criteria for isolated supraspinatus surgery. 25 patients (Group
1) received MSCs into the supraspinatus footprint. 25 patients (Group Il) was treated without the
use of MSCs. Patients were examined pre-operatively, 6, 12 and 24 months after the surgery and
assessment included physical examination, visual analogue scale (VAS), ASES (American Shoulder
and Elbow Surgeons Standardized Shoulder Assessment Form) and Constant score. Patients
underwent MRI 2 years postoperatively. Findings were compared with the preoperative results.

We have found no statistically significant differences between both groups pre-operatively. After
a 24-month follow-up period there were significant differences observed in all clinical outcomes.
When compared results between both groups two years postoperatively, p-value (p=0.05) for the
VAS score was 0.0176 and for the Constant score 0.0355. The only statistically non-significant was
p-value for the ASES score comparing results from both groups at two years follow-up (p=0.085).
The MRI findings at 2 years showed fully healed tissue of the rotator cuff tendon in 17 patients in
the Group |, but only in 9 patients in the Group II.

Conclusions: We have accepted the hypothesis that MSCs enhance the healing of the sutured
supraspinatus tendon to its humeral footprint.
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Introduction

Damage of the rotator cuff is one of the

most common diseases of the shoulder joint
and often results in clinically significant pain
and dysfunction [1,2]. Successful treatment
of rotator cuff tears is often complicated by
a reduced tendency for healing, even if the
proper surgical treatment is used [3]. Rotator
cuff tendon is a tissue known to have a poor
vascularisation and a relatively low tendency
to heal when torn. The poor vascularisation
causes insufficient migration of cells involved
in the healing process of tendon rupture
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[4]. Histological studies show, that the tendons of
the rotator cuff do not heal by the regeneration of the
original tendon (fibrocartilage insertion), but by the
formation of scar tissue with a high content of collagen

III [5,6].

Treatment of ruptured rotator cuff tendons is not
always successful. The use of anchors has facilitated
tendon fixation to the bone [7], non-absorbable
sutures significantly increased resistance of this suture
[8]. Nevertheless, none of these advances has brought
significant improvement to the quality of healing and
postoperative results, especially in patients with large
rotator cuff injuries [9,10]. In large lesions there are often
unsatisfactory long term results and many studies show
a high percentage of re-ruptures (11-94 %) [11-13].
High rates of the tendon injury and re-rupture accelerate
investigations of methods modulating tendons healing.
The use of tissue-derived stem cells grows in popularity
because of their relatively easy acquisition, application
and their potential multipotency, enabling them to
differentiate and participate in the healing of various
musculoskeletal tissues, including tendons [14,15].
Mesenchymal stem cells (MSCs) are undifferentiated
cells that have the ability to divide (proliferate)
and transform (differentiate) to another cell type.
Because of this potential these cells can accelerate the
healing process at the tendon- bone interface [16]. In
adults, these multipotent cells originate from various
mesenchymal tissues such as bone marrow, perivascular
tissues, blood, tendon, muscle and adipose tissue [17].

The aim of our study was to accept or refuse the
hypothesis that the MSCs of an adult can improve the
healing process at the bone / tendon interface of the
rotator cuff.

Methods

The prospective randomized study was carried out
at orthopaedic and traumatology, haematology and
radiology departments between 2012 and 2014. The
study included 50 patients, who were divided into two
groups, each of 25 patients. Group of patients I, who
received the concentrate of MSCs into the tendon-
bone contact point, consisted of 7 women and 18 men
(mean age 51, 2 years) and Group II (without the use
of MSCs during the surgery) consisted of 15 women
and 10 men (mean age 50, 5 years). Division of patients
into groups was performed using Random Number
Generator Software 7.0.

In order for the patient to be admitted to the study,
had to meet the following conditions: male or female

aged 18-60 years, supraspinatus tendon lesion greater
than 50% of its width (no previous trauma to the
examined shoulder joint), confirmation of the tendon
tear by the clinical examination and preoperative MRI
arthrography, signed informed consent, the internal state
permitting the surgery. Exclusion criteria were: previous
surgery of the shoulder joint, arthropathy of the shoulder
joint grade 3-5 according to Hamada classification [18],
fatty degeneration of the cuff muscle (Goutallier 3 and 4)
[19], atrophy of the supraspinatus muscle according to
the Thomazeau classification grade II and III [20] (grade
IT patients according to the Thomazeau classification
had to be eliminated, because the occupation ratio of
the supraspinatus fossa by the supraspinatus muscle
0,60-0,40 indicates the degree of atrophy increasing the
risk of tendon rerupture), retraction of the supraspinatus
muscle tendon Patte III [21], pregnancy, active infection
at the surgical site or elsewhere in the body, osteomyelitis,
sepsis, history of diabetes, steroids use, chemotherapy,
use of NSAIDs (NSAIDs are supposed to reduce tissue
healing properties) [22-24], radiation, hepatitis, HIV,
hemato/oncological diseases, alcohol abuse, drug abuse,
cigarettes, medical condition that affects the growth
of bone or connective tissue (osteomalacia or other
metabolic bone disease), vascular insufficiency, operated
extremity muscle atrophy, neuromuscular disease. All
of radiographs/MRI/CT results were evaluated by an
experienced radiologist specialized in musculoskeletal
pathologies that were blinded to the both groups of

patients.

Prior to entering the study, patients were informed
by the consent produced by the Ethical Committee of
local hospital and were randomly assigned to one of the
treatment methods with use of the computer software
by the method 1:1.

Before the surgery itself, patients had to complete
three questionnaires, with VAS score, ASES score
(American shoulder and elbow surgeons standardized
shoulder assessment form) [25] and the Constant
score [26]. Further clinical control with completing
these questionnaires was 6 months after surgery, 1 year
after surgical treatment and 2 years postoperatively.
Two years after the surgery MRI examination of the
shoulder joint was performed. With VAS score patients
subjectively rated the pain level at 6 grade scale from
0-5 where 0 represented no pain and 5 excruciating
pain. ASES questionnaire consists of two parts. The first
of them is a questionnaire filled in by the patient. This
includes a VAS for pain and instability and assessment
of capability to perform activities of daily living (ADL).
The second part that was completed by a doctor is
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represented by the objective evaluation of ROM (range
of motion), specific physical characteristics, stability
and strength. Final score for the shoulder was then
derived from the visual analogue scale for pain (50%)
and the general score for ADL (50%). Constant score
represents another system for evaluating the condition
of the shoulder joint, subjectively from the patients
perspective; the second part is an objective assessment
of range of motion and muscle strength performed by
the physician. All of the outpatient clinical evaluations
during the study were performed by the orthopaedic
surgeon blinded to the both groups of patients.

The actual therapy was as follows: open surgery was
preceded by a standard diagnostic arthroscopy, which
was performed from the posterior portal for optics
and anterior portal for arthroscopic instruments. The
rotator cuff tendons were evaluated from both the
intra-articular and sub acromial side. To be able to
evaluate cuff tendon tear arthroscopically (Figure 1),
we used a special arthroscopic hook calibrated in 1
mm. To evaluate the rupture shape, the classification
of Ellman — Gartsman [27] was used; where type 1
is a rupture of the crescent-shape, type 2 inverted L,
type 3 L-shape, type 4 trapezoidal shapes, and the type
5 - a massive rupture and tendon retraction. Surgical
treatment of injured tendons of the rotator cuff was
performed in the beach chair position of the patient,
by the deltoid muscle split approach (Figure 2). After
careful evaluation of the size and location of the tendon

Figure 1: Rotator cuff lesion diagnostics

Figure 2: Deltoid-split approach to the shoulder joint

tear the aspiration of 10 ml of bone marrow blood from
the humeral head into a 20 mL syringe prefilled with
0.5 ml of heparin with the Yamshidi needle was done
(Figure 3). A maximum of 3 millilitres of marrow blood
was aspirated from each bone puncture. Centrifugation
of the aspirate was done in 10 ml test-tube Monovette
filled with citrate (Figure 4). We chose a centrifuge
regime of gradient 15 minute centrifugation at 200 g
RCF (relative centrifugal force). After the centrifugation
the tube content was divided into three main parts.
The most superficial layer consists of the platelet-
rich plasma (PRP), the middle layer of the buffy coat
with the dominant presence of leukocytes, and the
lowest layer is formed by sedimented erythrocytes. A
collection of the bufly coat was performed by using of
sterile laboratory pipette (Figure 5). MSCs represented
0.01 to 0.02 % of all nuclear elements of the buffy
coat that is about 10 x 10° / 1. The MSCs concentrate

Figure 5: Buffy coat acquisition
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(similar to synovial fluid in consistency and colour)
was impregnated into the collagen patch Hypro-Sorb
F (Otrokovice, Czech Republic) of dimensions 1 x 2
cm (Figure 6). The collagen patch as a carrier of the
MSCs concentrate was used to ensure its retention in
desired place. This material was then inserted between
the tendon and bone, into the place of re-fixing of
the rotator cuff tendons (footprint) before tightening
the threads of the anchors (Figure 7). Anchoring the
tendon to the bone was made by a double row method
with use of absorbable fixation material Bio Composite
Corkscrew (Arthrex, Munich, Germany) (Figure 8). In
all cases treated by us the tendon was fixed in place of
its original insertion without any tension and without
the need of abduction of the arm above 60 degrees. All
patients underwent Neer acromioplasty to gain more
space subacromially. This procedure was followed

Figure 7: Arrow indicating collagen patch impregnated with
MSCs in the supraspinatus footprint

Figure 8: Arrow indicating repaired rotator cuff defect

Figure 9: Abduction orthosis applied

by the wound closure in all anatomical layers, sterile
dressing of the wound and by the abduction orthosis
application (Figure 9). All patients were operated by the
same orthopaedic surgeon (lead author of the article)
with the same surgical technique. Open surgery instead
of arthroscopy was chosen because of the safer fixation
of the MSCs carrier under the re-inserted tendon and
to reduce the risk of washout of the MSCs concentrate
from the carrier during the arthroscopy.

Patients from the Group II were treated by the
identical surgical method as in Group I, except the
aspiration of bone marrow from the humeral head and
subsequent application of the carrier saturated with
MSCs into the tendon/bone contact.

The abduction brace was worn for 4 weeks. Passive
motion above the shoulder level under the guidance
of a physiotherapist was initiated the first day
postoperatively. After removing the fixation, an active
part of rehabilitation began. That is full range of motion
done actively 6 weeks after surgery. Full load of the
operated limb was allowed 12 weeks after the surgery.

Outpatient follow-up (performed by orthopaedic
surgeon blinded to both groups of patients) took
place according to the schedule mentioned above.
To check the integrity of the tendon at the point of
insertion into the greater tuberosity of the humerus,
MRI of the shoulder joint was performed 2 years
postoperatively. Both, preoperative and postoperative
MRI examinations were performed with a 1.5T high-
field scanner, in sagittal, coronal, and axial planes, in
T1- and T2-weighted fat-saturated sequences (MRI
arthrography using gadollinium as a contrast medium).
All of MRI results were evaluated by an experienced
radiologist specialized in musculoskeletal pathologies.
He evaluated tendon integrity, presence and localisation
of complete retear, tendon and muscle borders, and
presence of abnormal artifacts.

The primary hypothesis of this study was that the use
of mesenchymal stem cells in the supraspinatus tendon
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reconstruction surgery will have a positive effect on
both subjective and objective postoperative evaluation,
as well as to reduce the number of tendon re-ruptures
compared to the patients population in which
mesenchymal stem cells were not used. All data were
statistically analyzed with STATISTICA 9.0 program.
To compare the results of the of the VAS score, the
Constant score, and the ASES score preoperatively and
one year after the surgery Student’s t- test was used,
to compare the incidence of re-ruptures between both
groups of patients 2 years postoperatively Chi-square
test was used. The significance level was determined at
p<0.05. Patients were randomly assigned to one of the
treatment possibilities with use of the Random Number
Generator Software 7.0 by the method 1:1

Results

Incidence of the supraspinatus tendon tear shape
in both groups of patients according to Ellman —
Gartsman classification is shown in Table 1. Results
of the perioperative rupture width measurement are
summarized in Table 2. Preoperative clinical scores
evaluationresultsforboth groupsand same measurements
from 24-month follow-up are summarized in Table
3. There were no statistically significant differences
between both groups pre- operatively. According to
the Student’s t- test (p=0.05) comparing the results of
the VAS score, the Constant score, and the ASES score

Table 1: Incidence of the tendon rupture shape according to

Ellman- Gartsman classification

Type1l Type2 Type3 Typel Typel
Group | 18 2 3 2 0
Group Il 17 3 3 2 0

Table 2: Tendon rupture width
Mean Range Median Standard

(mm) (mm) (mm) deviation
Group | 12,33 6-16 12 2,98
Group Il 13,11 8-16 13 2,38

between both groups two years postoperatively, p-value
for the VAS score was 0.0176, for the Constant score
0.0355 and for the ASES score 0.0846. MRI analysis
after a 24-months follow-up period demonstrated
re-ruptures in rotator cuff tendon attachment in 16
patients (64%) in the Group II, compared to that only
in 8 patients (32%) in the Group I (p-value=0.02354).
All of the reruptures have been localized at the point
of reinsertion of rotator cuff tendons to the greater
tuberosity (at the footprint). Only in 25.0% of patients
from Group I and in 37.5% of patients from Group II
with tendon re-rupture there was a positive correlation
between subjective and objective postoperative findings
and occurrence of the tendon re-rupture.

Discussion

One of the most important findings of our work is
that the use of mononuclear autologous MSCs during
the rotator cuff surgery is a safe procedure that provides
better functional outcomes than the standard suture
methods. We have accepted the hypothesis that MSCs
enhance the healing of the sutured supraspinatus tendon
to its humeral footprint. Results of the p-value for the
VAS score and for the Constant score were statistically
significant (p<0.05). The only statistically non-significant
was p-value for the ASES score comparing results from
both groups at two years follow-up (p=0.085). However,
the outcome of the ASES score is determined by the
subjective evaluation of the patient’s pain (maximum
50 points) and partly subjective assessment of activities
of daily living (max 50 points). The ASES score value
does not count with the objective active range of motion
evaluated by the physician as for example the Constant
score does. The well-known truth is that clinical results
(for example ASES score) do not correlate with the real
re-rupture rate. In our study the average ASES score in
2 year follow-up for the Group I was 87.6 points (that
is 87.6% from maximum of 100 points), for the Group
IT it was 77.6 points (77.6%). On the other hand, we
found 68% well healed rotator cuff tendons in the Group

Table 3: Clinical scores results preoperatively and 24 months postoperatively

VAS ASES Constant
Mean Range Median Stand. Mean Range Median Stand. @ Mean Range Median Stand.
deviation deviation deviation
Grouplpreop. 304 14 30 077 4504 2275 380 1963 4304 21-68 520 17,15
Groupl 465 03 0,0 090 8760 30-100 970 1973 7828 37-95 850 1541
postop.
P value 2,77x107° 6,48x10° 2,25%107
Groupllpreop. 308 15 30 080 4812 17-77 50,0 1908 4512 2272 430 1647
Group 128 03 10 125 7760 27100 850 2433 6796 2186 780 1896
lipostop.
P value 1,70x10° 0,000157 0,000101
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I, but only 36% of the rotator cuff tendons without re-
rupture in the Group II. The difference of results when
evaluated clinically and when evaluated according to the
real re-rupture rate is significant.

One promising area of research in cellular therapy of
last two decades is the possibility to use MSCs in the
treatment of tendon injuries. The great advantage of
using MSCs is their ability of multipotent differentiation,
availability, relatively simple material handling, and their
immunological properties [28,29]. Use of autologous
MSCs for the treatment of tendons, muscles, and
cartilage is currently the subject of numerous research
studies in experimental animal models with not entirely
consistent results [30,31]. Well known method is the use
of MSCs in tendinopathy of racehorses, particularly in
the treatment of partial tendon injury where the therapy
with MSCs have a significant impact on the ability of
animals to return to the racing [32]. Schnabel et al. [33]
presented an iz vivo study at the horses, in which the
partial rupture of musculus flexor digitorum superficialis
tendon was formed, and into which the concentrate of
MSCs 10 x 10 (6) was applied. Ultrasound control was
performed at 0, 2, 4, 6 and 8 weeks after the application.
In the eighth week, horses were sacrificed and treated
tendons were tested mechanically, biochemically and
histologically. There was an increased histological quality
of the tendons treated with MSCs compared with the
control group without treatment by MSCs. Kida et al.
[34] have demonstrated in their study on a rat model,
that MSCs have ability to migrate from the bone marrow
of the greater humeral tuberosity, when predrilled, into
the tendon and potentiate healing on the tendon/bone
interface.

To this date there are only few human clinical studies
using MSCs from bone marrow. Level IV study presented
by Ellera-Gomes et al. [9] evaluated the clinical use of
non-cultured mononuclear cells that have been after the
closure of the lesion injected between the tendon and
bone in the “footprint”. Mononuclear cells have been in
this study collected before the surgery from the iliac crest,
processed by Ficoll-Hypaque density gradient, and then re-
suspended in saline solution enriched with 10% autologous
serum. In this study 14 patients showed improvement in
clinical scores and good repair integrity observed on MRI
on average 12 months after the rotator cuff tear surgery.
In contrary to our work authors of this study haven’t
compared their results with the control group.

Clinical study presented by Hernigou et al. in 2014
compared the treatment of the rotator cuff muscles
tendon ruptures by single-row method using MSCs

and without the use of MSCs. During the ten years
follow up, authors have demonstrated, that the use
of MSCs has a significant effect on speeding up the
healing of rotator cuff tendons tears compared to the
control group, as well as having a significant impact
on reducing the number of re-ruptures of tendons in
patients, where the method of MSCs was used [35].

One of the last studies available dealing with the use
of human MSCs was presented by Park et al. [36]. In
this study, authors investigated the therapeutic effects of
ultrasound-guided human umbilical cord blood derived
injection to regenerate a full-thickness subscapularis
tendon tear in a rabbit model by analyzing morphology
and histology of the injected tendon and motion
analysis of the rabbits activity. At 4 weeks after the
MSC injection, 7 of the 10 full-thickness subscapularis
tendon tears were only partial-thickness tears, and 3
remained full-thickness tendon tears. The tendon tear
size and walking capacity at 4 weeks after the MSC
injection were significantly improved compared with
the same parameters immediately after tendon tear.
Histology revealed that MSCs induced regeneration of
the rotator cuff tendon tear and that the regenerated
tissue was predominantly composed of type I collagens.

During the evaluation of the strength, biomechanical
properties and histological image of healed tendon
was also considered the usage of various cell carriers,
such as fibrin carriers and various collagen nets to
ensure the maintenance of cell prepares at the lesion
site. Most studies evaluate cellular contribution to
healing of tendon as significant. In terms of technology
application, amount and concentration of the MSCs is
still no clear consensus [37-40].

The results of our study show that the use of the
MSC:s concentrate in patients undergoing the surgery
for the rotator cuff tendon rupture gives promising
results compared with patients who underwent identical
surgery, but without the use of the MSCs concentrate.
Our results also indicate that this procedure is safe
enough to be used in clinical praxis and therefore these
results reinforce the importance of further research to
better investigate the use of this biological approach to
enhance tissue quality in affected rotator cuff tendons.
We have confirmed our hypothesis, that the MSCs
have a positive effect on the subjective and objective
post-operative status and on the healing ability of the
tendons at the point of its insertion to the bone.
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Background: The objective of the study was to demonstrate the effect of concentrated bone marrow stem cells (MSCs) to the
healing of sutured tendon of the supraspinatus muscle in comparison to the same procedure performed without MSCs. We have
postulated the hypothesis that MSCs enhance the healing of the sutured supraspinatus tendon to its humeral footprint.

Methods and findings: None of the patients had to be excluded from our prospective randomized study. 50 patients met the
indication criteria for isolated supraspinatus surgery. 25 patients (Group ) received MSCs into the supraspinatus footprint. 25
patients (Group Il) was treated without the use of MSCs. Patients were examined pre-operatively, 6, 12 and 24 months after the
surgery and assessment included physical examination, visual analogue scale (VAS), ASES (American Shoulder and Elbow Surgeons
Standardized Shoulder Assessment Form) and Constant score. Patients underwent MRI 2 years postoperatively. Findings were
compared with the preoperative results.

We have found no statistically significant differences between both groups pre-operatively. After a 24 month follow-up period
there were significant differences observed in all clinical outcomes. When compared results between both groups two years
postoperatively, p-value (p=0.05) for the VAS score was 0.0176 and for the Constant score 0.0355. The only statistically non-
significant was p-value for the ASES score comparing results from both groups at two years follow-up (p=0.085). The MRI findings
at 2 years showed fully healed tissue of the rotator cuff tendon in 17 patients in the Group |, but only in 9 patients in the Group Il.

Conclusions: We have accepted the hypothesis that MSCs enhance the healing of the sutured supraspinatus tendon to its humeral
footprint.
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