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Abstract

Purpose The purpose of this study was to evaluate the effi-
ciency of biologic augmentation of rotator cuff repair with
iliac crest bone marrow-derived mesenchymal stem cells
(MSCs). The prevalence of healing and prevention of re-
tears were correlated with the number of MSCs received at
the tendon-to-bone interface.

Methods Forty-five patients in the study group received con-
centrated bone marrow-derived MSCs as an adjunct to single-
row rotator cuff repair at the time of arthroscopy. The average
number of MSCs returned to the patient was 51,000£25,000.
Outcomes of patients receiving MSCs during their repair were
compared to those of a matched control group of 45 patients
who did not receive MSCs. All patients underwent imaging
studies of the shoulder with iterative ultrasound performed
every month from the first postoperative month to the 24th
month. The rotator cuff healing or re-tear was confirmed with
MRI postoperatively at three and six months, one and
two years and at the most recent follow up MRI (minimum
ten-year follow-up).

Results Bone marrow-derived MSC injection as an adjunctive
therapy during rotator cuff repair enhanced the healing rate
and improved the quality of the repaired surface as determined
by ultrasound and MRI. Forty-five (100 %) of the 45 repairs
with MSC augmentation had healed by six months, versus 30
(67 %) of the 45 repairs without MSC treatment by
six months. Bone marrow concentrate (BMC) injection also
prevented further ruptures during the next ten years. At the
most recent follow-up of ten years, intact rotator cuffs were
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found in 39 (87 %) of the 45 patients in the MSC-treated
group, but just 20 (44 %) of the 45 patients in the control
group. The number of transplanted MSCs was determined to
be the most relevant to the outcome in the study group, since
patients with a loss of tendon integrity at any time up to the
ten-year follow-up milestone received fewer MSCs as com-
pared with those who had maintained a successful repair
during the same interval.

Conclusion This study showed that significant improvement in
healing outcomes could be achieved by the use of BMC con-
taining MSC as an adjunct therapy in standard of care rotator
cuff repair. Furthermore, our study showed a substantial im-
provement in the level of tendon integrity present at the ten-year
milestone between the MSC-treated group and the control
patients. These results support the use of bone marrow-
derived MSC augmentation in rotator cuff repair, especially
due to the enhanced rate of healing and the reduced number
of re-tears observed over time in the MSC-treated patients.

Keywords Rotator cuff - Shoulder arthroscopy -
Mesenchymal stem cell - Rotator cuff re-tear - Rotator cuff
repair

Introduction

The use of bone marrow-derived MSCs harvested from the
iliac crest has been explored in humans since 1990 by our
team, with the result that our studies have supported the use of
MSCs in treating osteonecrosis and non-unions [18-20], as
well as improving surgical procedures involving allografts.
MSCs have the potential [5, 7, 25] to become a variety of adult
tissue cells, including tenocytes, chondrocytes and osteo-
blasts, as well as being a source of multiple growth factors
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to establish an environment conducive to soft and hard tissue
regeneration. Therefore, we also have used MSCs as an ad-
junct to rotator cuff repair in order to improve iterative rotator
cuff repair of re-tears, to improve open surgery repair of large
tears and to improve repairs performed during arthroscopy.

Rotator cuff repair is a frequent surgical procedure, performed
mainly today with arthroscopy. In the literature, the reported
frequency of re-tears [2-4, 13, 14, 22] after surgery exceeds
25 %, resulting in a persistent defect noted on postoperative
MRI. Some patients have asymptomatic re-tears, but remain
improved despite this re-tear. However, most such patients have
persistent pain, dissatisfaction, and limited function after a re-tear
and will require an iterative surgery. Management of symptom-
atic re-ruptures is a challenge to surgeons, because revision
surgery is technically more demanding. Quality of the soft tissue
is poorer, and results usually are less successful during subse-
quent repair procedures. The introduction of anchors [16] has
facilitated tendon reintegration near the bone, while the use of
synthetic non-absorbable sutures has significantly increased its
resistance. With the advent of arthroscopy, these procedures
became increasingly popular and widespread in the orthopaedic
community, but none of these advances seems to have brought
significant improvement to the quality of postoperative results in
patients with recurrent rotator cuff injuries, e.g. the overall rate of
re-rupture over the first postoperative year ranges from 15 % to
45 % depending on grade of lesion. As a consequence, even if re-
rupture does not require surgical intervention, because the
healing of recurrent tears is not always predictable, there is
significant interest in improving the effectiveness of rotator cuff
re-repair. Consequently, the goal of this study was to determine if
the use of bone marrow-derived MSCs injected into the fixation
site of rotator cuff ruptures during arthroscopy results in im-
proved outcomes, including faster healing and higher quality
tendon integrity over time.

We evaluated the following: (1) the biologic effect of bone
marrow MSCs on healing (time and surface) of the rotator cuff
as compared with the results of case-matched control patients
who had the same technical surgical repair without MSCs
augmentation; and (2) the prevention of re-tears in the same
two groups. Our purpose was to test the hypothesis that a
biologic augmentation of rotator cuff repair with MSCs during
arthroscopy with a single-row repair would produce an im-
provement in healing at the tendon-to-bone interface as deter-
mined by diagnostic ultrasound and MRI.

Material and methods
Study design
The study group was composed of 45 patients with symptom-

atic rupture (and tear size from 1.5 to 3.5 cm) of the rotator
cuff that had undergone surgical repair with an arthroscopic
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protocol and adjunct therapy using autologous MSCs during a
period of five years between 2000 and 2005. Patients were
enrolled in this study when a rotator cuff tear was diagnosed
on clinical examination by ultrasonography and magnetic
resonance imaging (MRI). Inclusion criteria included the fol-
lowing: (1) a full thickness tear of the suprasupinatus tendon
measuring 1.5 (£0.5) to 2.5 (£0.5) cm in diameter (Figs. 1 and
2) without extension to an adjacent tendon and (2) a tear
pattern that was amenable to repair without open surgery;
we included patients with arthroscopic subacromial decom-
pression and acromioclavicular joint resection. The exclusion
criteria included the following: (1) tear size more than 3 cm (or
less than 4.5 cm?) or when the tear appeared irreparable at
surgery by arthroscopy technique; (2) extension of the tear to
either the subscapularis tendon and the infrasupinatus tendon;
(3) degenerative arthritis of the glenohumeral joint; and (4)
patients in whom we performed either a biceps tenotomy or
tenodesis. In addition, patients presenting with prior opera-
tions on the shoulder were excluded.

For the control group, patients were matched for the fol-
lowing: (1) tear size and tendon rupture location; (2) dominant
shoulder; and (3) gender and age among patients who had the
same technique of repair but without MSCs before 2000. In
the control group, there were 45 patients (28 men and 25
women) and the mean age was 61 years (range, 49—71 years).
The dominant shoulder was affected in 26 patients. Based on
the patients selected for the two groups, there were no signif-
icant differences in age, gender, affected shoulder, size or
location of tear, when the two groups were compared. The
average follow-up between the two groups was different, but
the comparison between the two groups was done at the same
time from the repair out to a follow-up of ten years.

Surgical technique, procedures, and post-operative
management

In the study group associated with MSCs biologic augmenta-
tion, bone marrow aspiration was performed after installation
of'the patient in a beach-chair position and before arthroscopy.
A volume of 150 mL of marrow (that was concentrated later)
was aspirated from the anterior iliac crest. Marrow was aspi-
rated in small fractions (four mL) as previously described, to
reduce the degree of dilution by peripheral blood. Several
perforations (between three and five) were made through the
same skin opening. Each perforation into the anterior iliac
crest was spaced at approximately 2 cm apart to avoid dilution
from aspiration in the previous channel. All aspirates (approx-
imately 150 mL) were pooled in plastic bags containing an
anticoagulant solution (citric acid, sodium citrate, dextrose).
The bone marrow aspirate was concentrated in the Cellular
and Molecular Therapy Laboratory. The bufty coat containing
MSCs and other progenitor cells was returned to the operative
room after 30 minutes.
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Fig. 1 H represents the size of the tear in the coronal plane parallel to the
tendon; only tears with <3 cm were included. L represents the larger of
the tear on the foot print. In this example where //=2.5 cm and L=3 cm,
the surface of the tear is H*L/2=3.75 cm?

Repair of the tear

All patients underwent a pre-operative interscalene block
(ropivicaine 0.5 %) performed by an anesthesiologist to assist
with postoperative pain control. After the induction of general
anaesthesia, we placed the patient in the beach-chair position
and prepared and draped the patient so that the shoulder was
available as per protocol, including access to the patient’s
ipsilateral anterior iliac crest. A standard arthroscopic pump
was used, and fluid pressure was maintained at 60 mm Hg.
Standard posterior and anterior portals were established to
perform a thorough intra-articular diagnostic examination
and locate any lesions of the biceps tendon and other associ-
ated lesions. After intra-articular examination, the arthroscope
was placed in the subacromial space through the posterior
portal, and a lateral working portal was established

approximately 3 cm lateral to the anterolateral corner of the
acromion. Subacromial bursal tissue was removed with the aid
of an electrocautery ablation device to obtain a clear view of
the rotator cuff and undersurface of the acromion.
Acromioplasty and coracoacromial ligament release were rou-
tinely performed before the cuff repair in every case. An
accessory posterolateral viewing portal was established ap-
proximately 1 to 2 cm anterior and lateral to the posterolateral
corner of the acromion. The configuration and mobility of the
torn cuff were assessed. The torn tendon was then grasped and
mobilized to ensure adequate excursion to prevent undue
tension on the repair and to determine the appropriate repair
site. If the tendon was retracted and mobility of the tendon was
insufficient, release of the coracohumeral ligament and de-
tachment of the tendon from the bursal and articular sides
were performed. The footprint of the greater tuberosity was
abraded (Fig. 2) with a power shaver and sufficient bone
removed to expose cancellous bone (1-2 mm depth of bone
removal). No attempt was made to create a bone trough.
Single-row repair was used in this period, with suture anchors
placed on the lateral edge of the greater tuberosity. Sutures
from these anchors were passed sequentially through the
supraspinatus tendon in a simple fashion from anterior to
posterior using a suture passing instrument. These sutures then
were tied sequentially using arthroscopic sliding square knots.

Biological augmentation with MSCs and evaluation
of the number of MSCs received by patients

The bufty coat containing MSCs and other progenitor cells
was returned to the operating room from the Cellular and
Molecular Therapy Laboratory after 30 minutes. Injection of
MSCs was performed at the end of rotator cuff tendon

Fig. 2 The footprint of the
greater tuberosity was abraded
and sufficient bone removed to
expose cancellous bone .The
surface of healing was considered
to be the surface of the footprint
where the cancellous bone was
removed; schematically it
corresponds to the larger L of the
tear multiplied by 10 mm (d)
which is usually the distance
where the cancellous bone can be
removed, The surface of healing
is in this example 3 cm*1 cm=

3 eny?
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fixation. MSCs were injected in the tendon at the junction
between the bone and tendon (4 mL), and in the bone at the
site of the footprint (8 mL). Each patient in the MSC-treated
group received a total of 12 mL of bone marrow concentrate.

The concentration of MSCs (the number of connective-
tissue progenitor cells per 1.0 cc of aspirate) and the prevalence
of MSCs (the number of MSCs per million nucleated cells)
were estimated by counting the number of colony forming unit
fibroblasts (CFU-Fs). The CFU-F assay was performed by
plating two million cells from the bone marrow aspirate into
25 cm? tissue culture flasks. Following ten days under standard
growth conditions as previously described, the number of col-
onies containing at least 50 cells was evaluated. The concen-
tration of connective-tissue progenitor cells was calculated for
each sample as the product of the nucleated cell count and the
prevalence of connective-tissue progenitor cells. The dilution of
nucleated cells coming from the bone marrow by cells in the
peripheral blood was calculated as previously described.

The average number of MSCs per mL (mean and standard
error) of concentrated cells returned to the 45 patients was
4,300+1,800 per mL of BMC. The average total number of
MSCs returned to the patient was 51,000+25,000 cells in
12 mL of injected BMC.

Postoperative management

The two groups underwent the same program of rehabilitation.
In the first week after surgery, an arm sling was used and
gentle passive forward flexion started for all patients. Active
range-of-motion exercise was initiated at six weeks. Active
resistance muscle strengthening exercise started at the eighth
week. Patients were allowed to perform light daily activities
from two to three months postoperatively, whereas heavy
manual work and sports activity were allowed only after
six months.

Outcome measurement

All patients underwent imaging studies of the shoulder with
anteroposterior and scapular lateral views pre- and postopera-
tively. A rotator cuff re-tear was confirmed by MRI or CT scan
with arthrography. All patients underwent imaging studies of
the shoulder with iterative ultrasound performed every month
from the first postoperative month to the 24th month. Rotator
cuff healing or re-tear was assessed with MRI postoperatively at
three and six months, one and two years and at the most recent
follow-up MRI (minimum ten-year follow-up).

Ultrasound criteria of rupture
The echographic surface of healing was checked every month

for the following criteria: presence of intrasubstance, partial-
thickness (bursal or articular surface), or full-thickness
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marginated hypoechoic defects; presence and location of focal
thinning of the repair; presence of bursal or joint fluid; and
location of the suture anchors. A compression test was per-
formed by increasing pressure of the ultrasound probe over any
apparent cuff defect. Ultrasound criteria for healed repair in-
cluded visualization of a tendon with normal thickness, con-
vexity, and length. A thinned cuff or one with a subtle concave
contour was considered to be intact in the absence of a focal
defect. A finding of a full-thickness rotator cuff tear was re-
corded when the rotator cuff could not be visualized because of
complete avulsion and retraction under the acromion, when
there was a focal defect in the rotator cuff or when the torn cuff
had retracted a variable degree from the surgical repair site . A
positive compression test with displacement of underlying fluid
and loss of the normal convex contour of the peribursal fat also
indicated a re-tear. Increasing hypoechoic lesion or gap, which
is more clearly demarcated on sequential ultrasound exam, also
indicated re-tear. When a tear on ultrasound was suspected, an
MRI was performed to confirm the diagnosis.

Evaluation of healing surface on ultrasound

The surface of healing was considered to be the surface of the
footprint where the cancellous bone was removed; schemati-
cally it corresponds (Fig. 2) to the larger (L) of the tear
multiplied by 10 mm (d) which is usually the distance where
the cancellous bone can be removed. The tear size was eval-
uated both on the preoperative MRI and during the arthrosco-
py. The larger was graded as 5, 10, 15, 20, 25 and 30 mm. So
the surface of healing was graded from 0.5 cm? to 3 cm?.

A subjective scoring system was employed to assess
healing of the footprint area as follows: absent (grade 0),
sparse (grade 1), moderate (grade 2), prominent (grade 3), or
total (grade 4), so that a maximum healing score of 4 was
possible on a scale from 0 to 4.

The MRI studies

MR imaging was performed with a 2.5-T closed-system mag-
netic resonance scanner and included the use of a dedicated
shoulder coil. The pulse sequences included fast spin echo
axial, coronal, and sagittal T1-weighted images with fat satu-
ration, as well as coronal T2-weighted images with fat satu-
ration. Cuff integrity was diagnosed as intact in the presence
of complete footprint coverage by tendon. Oblique-coronal
and oblique-sagittal fluid-sensitive sequences were evaluated
for the presence and largest size in millimetres of full-
thickness RCT. Measurement was made following the contour
of the humeral head. In those tears involving subscapularis
and supraspinatus tendons, measurement was made across the
interval region. We chose to concentrate on previously pub-
lished criteria of full thickness re-rupture, thus obviating
intratendinous cleavages and partial re-ruptures.
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Statistical analysis

Sample size estimation (power analysis) was conducted before
data collection based on a review of the literature and a large
series of prior single-row arthroscopic rotator cuff repairs con-
ducted at our institution. We concluded that 45 patients should
be enrolled into each group to detect a large (15-20 %) differ-
ence in supraspinatus healing rates between groups as deter-
mined by diagnostic ultrasound, with one-tailed type-I (alpha)
error set at 0.05 and type-II (beta) error set at 0.2 (80 % power).
A chi-square test was used to compare the final tendon healing
rates between patients receiving MSCs or not. The paired t-test
was used to compare the differences between control and
MSCs groups. The independent t-test, 2 test, and one-way
analysis-of-variance test were used to compare the differences
between the two groups in terms of clinical outcomes and
imaging findings. The significance was set at P<0.05.

Results
Healing failures and re-tears
Demographic data

Ninety patients were enrolled in the study with 45 in the MSC-
treatment study group and 45 in the control group. Among
these 90 repairs, 31 (34 %) shoulders had non-healing or re-
tear diagnosed on ultrasound, which subsequently was con-
firmed by MRI. We did not find a significant difference in pre-
operative cuff tear size between the tendons that healed and
those that showed deficient healing or a frank re-tear accord-
ing to MRI criteria. The average cuff tear size (and standard
deviation) as estimated by the surgeon at the time of screening
or during surgery was 2.3+£0.5 cm (range, 1-4 cm) in the
group with healing versus 2.2+0.5 in those without healing
(p=0.24). The majority of patients had grade 0 or grade 1 fatty
infiltration [17], and the two grades were equally distributed.
There was no significant pre-operative difference in fatty
infiltration between the healed and unhealed groups.

Bone marrow concentrate (BMC) injection as an adjunct
therapy during the rotator cuff repair resulted in a statistically
significant (»p<0.05) decrease in the number of ruptures diag-
nosed on ultrasound and confirmed by MRI. At the ten-year
follow-up milestone, intact rotator cuffs were found in 39
(87 %) of the 45 patients in the MSC-treatment group, but just
in 20 (44 %) of the 45 patients in the control group. Patients in
the control group were approximately four times more likely to
have experienced a poor outcome, including deficient or no
healing or frank re-rupture when compared with the MSC-
treatment group at the ten-year follow-up. Furthermore, failures
in the MSC-treatment group had poor or no healing or re-tear in
only one tendon (suprasupinatus), while in the control group,

there were six cases of rotator cuff re-tear in which both the
supraspinatus and the infraspinatus were involved, and four
cases in which three tendons (the supraspinatus, the
infraspinatus, and the subscapularis) were involved. Since even
patients with a re-tear had a MRI at ten years, it was possible to
perform a longitudinal assessment of fatty infiltration in all 90
patients. Patients with a re-tear had follow-up MRI at ten years,
allowing a longitudinal assessment of fatty infiltration from pre-
operative out to ten years. For those patients without a re-tear,
40 of the 59 patients had no change in grade (34 in the MSC-
treatment group and six in the control group), while 19 had an
increase of one grade. The remaining 31 patients with failed
healing or a re-tear all had an increase of either one grade (19
patients) or two grades (12 patients).

Cell analysis in the MSC-treatment group demonstrated that
the number of MSCs was relevant to the outcome. Since the
volume of the graft was fixed (approximately 12 mL), the
concentration and total number of transplanted cells were
analysed together. The average number of MSCs returned to
the 45 patients in the study group who received concentrated
bone marrow-derived MSCs as an adjunct to single-row rotator
cuff repair at the time of arthroscopy was 51,000+25,000. For
the 39 patients with healing at the most recent follow-up in the
MSC-treatment group, the bone marrow-derived graft
contained a mean of 420041900 progenitors per cubic centi-
meter and the mean total number of progenitors injected on the
shoulder site was 54000+23000. For the six patients whose
treatment failed (no healing or re-tear) there were significantly
(p <0.01) fewer MSCs per cubic centimeter in the graft (mean
of 150041200 versus 4200+1900) and a significant decrease
(»<0.01) in the mean total number of progenitor cells as
compared with the other patients whose treatment was success-
ful (14000+ 9000 versus 54000+23000).

Biologic effect of augmentation with MSCs on healing (time
and surface) and prevention of repeated tears

With the numbers studied, the size of rupture at time of surgery,
age at time of surgery, and time between diagnosis and repair
were not predictive factors of deficient healing or re-tear in
patients who had received MSCs. However, these variables
were predictive in the control group patients who did not
received MSCs. The best predictor of rotator cuff integrity in
the control group was pre-operative tear size (correlation coef-
ficient, ¥=0.33, p<0.01). Patients with small (<2 cm?) rotator
cuff tears were least likely to re-tear (re-tear rate, 10 %). As the
tear-size increased, the re-tear rate increased in a linear fashion,
ie. < 1.5 cm? (10 %), 3 cm? (16 %), 4.5 cm? (33 %).

The efficiency of MSC augmentation of the standard of care
rotator cuff repair was analysed for the healing time, the quality
of the healing surface on the footprint, and the absence of re-
tear. Of all of the variables explored with multivariate analysis,
the number of transplanted cells was determined to be the most
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relevant to the outcome. We considered that the healing process
could require a significant passage of time, as previously re-
ported, so that a failure of the initial repair that occurred in the
first six months was considered as non-healing, but that a
subsequent rupture of the repaired tendon or of other tendons
after the sixth month was considered as a repeated tear, not a re-
tear due to a deficient healing process.

Healing time during the first six months

Bone marrow-derived MSC injection improved the rate of
healing. Failures in the MSC-treatment group did not occur
during the first six months. During the same six-month period
the control group experienced eight failures between two and
three months and the remaining seven occurred between three
and six months, resulting in a mean time to failure of
3.4 months. Thus, there was a dramatically higher risk of
non-healing during the six-month period after surgery in the
control group. Non-healing over the first three months in the
control group accounted for 47 % (7/15) of all of the failed
repairs that occurred during the first six months in this study. It
demonstrates that natural rotator cuff healing may be abnormal-
ly prolonged in some patients, which suggests that there is an
opportunity to enhance and improve healing in these patients by
using MSC augmentation, since no failed repairs were observed
in the MSC-treatment group during the first six months.

For patients who received MSCs of the footprint there was
anegative correlation between the time to obtain total healing
of a same surface and the concentration of MSCs in the graft
(Rs= —0.4; p=0.04). Size of the tear also had a significant
relation (p=0.03) with time to healing, i.e. patients in the
MSC-treatment group with tears larger than 2 cm needed a
longer time to reach total healing (average six months) com-
pared to the patients with tears smaller than 2 cm (average
three months). Regardless of the size of the tear, patients in the
control group took two months longer to reach total healing
when matched for tear size compared to the patients in the
MSC-treatment group.

Surface of healing

For patients who received MSCs, there was a positive corre-
lation between the surface of healing at three months and the
number and concentration of MSCs in the graft (correlation
coefficient 0.4 and 0.6, significant at 0.03 and 0.02 levels,
respectively). From a schematic point of view, patients who
received more than 30,000 MSCs had healed 2 ¢cm? or more
over the footprint at three months, while those who received
fewer than 30,000 MSCs needed at least four months or more
to achieve the same degree of surface healing. For control
group patients, none had achieved healing of 2 cm? at
three months, but required on average six months for surface
healing to reach 2 cm?.
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Repeated tears between the sixth month and the tenth year

Ten failures in the control group were identified between the
second and the ninth years involving the suprasupinatus and
other tendons. Repeated tears in six cases involved both the
supraspinatus and the infraspinatus, and in four cases three
tendons (the supraspinatus, the infraspinatus, and the
subscapularis). Six repeated tears of the suprasupinatus were
also observed in the study group; they were identified in the
second and fourth years among six patients who received a
low number of cells in the MSC-treatment group. The subjec-
tive scoring system employed to assess healing surface of the
footprint at the two-year follow-up visit demonstrated that
healing was considered at one-year follow-up as sparse (six
cases), or moderate (four cases) among the ten failures, al-
though there was no evidence of fluid signal density within the
rotator cuff tendon indicating an absence of full-thickness
tendon gaps. Healing was at one-year followup more frequent-
ly graded prominent, or total in the MSC-treatment group as
compared with the control group, which may explain the
absence of subsequent tears in the MSC-treatment group.

Cell analysis in the study group demonstrated that the
number of MSCs correlated to the grade of healing with a
score of total healing (28 cases) more frequently obtained
when the concentration of MSCs exceeded 2500 per mL and
arisk of absence of healing (six cases) when the concentration
of MSCs was lower than 1500 per mL.

Discussion

The frequency of re-tears in our control group is consistent
with that reported for this type of tear and surgical technique
[4, 14]. We believe that this is the first study with long-term
follow-up (i.e., ten years) that evaluated whether patients’
shoulders with a rotator cuff repair augmented with autolo-
gous bone marrow-derived MSCs healed better than those
without MSC augmentation (control group). We considered
an abnormal MRI finding of a high-intensity signal consistent
with fluid in an area that should be occupied by the tendon to
represent a non-healing tendon when present before
six months follow-up. On this basis, we observed a distinction
between tendons that did not heal and those that healed but
later had a repeated tear during the ten-year follow-up period.
There was a significant risk of non-healing up to six months
after surgery in the control group, with about 50 % of the non-
healing patients being diagnosed between three and
six months after surgery. These results demonstrate that rota-
tor cuff healing is prolonged, suggesting that enhancing the
rate of healing will aid in protecting the repair from excessive
loading. Biologic augmentation of the repair with MSCs
appears to be a successful strategy to improve the rate of
tendon healing. In particular, all the tendons of patients in
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the MSC-treatment group had healed within the first
six months, and when failure was observed it was later and
associated with a significantly lower number of MSCs in the
injectate used during the treatment.

The most important and novel finding in this study is that
some re-tears or new tears occurred after one year. These re-
tears were more frequently associated with the control group
patients, who weren’t treated with MSCs. While the risk of a
re-tear after arthroscopic repair of the rotator cuff has been
well documented, publications with long-term follow-up
(>three years) are relatively limited. Many patients undergo-
ing rotator cuff repair surgery show advanced degeneration of
the tendons, which are thinner and atrophic, probably
explaining why negative results are so often reported in the
literature, with frequent postoperative complications, especial-
ly re-tear. Observations in the MSC-treatment group support
the potential that MSC treatment has both a short-term and a
long-term benefit in reducing the rate of tendon re-tear.

Our results are similar to the data reported in animal models
in the literature. During the last 15 years, a number of studies in
animal models [1, 6, 8—10] have evaluated the effect of MSCs
on the histologic appearance, microstructure, biomechanics,
and strength of tendon healing after repair. Overall, the results
have been promising with a trend toward improvements in
histology and strength of repair. Taken together, these studies
[12, 15, 21, 23-28] are supportive of the use of cell therapy in
tendon repair, not only by improving regeneration of the
enthesis (an application that may prove especially useful for
rotator cuff repair), but by highlighting the therapeutic potential
of autologous BMC (containing MSCs and other progenitor
cells) to improve the strength and quality of tissue formed when
used in tendon repairs [29-33]. The idea of using autologous
BMC is especially attractive, since the bone marrow aspirate
can be concentrated and available within 30 minutes, negating
the need for prolonged culture-based expansion. Clearly, autol-
ogous BMC, as described in this study, is more practical in
surgical applications than cultured MSCs.

In another human clinical study [11] that was begun
ten years after our study, the authors were able to enroll 14
patients in a short time with complete RC tears repaired with
transosseous stitches through miniopen incisions. Prior to cuff
repairs, autologous BMMCs were harvested from the iliac
crest and subsequently injected into the repaired tendon bor-
ders. The BMMC fractions were obtained by cell sorting and
resuspended in saline enriched with 10 % autologous serum.
These patients were monitored for a minimum of 12 months,
and tendon integrity was demonstrated by magnetic resonance
imaging in all 14 patients. No control group was included in
this study, but historically for this procedure, overall rates of
rerupture during the first postoperative year range from 25 %
to 65 %, depending on lesion extent.

However, implantation of BM-MCs in rotator cuff tendon
borders appears to be a safe and promising approach to enhance

the healing of tendon repairs. Further research will be critical to
better investigate the use of this biologic approach.

The purpose of the present study was to compare tendon
healing between a rotator cuff repair with and without MSC
augmentation. We chose tendon healing as an endpoint for this
phase of the study rather than clinical outcomes. Our reasoning
was that unless the MSCs augmented tendon repair demonstrat-
ed a statistically significant improved healing rate, clinical stud-
ies focusing on pain, range of motion, strength, etc. were moot.
It would make no sense to perform a more costly and difficult
operation with a lower tendon healing rate. In order to extract
the most meaningful data for the investigation, attempts were
made to keep the cohort as uniform as possible. To that end, we
included only patients with a full-thickness supraspinatus tear
<30 mm in the anterior to posterior dimension.

A potential limitation to this study is that the study group is
relatively small. We acknowledge that additional longitudinal
studies and evaluations of greater numbers of patients are
necessary to fully understand the importance of rotator cuff
integrity with regard to functional outcome at the time of long-
term follow-up. We used both MRI and ultrasound (US) to
check the healing process, since sutures and suture anchors
used in most arthroscopic repairs can introduce artifacts when
assessed by MRI, which can be misinterpreted as a re-tear.
Moreover, metallic debris from the arthroscopic instrumenta-
tion may cause metallic artifacts compromising the quality of
the MR images. Ultrasound is not affected by such artifacts,
and the images are not distorted by suture anchors. Therefore,
it has become a highly accurate diagnostic method in evalu-
ating the integrity of the rotator cuff after surgical repair. The
spectrum of normal US findings after arthroscopic rotator cuff
repair were compared with pre-operative US or MR images,
and sequential US changes in the patients with full thickness
re-tears were demonstrated.

We also recognize that there are other elements that con-
tribute to a successful clinical outcome in addition to tendon
healing. We used a rehabilitation program that minimizes
patient stretching and de-emphasizes an early, vigorous return
of full motion. It is not clear what effect this approach had on
our healing rates; but we believe this to be beneficial and
currently prescribe a slower rehabilitation course for the vast
majority of our patients. Despite these limitations, our data
demonstrate a statistically significant higher healing rate with
the MSC augmented suture bridge repair when compared to a
single-row repair without MSCs. Whether or not this im-
proved healing rate will translate into improved clinical out-
comes is a subject for future investigation.

In conclusion, this study showed that significant improve-
ment in imaging outcomes could be achieved by MSC aug-
mentation of a surgical rotator cuff repair technique at a
minimum six-month follow-up. Our study showed that the
durability of these repairs also was different over time be-
tween the two groups, with greater protection in the MSC-
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treatment group. Our results support a long-term benefit of
tendon integrity extending out to ten years, with 87 % of
patients in the MSC-treatment group demonstrating tendon
integrity compared to just 44 % of control group patients.
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