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Enhanced Tendon-to-Bone Healing of Chronic
Rotator Cuff Tears by Bone Marrow Aspirate
Concentrate in a Rabbit Model
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Background: To evaluate the influence of bone marrow aspirate concentrate (BMAC) on tendon-to-bone healing in a rabbit rotator
cuff model and to characterize the composition of growth factors in BMAC.

Methods: In this in vivo study, 40 rabbits were allocated into five groups: control (C), repair + saline (RS), repair + platelet-rich
plasma (PRP; RP), repair + BMAC (RB) and repair + PRP + BMAC (RPB). A tear model was created by supraspinatus tendon transec-
tion at the footprint. Six weeks after transection, the torn tendon was repaired along with BMAC or PRP administration. Six weeks
after repair, shoulder samples were harvested for biomechanical and histological testing. Ten rabbits were used for processing PRP
and BMAC, followed by analysis of blood cell composition and the levels of growth factors in vitro.

Results: The ultimate load-to-failure was significantly higher in RPB group compared to RS group (p = 0.025). BMAC-treated
groups showed higher values of biomechanical properties than RS group. The histology of BMAC-treated samples showed better
collagen fiber continuity and orientation than RS group. BMAC contained significantly higher levels of the several growth factors

than PRP.

Conclusions: Locally administered BMAC enhanced tendon-to-bone healing and has potential for clinical applications.
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Rotator cuff tear commonly results in shoulder pain and
functional loss, and surgical repair is often required."”
Repair of the rotator cuff typically involves direct reat-
tachment of the torn tendon to the footprint of greater
tuberosity. The tendon-to-bone insertion site is the weak-
est link; a large number of studies have demonstrated a
high rate of incomplete healing at the tendon and bone
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interface."” Previous studies have focused on mechanical
augmentation, primarily to improve the fixation strength
between tendon and bone, by approaches such as the in-
troduction of different fixation devices, suture pattern, and
by improvements in the repair technique and knot con-
figuration; however, numerous studies have indicated that
none of these techniques seemed to result in significant
improvements in clinical outcomes.>”

Animal studies examining tendon-to-bone healing
revealed through histology that the rotator cuff insertion
site did not regenerate after repair.”® It is quite common
that rotator cuff healing involves fibrovascular scar tissue
formation, which is weaker and fails more easily.5) Re-
cently, there has been growing interest in the biologic aug-
mentation of tissue healing, such as the application of both

Copyright © 2018 by The Korean Orthopaedic Association
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Clinics in Orthopedic Surgery ® pISSN 2005-291X  eISSN 2005-4408

»n

Check for
updates



http://crossmark.crossref.org/dialog/?doi=10.4055/cios.2018.10.1.99&domain=pdf&date_stamp=2018-02-27

100

Liu et al. Bone Marrow for Rotator Cuff Tear Healing

Clinics in Orthopedic Surgery * Vol. 10, No. 1, 2018 * www.ecios.org

bone marrow aspirate concentrate (BMAC) and platelet-
rich plasma (PRP).”

BMAC contains a high concentration of platelets,
but more importantly, it also contains mesenchymal stem
cells (MSCs) and progenitor cells, all of which contribute
to tissue regeneration. Furthermore, some in vitro stud-
ies have shown that PRP enhances the proliferation of
MSCs.*” The benefit of this combined with the MSCs-
PRP mixture is the ability to obtain source cells and
growth factors simultaneously, simply, and cost-effectively.
Kim et al."” obtained encouraging results following local
injection of a BMAC-bone morphogenetic protein to im-
prove Achilles tendon-to-bone healing, which was similar
to the results of other studies."""”

We hypothesized that BMAC administered locally
into the repaired site could enhance tendon-to-bone heal-
ing following rotator cuff repair in a rabbit model. We also
hypothesized that PRP can stimulate the MSCs of BMAC
and the PRP-BMAC mixture can improve tissue healing.
The purpose of this study was to evaluate the influence of
BMAC on tendon-to-bone healing in this chronic rotator
cuff tear rabbit model.

METHODS

Ethical Approval

Animal care and all experiments were performed in ad-
herence to Institutional Animal Experiment Committee
guidelines and approved by Ethics Committee of Hallym
University Kangnam Sacred Heart Hospital (No. IA-
CUC-20150325012). Principles of Laboratory Animal Care
were followed, as well as specific national laws where ap-
plicable.

In Vivo Study

Sample size estimation

Before the in vivo experiment, a power analysis was con-
ducted with the primary outcome of ultimate load to
biomechanical failure. The calculation was based on a pre-

vious study that evaluated rotator cuff tendon healing in
rabbits.”'” In that study, the mean difference in ultimate
load to failure was 90 N and the standard deviation was
40 N. Using these estimations, an assigned power of 80%
would be achieved using eight samples in each group with
a = 0.05 and a 25% drop-out rate for biomechanical test-
ing. We tested these assumptions with the Kruskal-Wallis
test.

Allocation of rabbits

The rabbits were obtained from a licensed animal center.
A total of 44 adult male New Zealand white rabbits, aged 4
to 5 months with a mean bodyweight of 2.9 + 0.3 kg (range,
2.5 to 3.5 kg), were included in the study. Of the 44 rabbits,
four rabbits were utilized to harvest peripheral blood and
bone marrow aspirate (BMA); the remaining 40 rabbits
were randomly divided into five groups according to the
protocol, and each group consists of 16 shoulders from
eight rabbits.

Creation of a chronic rotator cuff tear model

Rubino et al.” reported that fatty infiltration could appear
as early as 6 weeks after surgical detachment; Itoigawa et
al.' reported that fatty infiltration appeared in the muscle
at 28 days after creating the tear. Therefore, we believed
that 6 weeks, a duration determined in previous stud-
"1 would be an appropriate interval during which to
expect the chronic changes and healing of rabbit rotator
cuff tendon to occur after repair. The in vivo study was di-
vided into three stages which are illustrated in Fig. 1.

All rabbits except the control group accepted the
surgery. All experimental procedures were performed in
both shoulders and performed under general anesthesia
by a single surgeon (KCN). Anesthesia was carried out
with intramuscular injection of xylazine HCI (2 mL/kg;
Fangzheng Animal Pharmaceutics, Changchun, China)
combined with 0.5% lidocaine hydrochloride (Hualu
Pharmaceutical, Liaocheng, China) injected into the skin
incision to increase the anesthetic effect and reduce post-
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Create the chronic rotator cuff tear model (bilateral shoulders)
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Repair the chronic rotator cuff tear
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Fig. 1. Flowchart of the in vivo study.

| Week 12 | | Sample harvest

PRP: platelet-rich plasma, BMAC: bone
marrow aspirate concentrate.
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operative pain. The rabbits were secured on the operating
table in a supine position; bilateral shoulders were shaved.
Under aseptic conditions, a 3.0 cm-anterolateral skin inci-
sion was made to expose the supraspinatus tendon, which
was then precisely cut from its insertion site, and wrapped
with a 10 mm (length) by 8 mm (diameter) silicone Pen-
rose drain (Yushin Corp., Bucheon, Korea) to inhibit ad-
hesion to the surrounding soft tissue for 6 weeks (Fig. 2).
According to location of the tear site, a midsubstance tear
indicates strong tendon-to-bone healing whereas an inser-
tion tear suggests relatively weak tendon-to-bone healing.
This method of making chronic rotator cuff model was
previously reported.”” The incision was sutured in layers.
Postoperatively, the rabbits were provided free access to
water, food, and activity without limb immobilization in
their respective cages.

PRP and BMAC preparation

Since all rabbits were from an inbred strain, they are con-
sidered syngeneic and most antigens of the erythrocytes
were removed during preparation. Therefore, transplanta-
tion of blood within these rabbits is similar to autograft
transplantation with a low-risk of graft rejection. Ac-
cording to the study design, four rabbits, under the same
anesthesia conditions as above, were used to harvest bone
morrow aspirate from bilateral femurs, tibias, and humeri,
under sterile conditions using an 18 G spinal needle into
20 mL syringes prefilled with 3.5 mL of citrate dextrose
(acid citrate dextrose [ACD]-A) to prevent clotting. Next,
whole blood was harvested by cardiac puncture into 20
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Fig. 2. Creation of a chronic rotator cuff tear model. The supraspinatus
tendon is completely detached at the insertion site and wrapped with
a Penrose drain to inhibit adhesion to the surrounding tissue. The black
arrow indicates the greater tuberosity and the white arrow indicates the
supraspinatus tendon.

mL syringes containing ACD-A. Blood samples were cen-
trifuged at 350 g for 5 minutes. After centrifugation, the
PRP and BMAC were separated with aid of autologous
conditioned plasma (ACP; Arthrex, Naples, FL, USA)
preparation kit. The total amount of PRP and BMAC col-
lected from the four rabbits was approximately 25 mL and
16 mL, respectively. A volume of 2 mL processed PRP and
BMAC was used for the analysis of complete blood cell
count. Approximately 0.5 mL aliquots of each processed
PRP were prepared for the present study. The preparation
of PRP and BMAC as well as the counting of platelets and
leukocytes were performed by a specialist who was blind-
ed to the study, and the activator of PRP was not used.

Repair with PRP and BMAC treatment

After 6 weeks, the torn supraspinatus tendon was repaired
as follows: under the same anesthesia and approach, the
Penrose drains (Yushin Corp.) were removed and the
greater tuberosity was prepared with a scalpel blade. Two
interosseous bone tunnels were created at the anterior and
posterior aspects of the footprint and 5 mm distal to the
articular surface. Size 2-0 Ti-Cron (Medtronic, Minneapo-
lis, MN, USA) nonabsorbable sutures were passed through
the tunnels for reattaching the supraspinatus tendon to the
footprint and then tied over the lateral humeral cortex (Fig.
3). The control group did not receive any surgery. In the
repair + PRP (RP) group, we injected 0.5 mL of the pre-
pared PRP without dilution into the supraspinatus muscle
adjacent to the repair site. In the repair + BMAC (RB)
group, we injected 0.5 mL of BMAC. The repair + PRP
+ BMAC (RPB) group was injected with 0.25 mL PRP +
0.25 mL of BMAC. In the repair + saline (RS) group, we
injected 0.5 mL of saline. Every injection was administered
in the repair site, footprint of the supraspinatus tendon, af-
ter the repair and the overall volume of injection were the
same between the repair groups. The incision was closed
in the same manner as described above, and the rabbits
were allowed free cage activity without limb immobiliza-
tion.

Gross examination and biomechanical testing
Six weeks after repair, all rabbits were anesthetized and
euthanized with carbon dioxide asphyxiation, followed
by harvesting of the bilateral complexes of supraspinatus,
and humeral head of each rabbit. After harvest, we exam-
ined the status of the repaired supraspinatus tendon. We
checked the limb integrity, as well as other conditions (e.g.,
inflammation).

The right shoulder of each rabbit was used for the
biomechanical tests. The specimens intended for bio-
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mechanical testing were wrapped with saline-moistened
gauze and stored in a tube at —80°C in liquid nitrogen.
The samples were thawed at room temperature and rested
overnight prior to the test. The sample was sprayed with
saline solution to retain moisture during testing. All me-
chanical testing was performed in a blinded fashion by
allocating the randomized number to each rabbit before
test. The supraspinatus tendon was transferred to the ma-
terial testing machine (AGS-X; Shimadzu, Kyoto, Japan)
and placed along its length (Fig. 4). The tendon was fixed
in a screw grip by sandpaper; the proximal humerus was
placed in a block made with dental base acrylic resin pow-
der to prevent fracture through the humeral physis. The
biomechanical testing protocol was based on a previous
study."” Briefly, after a preload of 5 N for 5 seconds, cyclic
loading from 5 to 50 N at a loading rate of 15 N/sec for
five cycles was performed, followed by pull to failure at a
rate of 1 mm/sec until the tendon was pulled apart from

Fig. 3. (A) Repair of the torn supras-
pinatus tendon to the greater tuberosity
in an open transosseous manner. The
black arrow indicates the greater tu-
berosity. (B) Each suture end is then
tied over the lateral humeral cortex,
reattaching the supraspinatus tendon to
the footprint. The white arrow indicates
the repaired supraspinatus tendon.

Fig. 4. (A) AGS-X materials testing
machine (Shimadzu, Japan). (B) Fixture
clamping system. (C) Tensile testing of
the repaired supraspinatus tendon.

the bone or ruptured at the tendon midsubstance. Data on
ultimate load-to-failure were automatically collected with
a data acquisition system on a personal computer by ana-
lyzing the strength-distance curve (Trapezium, Shimadzu),
and the failure site was recorded. Stiftness was determined
by the slope of the linear portion of stress-distance curve.
Young’s modulus was defined from the steepest preyield
slope of the stress-distance curve; the yield load was de-
fined as the load for which the stiffness greatly decreases
due to yielding on the structure or part of the material.

Histological testing

The left shoulder of each rabbit was dissected to yield a
specimen consisting only of the humerus with the attached
supraspinatus tendon and muscle. Samples were fixed with
neutral buffered 10% formalin (pH 7.4), further decalci-
tied with acetic acid for 2 weeks, and then embedded in
paraftin blocks. Specimens were sectioned in the coronal
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Table 1. Results of Histological Test*

RS group (n=7) RP group (n=7) RB group (n = 8) RPB group (n=8)
Variable
G0 GI G2 G3 G0 G1 G2 G3 G0 G1 G2 G3 G0 GI1 G2 G3
Vascularity 2 4 1 0 1 4 2 0 2 3 2 1 1 1 5 1
Cellularity 1 4 2 0 0 4 3 0 0 5 2 1 0 3 2 3
Collagen fiber continuity 2 3 2 0 2 2 3 0 1 3 2 2 0 2 4 2
Collagen fiber 1 4 2 0 1 4 2 0 1 1 4 2 0 2 3 3
parallel arrangement
Inflammation 5 2 0 0 4 2 1 0 7 1 0 0 6 2 0 0
Absorption rate 4 2 1 0 4 3 0 0 5 1 2 0 6 2 0 0

RS: repair + saline, RP: repair + platelet-rich plasma, RB: repair + bone marrow aspirate concentrate, RPB: repair + platelet-rich plasma + bone marrow aspirate
concentrate.

*The histological grades were as follows: GO, absent, minimal or < 25%; G1, mild degree or 25%—-50%; G2, moderate degree or 50%—75%; and G3, severe
(marked) degree or > 75%.

plane in line with the repaired supraspinatus tendon at 4  was produced per rabbit, of which 2 mL was collected for
pum in thickness, followed by staining with hematoxylin  the analysis of blood cell count, and the remaining 2 mL
and eosin (H&E) and Masson trichrome. An independent, ~ was used for the growth factor analysis.

blinded pathologist experienced in musculoskeletal pa-

thology, semi-quantitatively assessed the vascularity, cel- ~ Hematological analysis

lularity, collagen fiber continuity, and proportion of fibers Ten serial samples of whole blood, PRP, BMA, and BMAC
oriented parallel to the tendon-to-bone interface based  were analyzed immediately after collection using an auto-
on the methods described by Chung et al.'"” Parameters ~ mated blood cell counter (Advia 2120i; Siemens Health-
were evaluated in four grades. The collagen fiber continu-  care Diagnostics Inc., Erlangen, Germany). The number
ity and collagen fibers oriented parallel were graded as  of platelets and leukocytes were evaluated using the same
present with < 25% of proportion (grade 0), 25%-50% of  instrument.

proportion (grade 1), 50%-75% of proportion (grade 2),

and > 75% of proportion (grade 3). Other parameters were  Quantification of growth factors

graded as absent or minimally present (grade 0), mildly =~ Ten serial samples of whole blood, PR, BMA and BMAC
present (grade 1), moderately present (grade 2), and severe ~ were used for evaluating growth factor levels. Samples for

or markedly present (grade 3) (Table 1). each were snap frozen (-20°C) to preserve growth factor

integrity, and thawed on ice prior to the enzyme-linked
In Vitro Study immunosorbent assay (ELISA). Samples were agitated
PRP and BMAC preparation thoroughly, centrifuged at 1,000 g for 15 minutes and the

For the in vitro study, 10 mature male New Zealand white ~ supernatants were aspirated for further testing. The fol-
rabbits weighing between 2.5 kg and 3 kg with a mean  lowing growth factors were chosen for evaluation as they
bodyweight of 2.8 + 0.3 kg and a mean age of 4.4 £ 0.6  are known to have a specific role in tissue-healing and re-
months were used; anesthesia was conducted as described ~ generation: platelet-derived growth factor-AB (PDGF-AB),
above in the in vivo study. Rabbits of the in vitro and the in  insulin-like growth factor 1 (IGF-1), transforming growth
vivo test were sacrificed, respectively. Whole blood samples ~ factor beta 1 (TGF-f1), and vascular endothelial growth
were obtained via cardiac puncture using a 20-mL syringe  factor (VEGF)."” Using ELISA, levels of each growth fac-
which contained 3.5 mL of ACD-A. Bone morrow aspirate  tor were determined according to the manufacturer's in-
was collected by stabbing the bilateral femurs and humeri  structions (Quantikine; R&D Systems, Minneapolis, MN,
with an 18 G spinal needle into 20 mL syringes prefilled ~ USA).

with 3.5 mL of ACD-A. PRP and BMAC were processed

using the ACP preparation kit, following the manufac-  Statistical Analysis

turer’s instructions. Approximately 4 mL of PRP or BMAC  Data were presented as the mean * standard deviation.
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Fig. 5. Biomechanical tests among the groups. (A) The ultimate load-to-failure is significantly higher in the repair + PRP + BMAC (RPB) group than
the repair + saline (RS) group. (B) Stiffness is significantly higher in the repair + BMAC (RB) group than both the RS and repair + PRP (RP) groups. (C)
The Young's modulus is significantly lower in all experimental groups than the control group. (D) Yield strength of the RB and RPB groups showed no
statistical differences from the control group. Asterisks and error bars show the statistical difference between the two groups (*p < 0.05). C: control,

PRP: platelet-rich plasma, BMAC: bone marrow aspirate concentrate.

Nonparametric statistical methods were used for all analy-
ses. The Kruskal-Wallis test, followed by post-hoc Bonfer-
roni corrections, and the Mann-Whitney U-test, were used
to evaluate differences between groups and samples. All
statistical analyses were performed using IBM SPSS ver.
22.0 (IBM Corp., Armonk, NY, USA), and a p-value of <
0.05 was considered statistically significant.

RESULTS

Gross Examination

No rabbits died during surgery or postoperatively. Two
rabbits (one in group RS and one in group RP) showed a
deep infection in the left shoulder at the time of harvest
and were excluded from the final histological analysis. No
infection was found in any other rabbits. In addition, no

rabbits experienced a retear, as the supraspinatus tendon
was attached to the footprint of the greater tuberosity in all
groups, and healing was observed in all rabbits.

Biomechanical Evaluation
In the failure mode analysis, the ratio of insertion tear to
the midsubstance tear was 3 to 5 in the control group, but
other groups failed at the insertion site. Results of the bio-
mechanical evaluation are summarized in Fig. 5. Compar-
ing all groups, the Kruskal-Wallis test showed statistically
significant differences of all parameters (ultimate load-to-
failure, stiffness, Youngs modulus, and yield strength: p =
0.042, p = 0.002, p = 0.000, and p = 0.047, respectively).
The ultimate load-to-failure was significantly higher
in the RPB group compared to the RS group (p = 0.025)
and RP group (p = 0.038) in post-hoc test and also higher



105

Liu et al. Bone Marrow for Rotator Cuff Tear Healing

Clinics in Orthopedic Surgery * Vol. 10, No. 1, 2018 » www.ecios.org

Fig. 6. Tendon-to-bone interface H&E staining shows increased cellular and vascular fibrous tissues in the four groups: (A) repair + saline (RS) group, (B)
repair + platelet-rich plasma (RP) group, (C) repair + bone marrow aspirate concentrate (RB) group, and (D) repair + platelet-rich plasma + bone marrow
aspirate concentrate (RPB) group.

than the control group (p = 0.101). The RB group showed
higher ultimate load-to-failure than both the RS and RP
groups (p = 0.610 and p = 0.534, respectively).

The RB group showed a significantly higher stiffness
than both the RS and RP groups (p = 0.002 and p = 0.006,
respectively). Stiffness of the RB and RPB groups showed
no statistical difference compared to the control group (p
=0.165 and p = 0.053, respectively).

Although Young's modulus of the four repair groups
showed significant differences from the control group (p
= 0.001 for RS group, p = 0.006 for RP group, p = 0.001
for RB group, and p = 0.001 for RPB group), the RB group
showed a higher Young’s modulus than both the RS and
RP groups (p = 0.002 and p = 0.053, respectively). The
RPB group also showed a higher Young’s modulus than
both the RS and RP groups (p = 0.937 and p = 0.172, re-
spectively).

Yield strength of the RB and RPB groups showed
no statistical differences from the control group (p = 0.259
and p = 0.234, respectively), and they showed higher val-
ues than the RS and RP groups though they were not sig-
nificantly different.

Histological Evaluation

Increased amounts of cellular and vascular fibrous tis-
sues appeared at the tendon-to-bone interface in all re-
pair groups (Fig. 6). However, compared to the RS (Fig.
7A) and RP (Fig. 7B) groups, the BMAC-treated groups
(RB group and RPB group, Fig. 7C and 7D, respectively)
showed better collagen, as collagen fibers in the interface
were more perpendicular to the bone. However, there was
no obvious difference in tendon-to-bone healing between
the RB and RPB groups. The RPB group showed relatively
higher vascularity, cellularity, and collagen fiber continuity
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Fig. 7. Masson-trichrome staining demonstrates better collagen fiber continuity and arrangement at tendon-to-bone attachment sites in the bone
marrow aspirate concentrate (BMAC)-treated groups: (A) repair + saline (RS) group, (B) repair + platelet-rich plasma (RP) group, (C) repair + BMAC (RB)
group, and (D) repair + platelet-rich plasma + BMAC (RPB) group. The arrows indicate the improved collagen fiber continuity and arrangement of the RB
and RPB groups compared to the control and RS groups. Collagen fibers run parallel along the tendon-to-bone attachment sites (in this figure, they run

diagonally). However, there are few collagen fibers in the control and RS groups.
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Fig. 8. The platelet counts (A) and WBC counts (B) of BMA and peripheral blood series. Asterisks and error bars show the statistical difference between
the two groups (*p < 0.05, **p < 0.01). WB: whole blood, PRP: platelet-rich plasma, BMA: bone marrow aspirate, BMAC: bone marrow aspirate
concentrate, WBC: white blood cell.



107

Liu et al. Bone Marrow for Rotator Cuff Tear Healing

Clinics in Orthopedic Surgery * Vol. 10, No. 1, 2018 * www.ecios.org

(pg/mL)
1,000 -

900 -
800 -
700
600
500

o [
0

400 A
200 A
100
wB PRP BMA BMAC

c

(pg/mL) -
1,000 - | 1

900 - —
800

700

600 - | = |

500
400 - *
300

200 A
=
0 .
WB PRP

BMA BMAC

B
(pg/mL) ok
450 - I I

400 -
350
300 >
250 A
200 A *
150

100
50 -j
0-

WwB PRP

BMA BMAC

D

(pg/mL)
800 -

*k

700 | |

600 -
500

*k

400 ~ I I

300
200 A
100

0

WB PRP BMA BMAC

Fig. 9. Growth factor levels in BMA and peripheral blood. (A) Platelet-derived growth factor-AB level. (B) Insulin-like growth factor 1 level. (C)
Transforming growth factor beta 1 level. (D) Vascular endothelial growth factor level. Asterisks and error bars show the statistical difference between
the two groups (*p < 0.05, **p < 0.01). WB: whole blood, PRP: platelet-rich plasma, BMA: bone marrow aspirate, BMAC: bone marrow aspirate concentrate.

and parallel arrangement than the other groups.

Hematological Analysis

The average platelet counts were 471.09 + 113.61 x 10°/uL
in whole blood, 754.32 + 214.30 x 103/pL in PRP, 106.52
+33.12 x 10*/uL in BMA, and 353.39 + 45.68 x 10°/uL in
BMAC. With respect to the platelet counts in both BMA
and the whole blood series, all processed samples showed
a significant increase in platelet number as compared to
each native source by 3.3- and 1.6-fold, respectively. In
PRP, the platelet level was significantly higher than that in
BMAC (p = 0.004) (Fig. 8A). In addition, the mean num-
ber of leukocytes was 4.39 + 1.14 x 10°/uL in whole blood,
2.83 + 2.48 x 10°/uL in PRP, 56.77 + 17.87 x 10°/pL in
BMA, and 38.59 + 6.22 x 10°/ pL in BMAC. In terms of the
white blood cell concentration, BMAC was significantly
higher than PRP (p = 0.001) (Fig. 8B).

Quantification of Growth Factors

Results of the growth factor evaluation are summarized in
Fig. 9. The PDGF-AB levels in BMAC and PRP were not
significantly different (p = 0.672), but were significantly
higher than in both BMA and whole blood (p = 0.037 and
p =0.008, respectively). The IGF-1 and TGF-f1 levels were
significantly higher in BMAC than in the other groups,
with BMAC having the highest concentration and whole
blood the lowest concentration (p < 0.05). The IGF-1 and
TGEF-P1 levels of PRP were significantly higher than whole
blood (p = 0.021 and p = 0.046, respectively). The VEGF
level in BMAC was the highest, but the difference in BMA
was not significant (p = 0.073).

DISCUSSION

This study showed that the local application of BMAC af-
ter rotator cuff repair enhanced the mechanical strength of
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the tendon-to-bone junction. Improved biological healing
was also observed histologically in BMAC-treated groups.

BMAC has emerged as an important biological tool
in orthopedics; it contains platelets, and more importantly,
MSCs and progenitor cells, all of which facilitate tissue
healing."” Our in vitro data demonstrated that BMAC
released significantly higher levels of growth factors IGF,
TGF-B1, and VEGF than PRP, although we did not per-
form a nucleated cell count analysis. However, a recent
study showed that the number of nucleated cells in BMAC
was three times higher than that in PRP*” Furthermore,
nucleated cells were simple to obtain from BMA through
a modification of the PRP processing protocol. Our in
vivo data indicated that the BMAC-treated groups (RB
and RPB groups) had increased ultimate load-to-failure,
stiffness, Young’s modulus, and yield load. The above pa-
rameters represent critical mechanical features of the re-
paired tendon, although some of the differences were not
statistically significant compared to the RS and RP groups.
In addition, the BMAC-treated groups showed better col-
lagen fiber continuity and more regularly arranged col-
lagen fibers than the RS and RP groups, whereas there
was little benefit to PRP treatment compared to saline. An
earlier study reported that local administration of MSCs
after rotator cuff repair in a rat model did not show any
benefits in terms of tendon structure and strength, despite
confirmed biological activity at the repair site.””

Therefore, we speculated that isolated MSCs or PRP
alone were not sufficient to support tendon-to-bone heal-
ing in a rotator cuff model during the tissue repair and
regenerative process, and that a combination of pluripo-
tent cells with a local environment that encourages the dif-
ferentiation of transplanted cells might improve healing.
It is possible that the combination of growth factors and
nucleated cells played a significant role in our model, and
the dominant healing mechanism may have resulted from
biosynthetic effects of the transplanted cells and growth
factors, which then recruited host tenogenic progenitor
cells by chemotaxis. Nonetheless, further research is re-
quired to better understand the underlying mechanisms of
repair.

In the current study, we demonstrated a consistent
increase in platelet counts in the BMAC and PRP samples
by 3.3- and 1.6-fold, respectively, relative to each baseline,
BMA and whole blood. Thus, we believe that BMAC was
processed efficiently, and the level of platelets was within
the working range. However, the platelet concentration of
the PRP did not reach the therapeutic range, even though
the baseline platelet count was relatively higher (over 400
x 10°/uL). We also did not activate the PRP before the

injection. We intended to induce the spontaneous activa-
tion following exposure to natural collagen in connective
tissue. However, there are several methods for activating
PRP, and PRP activation could cause the release of growth
factors and inflammatory mediators. In these respects, it
appears that the effect was reduced in the RP group com-
pared with a similar study of Chung et al."”

A number of animal studies®*** not only support
the use of BMAC to augment tendon repair by improv-
ing enthesis regeneration but also highlight the function
of BMAC to improve repair quality. In the current study,
the RB group showed a higher mean ultimate load-to-
failure, stiffness, and Young's modulus than the RS group.
Although the difference between these two groups did
not reach statistical significance, these findings were in
accordance with gross observations of the specimens, in
which more vascularity, cellularity, collagen fiber continu-
ity and parallel arrangement were observed in the tendon-
to-bone junction site in the BMAC-treated group. The
use of BMAC is particularly attractive because BMA can
be processed within 30 minutes; therefore, prolonged,
culture-based expansion is not necessary. We believe that
BMAC, which was produced by simultaneous concentra-
tion of platelets and bone marrow cells, is a more practical
and cost-effective approach for surgical applications than
cultured MSCs.

Several early basic science studies that investigated
the effect of PRP on tendon healing using animal models
reported significant improvements in early tendon heal-
ing;25'27) however, most of these studies examined the acute
stage of tendon injury. Differences between acute tendon
injury and chronic tears should be kept in mind when con-
sidering the effect of PRP on tendon repair, since differ-
ences in clinical stages may be related to different biologi-
cal paths for tendon healing and remodeling. In our study,
PRP showed little benefit over saline solution; however,
the combination of PRP and BMAC (RPB group) showed
significantly increased ultimate load-to-failure compared
to the RS group, and demonstrated a slight increase over
the RP and RB groups, but without statistical significance.
We are unaware of the exact reason why the combination
of PRP and BMAC showed a greater benefit than BMAC
alone in this study, since comparative studies on the capa-
bilities of BMAC and PRP in tendon regeneration are rare.
Previous studies™ have reported that PRP administration
resulted in the preferential upregulation of tenocyte-relat-
ed genes including collagen type I alpha 1 chain (COLI),
collagen type III alpha 1 chain (COL3), and tenascin C
(TNC), and promoted the differentiation of tendon stem
cells into active tenocytes. However, the possible effects
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of increased proliferation require further investigation.
Variations among PRP preparations, which result in dif-
ferent concentrations of growth factors in various PRP
products is the most common problem in PRP therapy.*”
In addition, the biology of a number of PRP-related factors
remain unknown, such as the optimal dosage, best time,
effect of multiple injections, release kinetics of growth fac-
tors and the effects of local tissue pH. Understanding these
factors may determine the best approach for a given PRP
formulation."”

To our knowledge, this is the first study compar-
ing the effects of BMAC and PRP in a rabbit model for
chronic rotator cuff tear repair. Our main objective was to
evaluate the cellular composition and growth factor levels
of BMAC in a rabbit model. Prior to this study, we were
concerned that platelets in the bone marrow are prema-
ture and would not provide growth factors. However, we
found that BMAC is superior to PRP, and the growth fac-
tors (IGF-1, TGF-P1, and VEGF) were significantly higher
in BMAC than PRP. These differences in cellular and
cytokine composition between PRP and BMAC should
be considered for therapeutic applications. We believe
that BMAC provides advantages over PRP, as it contains
“working cells” In support of this, Nishimoto et al.”” found
that BMAC accelerated wound healing on an ischemic
limb, whereas PRP had no effect.

The present study has several limitations. First, this
was an animal study, the results of which may differ when
applied to humans. We also used an inbred rabbit strain to
create allogeneic PRP and to standardize the PRP prepara-
tion. This allogeneic PRP may have influenced the degree
of inflammatory responses in the host rabbit. On the other
hand, the standardized PRP decreased the technical bias.

In our rabbit model, we were unable to immobilize the
repaired limbs, which may have led to a higher or unfore-
seen stress on the repaired tendon postoperatively. A sam-
ple size calculation for histologic test was not performed in
this study. Safranin O staining for histologic test, which is
better in evaluation of bone tendon interface was not per-
formed in this study. We also used only single observation
time point (6 weeks after repair) which is the middle phase
of the healing process, and we could not compare overall
regeneration process. Finally, we did not confirm the ex-
istence of MSCs by stem cell marker, nor were we able to
determine whether PRP remained in the desired site after
incision closure. However, we believe that these cells per-
sist in vivo for several weeks and then gradually disappear
over time.

The major findings of our study are (1) locally ad-
ministered BMAC enhanced tendon-to-bone healing, (2)
BMAC is enriched with growth factors compared to PRP,
and (3) this approach shows potential for human clinical
applications.
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