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Background: The chondrogenic potential of culture-expanded bone-marrow-derived mesenchymal stem cells (BMDMSCs)
is well described. Numerous studies have also shown enhanced repair when BMDMSCs, scaffolds, and growth factors are
placed into chondral defects. Platelets provide a rich milieu of growth factors and, along with fibrin, are readily available for
clinical use. The objective of this study was to determine if the addition of BMDMSCs to an autologous platelet-enriched fibrin
(APEF) scaffold enhances chondral repair compared with APEF alone.

Methods: A 15-mm-diameter full-thickness chondral defect was created on the lateral trochlear ridge of both stifle joints
of twelve adult horses. In each animal, one defect was randomly assigned to receive APEF1BMDMSCs and the contra-
lateral defect received APEF alone. Repair tissues were evaluated one year later with arthroscopy, histological exami-
nation, magnetic resonance imaging (MRI), micro-computed tomography (micro-CT), and biomechanical testing.

Results: The arthroscopic findings, MRI T2 map, histological scores, structural stiffness, and material stiffness were
similar (p > 0.05) between the APEF and APEF1BMDMSC-treated repairs at one year. Ectopic bone was observed within
the repair tissue in four of twelve APEF1BMDMSC-treated defects. Defects repaired with APEF alone had less trabecular
bone edema (as seen on MRI) compared with defects repaired with APEF1BMDMSCs. Micro-CT analysis showed thinner
repair tissue in defects repaired with APEF1BMDMSCs than in those treated with APEF alone (p < 0.05).

Conclusions: APEF alone resulted in thicker repair tissue than was seen with APEF1BMDMSCs. The addition of BMDMSCs
to APEF did not enhance cartilage repair and stimulated bone formation in some cartilage defects.

Clinical Relevance: APEF supported repair of critical-size full-thickness chondral defects in horses, which was not improved by
theaddition of BMDMSCs. Thiswork supports further investigation todeterminewhether APEFenhancescartilage repair in humans.

R
epair of full-thickness articular cartilage defects continues
to challenge orthopaedic surgeons. Microfracture is a first-
line treatment for smaller defects, although mesenchymal

stem cell transplantation has been evaluated for larger defects
in animal and human studies1-4. Investigators have used culture-
expanded cells or same-day implantation of bone marrow aspirate
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concentrate2,5-9. Tens of millions of cells may be necessary to en-
hance the accumulation of cartilage-like matrix10, which suggests
that culture expansion may be imperative to attain suitable out-
comes. In a recent reviewof stem cell therapies for cartilage defects,
it was reported that culture-expanded bone-marrow-derived mes-
enchymal stem cells (BMDMSCs) had been implanted in nine of
eleven clinical studies11. Although some of the reports suggested
beneficial results, to our knowledge no randomized controlled
studies of humans have been performed to show whether im-
plantation of BMDMSCs in chondral defects enhances outcomes.

While stem cell therapy for cartilage repair holds promise,
combining BMDMSCs with additional biologics such as platelet-
rich plasma may further stimulate healing4,12-14. This milieu of
growth factors may enhance cell viability, migration, and chon-
drogenic differentiation. It may also negate detrimental effects of
catabolic cytokines (such as interleukin [IL]-1b derived from an
inflamed joint) on cartilage15. In several clinical case series, a
combination of platelet-rich plasma and BMDMSCs were im-
planted in osteochondral defects with somewhat promising re-
sults; however, to our knowledge there have been no efforts to

TABLE I Arthroscopic (ICRS) Grading of Cartilage Repair*

Points

Degree of defect repair

Level with surrounding cartilage 4

75% of defect depth 3

50% of defect depth 2

25% of defect depth 1

0% of defect depth 0

Integration to border zone

Complete integration
with surrounding cartilage

4

Demarcating border <1 mm 3

3/4 of graft integrated with surrounding
cartilage, 1/4 with notable border of >1 mm

2

1/2 of graft integrated with surrounding
cartilage, 1/2 with notable border of >1 mm

1

From no contact to 1/4 of graft
integrated with surrounding cartilage

0

Macroscopic appearance

Intact smooth surface 4

Fibrillated surface 3

Small, scattered fissures or cracks 2

Several small or few but large fissures 1

Total degeneration of grafted area 0

Overall repair assessment

Grade I: normal 12

Grade II: nearly normal 8-11

Grade III: abnormal 4-7

Grade IV: severely abnormal 1-3

*Themaximumpossible score is 12points, and a higher score is better.

TABLE II MRI Scoring System for Subchondral Bone*

Points

Subchondral bone density:
abnormal signal intensity in
the subchondral bone deep to
the defect indicating a loss in density

0% (none) 0

1%-25% (slight) 1

26%-50% (mild) 2

51%-75% (moderate) 3

76%-100% (severe) 4

Subchondral bone fluid/edema;
distribution and size of affected
area also considered

0% (none) 0

1%-25% (slight) 1

26%-50% (mild) 2

51%-75% (moderate) 3

76%-100%—include cystic
change (severe)

4

Trabecular bone sclerosis as
compared with the normal
signal pattern for trabecular
bone versus subchondral bone
(guide for dense bone
with no fat); distribution
and size of affected area
also considered

0% (none) 0

1%-25% (slight) 1

26%-50% (mild) 2

51%-75% (moderate) 3

76%-100% (severe) 4

Trabecular bone edema as
compared with the signal intensity
of synovial fluid representing the
fluid content in the bone;
distribution and size of affected
area also considered

0% (none) 0

1%-25% (slight) 1

26%-50% (mild) 2

51%-75% (moderate) 3

76%-100% (severe) 4

Subchondral bone overgrowth as
proportion of defect depth; area
affected also considered

0% (none) 0

1%-25% (slight) 1

26%-50% (mild) 2

51%-75% (moderate) 3

76%-100% (marked) 4

*Themaximum possible score is 20 points, and a lower score is better.
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elucidate the individual contributions of each4,16,17. Considering
the potential benefits of both culture-expanded BMDMSCs and
platelet-rich plasma, our objective was to answer the question of

whether BMDMSCs combined with platelet-rich plasma would
enhance chondral repair and regenerate hyaline cartilage when
compared with platelet-rich plasma alone. Our hypothesis was

TABLE III MRI Scoring System for Fill of Chondral Defect*

Points

Amount of defect fill: percentage of defect filled as compared with the signal intensity of normal articular cartilage; interface
not included

0% (none) 0

1%-25% (slight) 1

26%-50% (mild) 2

51%-75% (moderate) 3

76%-100% (marked to complete) 4

Character of defect fill as compared with the signal intensity of normal articular cartilage; interface not included

0% (none) 0

1%-25% (slight) 1

26%-50% (mild) 2

51%-75% (moderate) 3

76%-100% (marked) 4

Interface of defect: overall character of the signal intensity of the tissue at the interface as compared with normal articular cartilage

0% (none) 0

1%-25% (slight) 1

26%-50% (mild) 2

51%-75% (moderate) 3

76%-100% (marked) 4

*The maximum possible score is 12 points, and a higher score is better.

Fig. 1

At twelve months following creation of a cartilage defect and filling it with APEF or APEF1BMDMSCs, the trochleae were imaged, before (Fig. 1-A) and

after (Fig. 1-B) applying a template, prior to indentation testing, micro-CT imaging, and histological analysis. In the schematic of sample sites relative

to the lesion (Fig. 1-C), sites 1 through5 are the central repair region, sites 6 through9 are the peripheral repair region, sites 10 through13are the adjacent

host region, site 14 is the near host region, and site 15 is the far host region.
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that the addition of BMDMSCs to an autologous platelet-
enhanced fibrin (APEF) scaffold would enhance cartilage repair
compared with APEF alone when evaluated with arthroscopy,
histological examination, magnetic resonance imaging (MRI),
and biomechanical analysis.

Materials and Methods

For an expanded, more detailed Materials and Methods section, see the
Appendix.

Horses: Physical Examinations
Twelve healthy horses between the ages of two and five years were entered into
the study, and animal protocols were approved by the Colorado State University
animal care and use committee.

Isolation and Expansion of BMDMSCs and Preparation
of APEF
Bone marrow was aspirated from the ilium four weeks prior to surgery, and
BMDMSCs were prepared as previously described

18
. The day before surgery,

cells were thawed and plated. On the day of implantation, cells were trypsinized,
washed, and combined with the fibrinogen portion of the fibrin glue. APEF was
prepared from blood collected from each animal on the day of surgery. Blood
was collected into an acid citrate dextrose (ACD) bag, and fibrinogen was
prepared as previously described

19
. When the fibrinogen/platelet mixture

was mixed 1:1 with the thrombin solution, the final concentration in the defect
was 1 billion platelets/mL. In each horse, one defect was randomly assigned to
receive approximately 1 mL of APEF1BMDMSCs (10 million cells) and the
contralateral defect was treated with APEF alone.

Arthroscopic Defect Creation and Defect Grafting
A customized reamer was used to create a 15-mm-diameter round chondral
defect arthroscopically on the lateral trochlear ridge of both femoropatellar
joints as previously described

20
. A needle was attached to a Duploject syringe

(Baxter) and positioned over the defect. APEF or APEF1BMDMSCs was de-
livered and allowed to polymerize

20
.

Arthroscopic Examinations at Three Months After Defect
Creation and Post Mortem at Twelve Months
Three months following defect creation and scaffold placement, arthroscopic ex-
aminations were performed and the defects were graded by surgeons blinded to the
treatment group

20
. The horses were euthanized twelve months following defect

creation. The stifles were excised and kept on ice prior to MRI analysis and

TABLE IV Histological Scoring System for Repair Tissue*

Points

Nature of predominant tissue

Cellular morphology

Hyaline cartilage 4

Mostly hyaline cartilage 3

Mixed hyaline and fibrocartilage 2

Mostly fibrocartilage 1

Some fibrocartilage, mostly nonchondrocytic cells 0

Safranin-O staining

Normal or nearly normal 3

Moderate 2

Slight 1

None 0

Structural characteristics

Surface

Smooth and intact 3

Superficial horizontal lamination 2

Fissures 1

Severe disruption, including fibrillation 0

Structural integrity

Normal 2

Slight disruption, including cysts 1

Severe disintegration, disruptions 0

Thickness

100% of normal adjacent cartilage 2

50%-99% of normal adjacent cartilage 1

0%-49% of normal adjacent cartilage 0

Bonding to adjacent cartilage

Bonded at both ends of the graft 2

Bonded at 1 end or partially at both ends 1

Not bonded 0

Reconstruction of subchondral bone

Normal 3

Reduced 2

Minimal 1

None 0

Inflammatory response in subchondral bone region

None/mild 2

Moderate 1

Severe 0

Degenerative changes: graft

Hypocellularity

Normal cellularity 2

Slight hypocellularity 1

Moderate hypocellularity or hypercellularity 0

Chondrocyte clustering

No clusters 2

<25% of cells 1

25%-100% of cells 0

continued

TABLE IV (continued)

Points

Freedom from degenerative changes in adjacent
cartilage

Normal cellularity, no clusters, normal staining 3

Normal cellularity, mild clusters, moderate staining 2

Mild/moderate cellularity, moderate clusters,
moderate hypocellularity, slight staining

1

Severe hypocellularity and degeneration, poor or
no staining

0

*The maximum possible score is 28 points, and a higher score
is better.

26

THE JOURNAL OF BONE & JOINT SURGERY d J B J S .ORG

VOLUME 98-A d NUMBER 1 d JANUARY 6, 2016
ADDIT ION OF MESENCHYMAL STEM CELLS TO AUTOLOGOUS

PLATELET-ENHANCED FIBR IN IN CHONDRAL DEFECTS



arthroscopic examination. All defects were probedwith an arthroscopic instrument,
photographed, and graded by surgeons blinded to treatment group

21
(Table I).

MRI
Images were acquired using a 3-T human clinical MRI scanner (MAGNETOM
Trio Tim, SiemensMedical Solutions) with an eight-channel knee coil (Invivo).
Sequences used to grade defects were 3D (three-dimensional) DESS (double
echo in the steady state), 3D proton density, and 2D fat-saturated proton
density. All MRIs were evaluated in multiple categories by a radiologist blinded
to the treatment group

22,23
(Tables II and III).

Quantitative MRI (qMRI) T2 Mapping of Equine Explants
For qMRI assessment, osteochondral explants consisting of the lateral trochlear
ridge of each stifle were harvested. Axial T2-weighted images were acquired
with a multi-slice multi-echo spin-echo sequence with seven echoes. Following
MRI, explants were frozen for subsequent analyses. T2 maps were calculated
with a mono-exponential pixel-by-pixel T2-fit routine using MRI Mapper
software (Beth Israel Deaconess Medical Center and MIT [Massachusetts
Institute of Technology]) running on a MATLAB platform (The MathWorks).
A single axial slice from the center of each cartilage repair was evaluated.

Indentation Testing
A transparent overlay was positioned over the lesion and surrounding cartilage
surface to localize sites for biomechanical tests, micro-computed tomography
(micro-CT) registration marks, and histological examination (Figs. 1-A and
1-B). Cartilage load-bearing function was determined by indentation testing in

Fig. 2

Histological appearance of repair tissue from the APEF (Figs. 2-A through 2-D) and APEF1BMDMSCs (Figs. 2-E through 2-H) groups. Figures 2-A,

2-C, 2-E, and 2-G are stained with hematoxylin and eosin, and Figures 2-B, 2-D, 2-F, and 2-H are stained with safranin O. The arrowheads point

to the periphery of the defect, where the repair tissue borders the surrounding peripheral tissue. The images in the bottom row are close-up

photomicrographs of the integration of the repair tissue with the surrounding peripheral cartilage in the APEF group (Figs. 2-C and 2-D) and the

APEF1BMDMSCs group (Figs. 2-G and 2-H).

TABLE V Arthroscopic (ICRS) Scores for Cartilage Repair*

Mean Score ± SD (points)

APEF APEF1BMDMSCs

3 months

Degree of defect repair 2.33 ± 0.78 3.23 ± 0.75

Integration to border
zone

3.33 ± 0.89 3.45 ± 0.82

Macroscopic
appearance

2.75 ± 1.06 3.73 ± 0.47

Composite score 8.40 ± 1.93 10.41 ± 1.59

1 year

Degree of defect
repair

3.25 ± 0.72 3.17 ± 0.62

Integration to border
zone

2.33 ± 0.91 2.63 ± 0.86

Macroscopic
appearance

2.50 ± 1.07 2.42 ± 0.70

Composite score 8.2 ± 2.08 8.25 ± 1.47

*A higher score is better.
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TABLE VI Histological Scores for Repair Tissue*

Mean Score ± SD (points)

APEF APEF1BMDMSCs

Cellular morphology 1.25 ± 0.75 1.42 ± 0.79

Safranin-O staining 0.83 ± 0.71 1.33 ± 0.49

Surface characteristics 1.58 ± 1.24 1.83 ± 1.11

Structural integrity 0.92 ± 0.67 0.83 ± 0.58

Thickness 1.42 ± 0.67 1.08 ± 0.51

Bonding to adjacent cartilage 2.0 ± 0.0 1.83 ± 0.39

Reconstruction of subchondral bone 2.58 ± 0.52 2.17 ± 0.39

Inflammatory response in subchondral bone region 2.0 ± 0.0 2.0 ± 0.0

Degenerative changes: graft 0.67 ± 0.65 0.42 ± 0.51

Chondrocyte clustering 1.25 ± 0.75 1.25 ± 0.62

Degenerative changes in adjacent cartilage 2.83 ± 0.39 2.33 ± 0.65

*A higher score is better.

Fig. 3

Histological appearance of the defects of a horse in which bone formedwithin the repair tissue in the limb treated with APEF1BMDMSCs. Figures 3-A, 3-C,

3-E, and 3-G are stained with hematoxylin and eosin, and Figures 3-B, 3D, 3-F, and 3-H are stained with safranin O. The defect repaired with APEF is

shown on the left (Figs. 3-A through 3-D) and the defect repaired with APEF1BMDMSCs is shown on the right (Figs. 3-E through 3-H). The arrowheads

point to the periphery of the defect, where the repair tissue borders the surrounding peripheral tissue. The images in the bottom row are close-up

photomicrographs of the integration of the repair tissue with the surrounding peripheral cartilage in the APEF group (Figs. 3-C and 3-D) and the APEF1

BMDMSCs group (Figs. 3-G and 3-H). The defect repaired with APEF1BMDMSCs (Figs. 3-E and 3-F) has bone (arrows) within the repair tissue.
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five regions (central and peripheral repair sites and host sites adjacent to, near
to, and far from the repair). Fifteen sites were tested per sample (Fig. 1-C).
At each site, rapid indentation tests were performed for one second to a depth
of 100 mm using a 0.8-mm-diameter sphere-ended indenter attached to a
Mach-1 V500cs mechanical testing system (Biomomentum). Structural
stiffness (in N/mm) was calculated as the peak load normalized to the applied
10-mm indentation displacement.

Micro-CT of Tissue Thickness and Fixed Charge Density
Structural and physiological image data were obtained with micro-CT. Structural
micro-CT images were obtained with a SkyScan 1076 scanner with an isotropic
voxel size

24
(36mm)

3
, by applying an electrical potential of 100 kVp and a current

of 100 mA, and using a 0.038-mm copper plus 0.5-mm aluminum filter. From
these scans, cartilaginous tissue thickness was determined for each of the fifteen
test sites on each trochlear ridge

25
. Sagittal and transaxial slices, aligned with the

test positions, were thresholded to determine the two interfaces among air,
cartilaginous tissue, and calcified tissue. Material stiffness (in MPa) was then
calculated as stress (peak load normalized to cross-sectional area of the indenter)
relative to strain (displacement normalized to cartilaginous thickness).

Physiological Hexabrix (ioxaglate meglumine and ioxaglate sodium;
Guerbet)-enhanced micro-CT scans were then performed after equilibration
with 20% Hexabrix in phosphate-buffered saline solution (PBS). From these
scans, an index of tissue fixed charge density was determined for each site

24,26
.

Histological Analysis
Cartilaginous repair tissue was analyzed histologically. Transaxial blocks were
prepared to include the lesion sites and the far host sites, decalcified in 10%

ethylenediaminetetraacetic acid (EDTA), embedded in paraffin, and stained
with hematoxylin and eosin or safranin O. All histological sections were graded
according to the modified O’Driscoll scoring system (Table IV) as previously
described

27
.

Statistical Analysis
To determine the effects of BMDMSCs, paired t tests were performed on data
(APEF alone versus APEF1BMDMSCs) at each region (far, near, and adjacent
host sites as well as peripheral and central repair sites). To determine the overall
independent and interactive effects of treatment (APEF alone versus APEF1
BMDMSCs) and region (far, near, and adjacent host sites as well as peripheral
and central repair sites), data were analyzed by two-way repeated-measures
analysis of variance (ANOVA). Scores derived from the arthroscopic, histo-
logical, MRI, and biomechanical evaluations were compared using the
Wilcoxon signed rank analyses with significance set at p < 0.05. All analyses

TABLE VII MRI Scores for Subchondral Bone*

Mean Score ± SD (points)

APEF APEF1BMDMSCs

Subchondral bone density 2.45 ± 0.82 2.91 ± 0.83

Subchondral bone
fluid/edema

2.0 ± 0.77 2.46 ± 1.04

Trabecular bone sclerosis 2.0 ± 0.45 2.55 ± 0.52

Trabecular bone edema 1.55 ± 0.93 2.64 ± 0.92

Subchondral bone
overgrowth

1.18 ± 0.87 1.09 ± 0.70

Composite MRI score 9.18 ± 3.12 11.64 ± 2.80

*A lower score is better.

TABLE VIII MRI Scores for Fill of Chondral Defect*

Mean Score ± SD (points)

APEF APEF1BMDMSCs

Amount of defect fill 3.45 ± 0.69 3.55 ± 0.69

Character of defect fill 2.91 ± 0.54 2.73 ± 0.65

Interface of defect 3.18 ± 0.87 2.73 ± 0.79

Composite score 9.55 ± 1.81 9.0 ± 1.67

*A higher score is better.

Fig. 4

Proton density of fat-saturated axial plane MRIs of lateral trochlear ridges

treated with APEF (Fig. 4-A) or APEF1BMDMSCs (Fig. 4-B). The down-

pointing arrowheads indicate the periphery of the defects, and the ar-

rowhead pointing up in Figure 4-B indicates decreased subchondral bone

density as well as subchondral and trabecular bone fluid/edema.
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were performed with and without the horses in which bone formed within the
defects.

Source of Funding
Funding was provided by grants RC2 AR058929 (C.R.C., L.R.G., and R.L.S.),
1K08AR054903-01A2 (L.R.G. and C.W.M.), R01 AR051963 (C.R.C.), and R01
AR044058 and P01 AG007996 (R.L.S.) from the National Institutes of Health
(NIH), which did not participate in the investigation; the Albert Ferguson
Endowed Chair (C.R.C.) at the University of Pittsburgh; and the Barbara Cox
Anthony University Endowed Chair (C.W.M.) at Colorado State University.
DSM Biomedical supplied the custom coring tools that were used to create the
chondral defects.

Results
Arthroscopic Defect Creation and Scoring

All surgical defects were consistent in size, shape, location,
and depth. Within five to seven minutes following im-

plantation, the filling was even with the surrounding cartilage.
Three-month follow-up arthroscopic evaluations revealed all de-
fects to be filled with repair tissue and to have a smooth or
smooth-to-cobblestone surface appearance, with firm attachment
to the underlying subchondral bone and surrounding cartilage.
None of the defects had exposed subchondral bone. The overall
International Cartilage Repair Society (ICRS) scores derived with
the three-month arthroscopic examination ranged from 5 to 11
with an average (and standard deviation [SD]) of 8.4 ± 1.9 for the
APEF group and 7 to 12 (10.4 ± 1.59) for the APEF1BMDMSCs
group (Table V), which were not significantly different (p = 1.0).
At twelve months, the repair tissue was more mottled and varied
from smooth and fibrous to a cobblestone appearance. Com-
posite ICRS scores at twelve months were 8.2 ± 2.1 for the APEF
group and 8.3 ± 1.5 for the APEF1BMDMSCs group (Table V),
which were not significantly different (p = 0.87).

Histological Analysis
Twenty-three of the twenty-four chondral defects had fair-to-
good fill (with the APEF or APEF1BMDMSCs) and integration
with the surrounding cartilage (Fig. 2). Repairs in general had a
cellular appearance at the base of the defect with positive staining
for glycosaminoglycan (GAG). The middle-to-superficial part of
the repair had a more fibrous, hypocellular appearance with an
absence of GAG staining. Cumulative and subcategory histo-
logical scores did not differ significantly between the APEF and
APEF1BMDMSCs groups (Table VI).

Bone formed within four of the twelve defects repaired
with APEF1BMDMSCs (Fig. 3) but in none of those repaired
with APEF alone. Bone formation within the defects appeared
to be separate from the underlying bone and did not seem to be
advancement of the subchondral bone. The repair tissue that
formed bone still showed GAG accumulation within and in-
tegration to the surrounding cartilage. However, integration of
the repair tissue with the subchondral bone was poor in three
of the four defects.

MRI Analysis
MRI of the defects revealed no statistically significant difference
in cumulative scores between the two groups (Tables VII
and VIII). Subcategory scores analyzed separately revealed a
significantly greater amount of trabecular bone edema in the
defects repaired with APEF1BMDMSCs compared with de-
fects repaired with APEF alone (Fig. 4).

T2 Mapping of Defects
Four of the defects (all repaired with APEF1BMDMSCs)
demonstrated development of bone-like tissue in the repair
zones. These defects and those in the paired contralateral limbs
were excluded from the T2 analysis. No significant difference in
mean T2 values in the repair tissue was detected between the
APEF and APEF1BMDMSC-treated defects in the remaining
eight horses (Wilcoxon signed rank test, p = 0.24) (Fig. 5).

Cartilaginous Tissue Thickness
Inclusion of BMDMSCs led to less cartilaginous tissue thick-
ness (Fig. 6-A) in the central repair site (224%, p < 0.05) and a
tendency for less thickness in the peripheral repair site (216%,
p = 0.07), but no detectable difference in the adjacent, near, or
far host regions (each p > 0.1). Overall, the cartilaginous tissue
thickness varied with region (p < 0.001) but not treatment (p =
0.11). The thickness of the cartilaginous tissue was highest at
the far host region, 22% thinner at the near host region, and
26% to 28% thinner at the central and peripheral repair
regions.

Cartilaginous Tissue Composition—Fixed Charge Density
Inclusion of BMDMSCs did not affect Hexabrix-enhanced
micro-CT values (Fig. 6-B) in any region (each p > 0.4).
Overall, Hexabrix-enhanced micro-CT values varied with

Fig. 5

MRI T2 maps demonstrating differences in articular cartilage matrix organization and composition in the repair regions in the APEF (Fig. 5-A) and

APEF1BMDMSCs (Fig. 5-B) groups comparedwith native control cartilage (Fig. 5-C). The arrows indicate themargins of the repair zones. Both defects lack

the laminar pattern typical of the native cartilage, in which the T2 values increase from low (red/orange) values at the bone-cartilage interface to

higher (green/blue) values at the articular surface. The repair treated with APEF1BMDMSCs (Fig. 5-B) has thinner repair tissue and higher T2 values

(suggestive of greater water content) than the repair treated only with APEF (Fig. 5-A).
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region (p < 0.001) but not treatment (p = 0.78), and there were
no interactive effects (p = 0.99).

Cartilaginous Tissue Stiffness
The structural stiffness of the cartilaginous tissue was not de-
tectably affected by the inclusion of BMDMSCs (Fig. 6-C), in
either the central repair (119%, p = 0.19) or other regions
(each p > 0.26). Overall, structural stiffness varied substantially
with region (p < 0.001) but not treatment (p = 0.72), and there
were no interactive effects (p = 0.32).

Material stiffness also was not affected by the inclusion of
BMDMSCs (Fig. 6-D) in any region (each p > 0.48). Overall,
material stiffness varied substantially with region (p < 0.001)
but not treatment (p = 0.74), and there were no interactive
effects (p = 0.92).

Discussion

APEF, both alone and with BMDMSCs, supported the for-
mation of repair tissue within critical-size full-thickness

cartilage defects, with some deterioration between three and
twelve months. Arthroscopic evaluation at three months re-
vealed tissue that appeared intact on the edges with a smooth-
to-cobblestone appearance and fair-to-good integration to the
subchondral bone as determined by arthroscopic probing.
At twelve months, the repair tissue in both treatment groups
grossly appeared less smooth (more undulating surfaces) and
had slightly less integration with the surrounding cartilage and
underlying bone as evidenced by softer superficial surface tissue
when probed. Deterioration of cartilage repair over time was
consistent with the findings in other studies of cartilage heal-
ing9,20,28. This highlights the importance of extending cartilage
repair studies beyond three to six months since, as tissue
continues to progress through stages of healing, degenerative
processes change the nature of the repair tissue.

The histological appearance of the repair tissue at twelve
months was generally fibrous in nature. Safranin-O staining of
GAG was mainly close to the subchondral bone, a finding that
was similar to observations in other cartilage-healing studies in
which biologics were placed in osteochondral defects9,20,27-29.
Regardless of treatment, the integration of all defects with the
surrounding tissue appeared to be intact, although the transi-
tion zone from the surrounding cartilage of the defect to the
repair tissue was easily detectable. Subchondral bone attach-
ment appeared good for most defects, with some having spe-
cific areas of poor integration.

Fig. 6

Thickness (Fig. 6-A), Hexabrix concentration (Fig. 6-B), structural stiffness

(Fig. 6-C), and material stiffness (Fig. 6-D) of host and repair tissue in

the APEF (F) and the APEF1BMDMSCs (F1M)-treated trochleae. Data are

given as the mean ± SD (n = 12). For comparisons of the five regions

(far, near, and adjacent host sites and peripheral and central repair sites),

the bars under each horizontal line represent values that do not differ

significantly from one another. The horizontal lines with different lower-

case letters indicate that the groups differ from one another. * = p < 0.05

according to the t test.
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The development of bone in four of the twelve defects
repaired with APEF1BMDMSCs was surprising and was not
reported in previous studies in which BMDMSCs were com-
bined with fibrin or fibrin and platelet-rich plasma4,9,30. Growth
factors in platelet-rich plasma can be beneficial to cartilage
health15,31-33. In the present study, APEF alone appeared to sup-
port formation of cartilage-like repair tissue with good inte-
gration to the surrounding cartilage, GAG in the base of the
defect, and no bone formation, which is consistent with the
findings in other chondral defect models in which APEF was
used32,34,35. While platelet-rich plasma can support chondrogen-
esis, it can also promote osteogenesis, as has been shown in
bone-healing studies. This suggests that the BMDMSCs within
the APEF were signaled to undergo osteogenesis36-38. A study by
Perut et al. revealed that greater leukocyte counts in platelet
concentrate increased the concentrate’s potential to promote
osteogenesis of bone marrow stromal cells36. The APEF used in
the current study did not containwhite blood cells, so the growth
factor milieu from the platelets may have promoted osteogenesis
of the BMDMSCs in the defects in which bone formed. Lastly,
BMDMSCs in this study were not evaluated for osteogenesis at
the end of expansion cultures as we did not anticipate bone
formation; this may be something to test in the future.

The APEF preparation method may have affected the
results. Previous studies have shown that the release of bioac-
tive substances and cellular migration from fibrin gels is af-
fected by fibrin concentration19,39,40. On the basis of that work,
we performed a pilot study (not shown), prior to this investi-
gation, in which we diluted the APEF as much as possible to
encourage cell migration19 while retaining sufficient fibrin to
effect bonding to both the underlying bone and the sur-
rounding cartilage. Alternatively, diluted APEF could be placed
under a membrane in a manner similar to autologous chon-
drocyte implantation41; however, such an additional procedure
adds time, and possibly morbidity, to the procedure42. In a
similar study to ours, Wilke et al. reported enhanced healing
at one month when culture-expanded BMDMSCs had been
added to a fibrin matrix in an osteochondral defect model in
horses9 but no benefits to chondral repair at eight months. In
that study, bone was not found in the repair tissue, which
further suggests that the platelets induced osteogenesis of the
implanted BMDMSCs in our study. Similar to Wilke et al., we
did not find a long-term benefit of BMDMSCs in terms of
cartilage repair beyond what was achieved with fibrin alone.
The fact that Wilke et al. did not observe bone formation in
their BMDMSC group and we did might be explained by the
difference in the times that the animals were euthanized (at
eight months in their study and at twelve months in ours). It is
possible that bone formation is a late response. A more recent
study by Frisbie et al.43 comparing a fibrin scaffold to fibrinwith
the addition of autologous or allogenic chondrocytes showed
improved repair tissues in the group treated with fibrin and
autologous chondrocytes. This information suggests that the
observed bone formation in the APEF1BMDMSCs group in
the current study may be evidence of a BMDMSC response to

osteogenic signaling from the growth factor milieu released by
the platelets.

The MRI, T2 mapping, and biomechanical findings in
our study were reflective of the histological findings. No dif-
ferences between treatment groups were seen with respect to
the MRI scores for defect fill, character, or integration. The
increase in trabecular bone edema in the defects repaired with
APEF1BMDMSCs may have been related to the tendency for
bone formation in the repair tissue, and has not been reported
previously to our knowledge. T2mapping of the repair tissue of
both treatment groups revealed differences between the repair
tissue and the native cartilage, including a lack of the laminar
pattern typical of native tissue along with the softer biome-
chanical properties. These changes are typical of those reported
in studies of osteochondral defects repaired with various bio-
logical implants8,44.

Micro-CTandHexabrix-enhancedmicro-CT findings were
also indicative of the histological results. High Hexabrix concen-
trations in the defects of both treatment groups indicated a pro-
teoglycan content lower than that of normal articular cartilage.
This was consistent with the histochemical findings and well as
with the decreased structural and material stiffness within the
lesion compared with the control articular cartilage. Micro-CT
analysis also revealed that, in the defects repairedwith APEF alone,
the repair tissue was thicker and more closely approximated the
thickness of the control cartilage than the lesions repaired with
APEF1BMDMSCs. This indicates the continuing need to fully
regenerate cartilage, to its original histological properties but also
to its biomechanical stiffness and thickness. This is likely needed
for long-term integrity under the typical loading associated with
the joint environment45.

Currently, the trend in biologic osteochondral repair is to
“simplify” the procedure by (1) eliminating the need for two
procedures, (2) utilizing a scaffold that does not require su-
turing a membrane over the defect, and (3) eliminating the
need for and associated regulatory implications of a culture-
expanded cell population41,46. Although the defects treated with
APEF alone in this study did not reveal a regenerated repair
tissue, the APEF alone appeared to support the formation of
chondral-like repair tissue since tissue was integrated to the
surrounding cartilage, and in many cases the subchondral
bone, and also frequently had GAG formation in the base of the
defect. Furthermore, the thickness of the repair tissue more
closely approximated the surrounding cartilage. A scaffold with
platelets alone and an absence of cells may bring important
growth factors to chondral defects and enhance repair, and
many groups are currently investigating this possibility47-50.

In summary, this work showed that the addition of
BMDMSCs to APEF did not improve chondral repair and
in fact may support ectopic bone formation. Instead, APEF
alone appeared to support the formation of chondral repair
tissue. Future work will determine if use of platelets alone
in scaffolds is superior to techniques such as microfracture,
autologous chondrocyte implantation, or osteochondral
implantation.
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Appendix
An expanded Materials and Methods section is available
with the online version of this article as a data supplement

at jbjs.org. n
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