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Enhancement of Tendon Graft Osteointegration Using
Mesenchymal Stem Cells in a Rabbit Model of Anterior

Cruciate Ligament Reconstruction

Jit-Kheng Lim, F.R.C.S., James Hui, F.R.C.S., Li Li, M.D., Ashvin Thambyah, M.Sc.,
James Goh, Ph.D., and Eng-Hin Lee, F.R.C.S.C.

Purpose: To study the effect of coating tendon grafts with mesenchymal stem cells (MSCs) on the
rate and quality of graft osteointegration in anterior cruciate ligament (ACL) reconstruction. Type of
Study: Animal model. Methods: Bilateral ACL reconstructions using hamstring tendon autografts
were performed on 48 adult rabbits. Grafts were coated with MSCs in a fibrin glue carrier in one limb,
and fibrin glue only in the other. Assessment was done at 2, 4, and 8 weeks. Histologic analysis was
carried out using standard and immunohistochemical stains. Biomechanical testing of force and
stiffness during loading to ultimate failure was performed. Results: Control reconstructions showed
mature scar tissue with some Sharpey’s-like fibers spanning the tendon-bone interface at 8 weeks.
The MSC-enhanced reconstructions had large areas of cartilage cells at the tendon-bone junction at
2 weeks. By 8 weeks, a mature zone of cartilage was seen gradually blending from bone into the
tendon grafts. This zone stained strongly for type II collagen and showed histologic characteristics
similar to normal rabbit ACL insertions. Biomechanically, there was no statistical difference between
limbs at 2 and 4 weeks. At 8 weeks, the MSC-enhanced grafts had significantly higher failure load
and stiffness. Conclusions: Coating of tendon grafts with MSCs results in healing by an intervening
zone of cartilage resembling the chondral enthesis of normal ACL insertions rather than collagen
fibers and scar tissue. MSC-enhanced ACL reconstructions perform significantly better than controls
on biomechanical testing. Clinical Relevance: Enhancement of tendon graft osteointegration with
MSCs is a novel method offering the potential for more physiologic and biomechanically stronger
ligament reconstructions. Key Words: Graft healing—Stem cell—Mesenchymal—ACL reconstruc-
tion—Bone tunnel—Tendon graft.
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endon grafts anchored within bony tunnels are
used in a wide variety of orthopaedic procedures.

endon pullout from bony tunnels occurs up to 12
eeks after hamstring graft anterior cruciate ligament
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ACL) reconstruction in animal models,1-4 suggesting
hat mechanical strength of reconstructions before that
ime are dependent to a large extent on the method of
xation. For this reason, a large emphasis of recent
esearch has been on the relative benefits and biome-
hanical profiles of various fixation methods for ham-
tring tendon autografts.5-7

There is increasing interest in the use of biological
gents to enhance tendon-bone osteointegration within
he bony tunnel. Recent studies have shown that ap-
lication of bone morphogenic protein-21 and a mix-
ure of bone growth proteins8 to the surface of tendon
utografts resulted in enhanced tendon-bone healing
nd improved biomechanical properties. Mesenchy-

al stem cells (MSCs) are pluripotential cells that are
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900 J-K. LIM ET AL.
eing investigated extensively in a wide variety of
ettings, including enhancement of tissue healing and
issue bioengineering.9-16 We are unaware of any
tudy using MSCs to enhance tendon graft healing.

e hypothesized that the application of MSCs at the
endon-bone junction during ACL reconstruction
ight result in both acceleration and enhancement of

steointegration of the tendon graft to the surrounding
one tunnel.

METHODS

xperimental Design

Bilateral ACL reconstructions with hamstring ten-
on autografts were performed by a single surgeon in
8 skeletally mature New Zealand White rabbits
eighing 2.0 to 2.5 kg each. Autologous bone mar-

ow–derived MSCs were harvested 3 to 4 weeks be-
ore ligament reconstruction surgery. During bilateral
CL reconstruction, the treatment limb was coated
ith MSCs mixed in a fibrin glue carrier and the

ontrol limb was coated with fibrin glue only. The
reatment side was determined randomly, and the sur-
eon was blinded to the treatment limb at the time of
urgery. There were 36 animals assigned for biome-
hanical testing and the remainder underwent histo-
ogic analysis. The animals were euthanized at 2, 4,
nd 8 weeks postoperatively. Biomechanical analysis
as carried out by blinded observers. A further 2

abbits were used for histologic analysis of the normal
abbit ACL. The experimental protocol, animal care,
nd use procedures were approved by the institutional
thics review committee.

SC Preparation

MSCs were harvested from bone marrow of the
abbits 3 to 4 weeks before ACL reconstruction. The
abbits were anesthetized, the posterior iliac crests
repared in a sterile manner, and 5 to 10 mL of bone
arrow was aspirated. The cells were separated and

ultured using a protocol similar to that described by
hinney.17 The anti-coagulated bone marrow was di-

uted with 2 times of the volume of Hank’s Balanced
alt Solution. The nucleated cell layer was obtained
y Ficoll-Paque density gradient centrifugation
Sigma Chemical, St. Louis, MO) at 450g for 20
inutes. The nucleated cells were harvested and

insed with Hank’s Balanced Salt Solution using cen-
rifugation at 250g for 10 minutes twice. The pellets
ere resuspended in complete Dulbecco’s Modified

agle Medium (DMEM) containing 10% fetal bovine t
erum (FBS), penicillin 100 U/mL, streptomycin 100
g/mL (pH 7.35), and centrifuged at 250g for 10
inutes. The pellets were resuspended with complete
MEM containing 10% FBS. The number of the
ucleated cells was determined with a hemocytometer
nd the volume of the suspension was adjusted. The
ells were plated out at a density of 1.8 � 105/cm2 in
-75 flasks and grown at 37°C, 5% CO2 in a humid-

fied tissue-culture incubator. The medium was
hanged after 3 days, and every 3 to 4 days thereafter.
hen the cells became 75% to 80% confluent, they
ere trypsinized and transferred into 2 T-75 flasks.
aving completed 1 passage, the cells were enumer-

ted under a hemocytometer. When necessary, the
ells were passaged a second time by repeating the
forementioned procedure to obtain 3 to 4 million
ells for use with each graft.

urgical Protocol

All rabbits were administered 15 mg/kg subcuta-
eous cephalexin and 0.3 mL/kg diazepam preop-
ratively. The animals were induced with Hypnorm
a mixture of fentanyl 0.315 mg/mL and fluanisone
0 mg/mL) 0.3 mL/kg (Janssen-Cilag, Saunderton,
K), followed by halothane inhalational anesthesia.
ilateral ACL reconstructions were performed un-
er the same anesthetic. A midline incision was
ade, the semitendinosus tendon was harvested,

nd the length measured. A lateral parapatellar ar-
hrotomy was used to expose the knee joint. The
ative ACL was divided and tibial and femoral
unnels were created with a 2-mm drill. The com-
ined length of the tunnel from the anterior femoral
urface, across the joint, to the anterior tibial sur-
ace was recorded. Both the treatment and control
rafts (single-strand hamstring tendon) were coated
ith Tisseel fibrin sealant (Baxter Healthcare, Deer-
eld, IL) immediately before insertion into the tun-
els. The fibrin sealant was supplied in 2 separate
ottles, which were to be mixed just before appli-
ation. On the treatment limb, the autologous MSCs
ere added to one of the micropipettes containing
brin sealant solution. The grafts were advanced

nto the tunnels before the fibrin sealant became
iscous, allowing the fibrin sealant to harden with
he grafts in position in the tunnel. The grafts were
utured to the periosteum using 2-0 Ethibond (Ethi-
on, Somerville, NJ) in a standard fashion on the
emoral side. Then the tibial side was sutured with
he knee in 10° of flexion and slight tensioning of

he graft. The wound was closed in layers. The
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901MESENCHYMAL STEM CELL–ENHANCED ACL GRAFTS
nimals were allowed to move freely in their cages
fter the operation.

istologic Analysis

The femur and tibia were removed, the knee joints
eft intact, and the specimens fixed in 10% buffered
ormalin. Decalcification was performed using 30%
ormic acid. The samples were embedded in paraffin
nd cut into 5-�m thick sections longitudinal to the
ony tunnels in the femur and tibia. The slides were
tained using hematoxylin and eosin, Safranin-O, and
mmunohistochemical stains for collagens type I, II,
nd III. Four knees from 2 rabbits with normal ACLs
ere harvested and prepared in a similar manner for
istologic analysis.

iomechanical Analysis

At the time of death, the femora and tibiae were
emoved, and the knee joints were carefully dis-
ected of surrounding soft tissue until the only
hysical connection between the 2 bones was the
CL tendon graft. The suture material used to se-

ure the grafts during surgery was left undisturbed.
he fresh samples were mounted on a materials

esting machine (Instron, Canton, MA) with the line
f distraction parallel to both the femoral and tibial
unnels. The specimens were cyclically loaded with
0% strain at a rate 4%/second for 20 cycles to
chieve a steady state.18 The grafts were then tested
o failure and the load at the point of failure re-
orded. Stiffness was calculated from the linear
ortion of the load-displacement curve. The loca-
ion of failure, either by pullout of the tunnel or
idsubstance graft failure, was determined by gross

xamination and analysis of the load-displacement
urves.

tatistical Analysis

Based on load-to-failure tests obtained from a pilot
tudy, the minimum number of animals was calculated
o be 10 animals in each time frame to achieve a
ower of 0.8 to detect a 50% difference at the 0.05
evel. The mean failure load and stiffness between
reatment and control groups were compared using a
aired t test for equality of means. The differences
ithin groups at the different time points were ana-

yzed with a 1-way analysis of variance. The differ-
nces between treatment groups in the frequencies of

re-sacrifice graft failure and graft pullout during l
echanical testing were cross-tabulated using the
-square test for independence.

RESULTS

ross Observations

There were 96 ACL reconstructions performed on
8 animals. There were 7 premature deaths, all occur-
ing within 9 days of surgery. Of these, 4 animals had
evere bilateral joint infections and 3 failed to thrive
ostoperatively with no evidence of joint infection on
ostmortem examination of the knees. There were no
ther joint infections observed, and the remaining 41
nimals were euthanized at the planned times. At the
ime of death, 6 of the 82 reconstructions (in 41
emaining animals) were found to have undergone
rior midsubstance graft failure, 2 in treatment and 4
n control limbs. Cross-tabulation with �-square anal-
sis identified no statistical difference in the incidence
f early graft failure between treatment and control
imbs. One specimen (treatment limb at 2 weeks) was
amaged during dissection and was excluded from
iomechanical testing.
The average length of the grafts was 6.0 cm and the

verage combined length of the tunnels was 4.0 cm.
here were no statistically significant differences be-

ween treatment and control limbs for both graft and
unnel lengths.

istologic Findings in the Control Limbs

At 2 weeks, specimens showed a distinct and wide
brovascular interface between tendon and bone
Fig 1A). This interface consisted of irregular vascular
issue and fibroblasts. No distinct areas of organized
ollagen fibers or cartilage were observed. At 4 weeks,
he zone between tendon and bone was seen to be-
ome more mature, with occasional oblique collagen
bers projecting from bone into the zone of fibrous

issue. By 8 weeks, the interface was still a distinct
ntity between tendon and bone (Fig 1B). It was
ignificantly narrower, and occasional perpendicular
ollagen fibers resembling Sharpey’s fibers were seen
ridging the gap between tendon and bone. The fi-
rous interface stained moderately on collagen type I
nd III stains, but did not contain any type II collagen.

istologic Findings in the MSC-Treated Limbs

Specimens at 2 weeks showed large crops of carti-

age cells lining the junction between tendon and
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902 J-K. LIM ET AL.
one. The cartilage cells were immature cells arranged
n large disorganized clusters around the tendon graft
Fig 2). By 4 weeks, the zone of cartilage cells ap-
eared more organized. Cartilage matrix was being
ctively produced, stained strongly on Safranin-O, and

ontained abundant type II collagen (Fig 3). The car- b
ilage cells were closely associated with surrounding
one, and a zone of cartilage was seen to gradually
lend into the tendon substance. By 8 weeks, the
artilage cells had matured into a zone of organized
artilage tissue with close apposition with adjacent

FIGURE 1. Photomicrograph
of control specimens. (A) At 2
weeks, a distinct zone of disor-
ganized fibrovascular granula-
tion tissue is observed between
tendon and bone (H&E, origi-
nal magnification �40). (B) At
8 weeks, the interface is nar-
rower, more organized, with
occasional perpendicular colla-
gen fibers crossing the junction
between tendon and bone
(H&E, original magnification
�100). (T, tendon; B, bone; IF,
interface.)
one and tendon (Fig 4). A gradual transition from
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903MESENCHYMAL STEM CELL–ENHANCED ACL GRAFTS
one, through a distinct zone of fibrocartilage, into the
endon substance was seen.

istology of Normal ACL Insertions

The normal ACL insertion was seen to be a chon-

IGURE 2. Photomicrographs
f a 2-week MSC-treated spec-
men. (A) Large collections of
artilage cells are observed lin-
ng the junction between ten-
on and bone (H&E, original
agnification �40). (B) At

igher magnification, these
ells are noted to be immature,
nd arranged in disorganized
lusters (H&E, original magni-
cation �100). (T, tendon; B,
one; C, cartilage.)
ral enthesis with 4 distinct zones (Fig 5). Tendon m
ubstance blended gradually into a zone of fibrocarti-
age with cartilaginous cells organized in columns.
his fibrocartilage then became progressively miner-
lized before blending into the bony substance of the
ibia and femur. The fibrocartilage zone contained

atrix proteoglycan that stained strongly on Safra-
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in-O, and contained abundant type II collagen on
mmunohistochemical analysis.

iomechanical Analysis

Thirty-one pairs of bilateral ACL reconstructions

ere analyzed (Table 1). The overall mean failure s
oad was 66% greater in the MSC-treated reconstruc-
ions compared with controls. The overall mean stiff-
ess during load-to-failure was 51% greater in the
SC-treated reconstructions compared with controls.

here was no difference in the mean failure load or

FIGURE 3. Photomicrograph
of a 4-week MSC-treated spec-
imen. (A) Increasing organiza-
tion of the cartilage interface is
observed with close apposition
to surrounding bone, and a dis-
tinct intermediate zone of carti-
lage blending into the tendon
graft (Safranin-O, original
magnification �100). (B) The
interface between tendon and
bone stains for collagen type II
(immunohistochemistry colla-
gen type II, original magnifica-
tion �40). (T, tendon; B, bone;
C, cartilage; IM, intermediate
zone.)
tiffness between treatment limbs at 2 weeks. At 4
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905MESENCHYMAL STEM CELL–ENHANCED ACL GRAFTS
eeks, the treated limbs showed a trend toward higher
ailure loads and stiffness than controls. At 8 weeks,
he MSC-treated reconstructions had significantly
igher failure loads and stiffness than control recon-
tructions.

IGURE 4. Photomicrographs
f an 8-week MSC-treated
pecimen. (A) A mature zone
f cartilage is observed gradu-
lly blending into the adjacent
one and tendon substance
H&E, original magnification
40). (B) At higher magnifica-

ion, the fibrocartilage cells are
een in organized columns
lending into tendon substance
H&E, original magnification
100). (T, tendon; B, bone; C,

artilage.)
Analysis of variance between time frames revealed (
o significant changes in failure load in the control
imbs over time. The control limbs showed a signifi-
ant increase in stiffness between 2 and 8 weeks. The
SC-treated reconstructions had a significant increase

n both failure load and stiffness from 2 to 8 weeks

Fig 6).
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906 J-K. LIM ET AL.
Fifteen of 34 MSC-treated limbs (44%) failed by
ullout, whereas the remainder failed by midsubstance
raft rupture. Twelve of 32 control limbs (38%) failed by

TABLE 1. Failure Load and Stiffness

Failure Load (N) Stiffness (N/mm)

Mean (95% CI) P Mean (95% CI) P

weeks (n � 11)
Control 30.9 (18-42)

.60
9.8 (6-14)

.85
MSC-treated 27.0 (14-39) 9.5 (4-15)
weeks (n � 10)
Control 30.6 (18-43)

.09
11.5 (8-15)

.10
MSC-treated 55.7 (21-90) 17.5 (11-24)
weeks (n � 10)
Control 38.1 (26-50)

.02
17.6 (14-21)

.05
MSC-treated 84.7 (46-124) 32.6 (18-47)

verall (n � 31)
Control 33.1 (27-39)

.01
12.9 (11-15)

.02
MSC-treated 54.9 (37-72) 19.5 (14-26)
b
NOTE. P values indicated the degree of statistical difference

etween control and treatment limbs on paired t testing.
ullout. �-square analysis showed no significant differ-
nce between the rates of pullout in the treatment and
ontrol reconstructions overall and in each time frame.

DISCUSSION

This study shows that MSCs may be used to bio-
ogically alter the normal healing process of hamstring
endon grafts to their surrounding bony tunnels, re-
ulting in biomechanically better ACL reconstruc-
ions. Healing of the control reconstructions occurred
n the manner previously reported by numerous au-
hors2-4,19,20 with the formation of a dense layer of
brous scar tissue containing perpendicular collagen
bers (resembling Sharpey’s fibers). The MSC–en-
anced grafts healed with a zone of intervening fibro-
artilage containing type II collagen. This zone of
brocartilage gradually transitioned from the tendon
ubstance to the surrounding bone. This mode of heal-
ng has been shown to occur in bone–patellar tendon–

IGURE 5. Photomicrographs of a normal ACL insertion. (A) This
nsertion has the appearance of a chondral enthesis, with bone
lending into tendon substance via a distinct intervening zone of
brocartilage (H&E, original magnification �40). This fibrocarti-

aginous zone stains strongly on (B) Safranin-O and consists of
bundant type II collagen on (C) immunohistochemical staining
original magnification �40). (L, ligament; B, bone; C, cartilage.)
F
i
b
fi
l
a
(

one grafts3,4,20-23 and has been suggested to be more
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907MESENCHYMAL STEM CELL–ENHANCED ACL GRAFTS
hysiologic because it resembles the chondral enthesis
f the native ACL.20 To our knowledge, this is the first
eport of the use of MSCs to enhance tendon graft
ealing. Furthermore, this is the first time that ham-
tring tendon grafts have been observed to heal with a
istinct intervening zone of fibrocartilage.
There are few reports on the use of biological sub-

tances to augment tendon graft healing in bony tun-
els. Recently, 2 reports described enhancement of
one formation and healing at the tendon-bone fibro-
ascular interface using bone morphogenic proteins.
odeo et al.1 analyzed the effect of bone morphogenic
rotein-2 in a canine model using hind limb extensor
endons transplanted into drill holes in the proximal
ibia. They reported healing with a fibrovascular in-
erface, which had more extensive bone formation
ith closer apposition of new bone to the tendon in the

reated limbs. The treatment grafts had higher pullout
trengths at all time frames, the differences of which
chieved statistical significance in the 2-week group,
ut not the 4- and 8-week groups. Most control limbs
ailed by tendon pullout through the bony tunnel,
hereas a significant number of treated grafts failed
y midsubstance failure. Anderson et al.8 performed
CL reconstructions in rabbits and applied a hetero-
eneous bone growth factor containing BMP-2,
MP-3, BMP-4, BMP-5, BMP-6, BMP-7, TGF-�1,
GF-�2, TGF-�3, and FGF-1. They reported that

reated specimens healed by a fibrovascular interface
hat showed more bony and cartilaginous formation at

IGURE 6. Mean failure load and stiffness in control and MSC-
reated reconstructions at each time frame. *A significant change
rom 2-week mean values on analysis of variance testing.
weeks. In the present study, the treated reconstruc- s
ions had higher failure loads and stiffness than con-
rols (66% and 51%, respectively), and these differ-
nces were significant both overall and at 8 weeks.
he biomechanical findings of this present study show

mprovements in graft performance comparable to that
f these 2 reports. This suggests that MSC-enhanced
steointegration by a fibrocartilaginous interface re-
ults in biomechanical properties at least matching
hat of bone protein–enhanced reconstructions.

Both Rodeo et al.1 and Anderson et al.8 used a
ollagen sponge carrier to apply the bone proteins to
he surfaces of the tendon grafts. While Rodeo et al.
etected no biomechanical differences between con-
rols with and without collagen sponge carriers, they
aised the possibility that the collagen sponge might
omehow interfere with tendon-to-bone healing. In
iew of the uncertainties regarding the contribution of
ollagen sponge carriers to tendon-to-bone healing,
e chose instead to use a fibrin glue carrier. Shoe-
aker et al.24 examined the effects of fibrin sealant on

he healing of tendons to bony tunnels in the proximal
ibia in dogs. The fibrin sealant appeared to accelerate
he organization of the fibrovascular interface in the
rst 1 to 2 weeks after surgery, but no visible histo-

ogic differences between treatment and control (no
brin sealant) were visible at 28 days. There were no

nfections or reoperations in the 12 animals studied.
hile the authors did not perform biomechanical

nalysis in that experiment, we believe that, at least
istologically, using a fibrin glue carrier both in treat-
ent and control limbs would not appreciably influ-

nce the outcome of our results.
The site of biomechanical weakness in the first 6 to

2 weeks after ACL reconstruction has been shown to
e the graft-tunnel interface in both hamstring ten-
on2,3 and bone–patellar tendon–bone3 grafts. The
ontrol reconstructions in this present study remained
he same from 2 to 4 weeks, before displaying a trend
oward improvement in failure load at 8 weeks. In
ontrast, the MSC-enhanced reconstructions showed
rogressively increased failure loads between time
rames. Assuming the MSCs were influencing primar-
ly the tendon-bone junction, we hoped to observe a
ower rate of pullout failures in the treatment group.
odeo et al.1 reported significantly lower rates of
ullout failures in the treatment groups at all time
rames. Andersen et al.8 did not observe any differ-
nces between treatment or control groups in relation
o type of failure. The results of the present study also
how no difference in the incidence of pullout failure
etween treatment and control reconstructions, while

howing significantly higher failure load and stiffness
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908 J-K. LIM ET AL.
n the MSC-treated limbs. These findings may suggest
hat, aside from the obvious histologic enhancement
f the tendon-bone junction healing, the MSCs may in
act be influencing the biomechanical properties of the
endon substance itself.

Goradia et al.25 reported that hamstring tendon au-
ografts progress through a period of relative hypocel-
ularity at 4 weeks before gradually being repopulated
y fibroblast-like cells from 8 to 12 weeks. This is
ccompanied by collagen fiber disorganization that
lowly begins to show a crimp pattern from 12 weeks
nward. MSCs have been successfully used to en-
ance tendon defect healing.26 Acceleration of fibro-
last/tenocyte repopulation of the tendon graft in the
resent study may explain the enhanced early biome-
hanical properties of reconstructions. The MSCs ap-
lied to the surface of tendon grafts may have served
s a source of additional recruitable fibroblast-like
ells for tendon repopulation, or they may have been
nvolved in activation and recruitment of local fibro-
last precursors.
Hamstring grafts have been associated with a higher

ncidence of bony tunnel widening27-29 and the devel-
pment of graft laxity in the medium-term in some
eports.30,31 Tunnel widening in hamstring ACL re-
onstruction has been postulated to result from graft
xation points being further away from the joint sur-
ace.27 However, recent reports suggest that femoral
unnel widening still occurs in hamstring tendon grafts
ith anatomic fixation,32 whereas bone–patellar ten-
on–bone grafts have less tunnel widening, even
hen femoral suspensory fixation is used.31 The find-

ngs of these reports suggest that tunnel widening may
n fact be related to the differences in healing of
amstring and bone–patellar tendon–bone grafts to
heir surrounding bony tunnels. By modifying the
ealing process and creating a more physiologic ten-
on-bone interface, MSC-enhanced ACL grafts may
e less likely to develop tunnel widening.
We chose to use a rabbit model of ACL reconstruc-

ion. This is a model that has been validated in previ-
us reports in the literature.8,22,33-39 The mortality
14%) and infection rates (8%) were comparable to
hose reported in previous studies (0 to 17% and 0 to
%, respectively).8,33,35,36,38 Six of 82 reconstructions
7%) were found to have failed at the time of death.
akai et al.38 reported that 2 of 27 reconstructions
7%) had unrecordable force measurements. Simi-
arly, Anderson et al.8 reported that 2 of 84 reconstruc-
ions (2%) were grossly atrophic and resulted in un-
ecordable force measurements on biomechanical

esting. We did not perform control reconstructions l
ithout fibrin glue, and cannot comment whether the
se of fibrin as a carrier might have contributed to
hese findings. Although there were statistically sig-
ificant differences between treatment and control
imbs in biomechanical testing, the range of test re-
ults was wide, with standard errors of between 8%
nd 27% of the mean failure load and stiffness in each
ime frame. We believe this is an inherent problem
ith the use of small animal models of ACL recon-

truction and previous studies4,8,38 have also reported
wide range in their biomechanical results. More

ccurate and reliable testing may have been achieved
ith the use of a larger animal model, such as sheep or
og. Nonetheless, the range of values for force and
tiffness in our study are similar to those obtained by
ther investigators performing ACL reconstructions
n rabbits4,8,33,35,38 and, thus, useful comparisons and
onclusions may still be drawn.

There are several other limitations of this study.
irst, we did not perform the experiment with labeled
SCs. We are thus unable to comment on whether the

brocartilage interface formed originated from the
SCs themselves, or whether this cartilage originated

rom cells recruited locally. Analysis of the fate of the
SCs with green fluorescent protein labeling is the

ubject of a subsequent experiment by our group.
Second, we chose to analyze our results at and

efore 8 weeks because the original intention of the
xperiment was to detect acceleration of early healing
hen tendon grafts are known to fail at the tendon-
raft junction. However, with the discovery that the
SC-enhanced reconstructions healed by fibrocarti-

age rather than granulation tissue, it would have been
esirable to observe the histologic appearances of
hese fibrocartilaginous tendon-bone junctions at in-
ervals even up to a year after surgery. Longer time
rames would have also allowed us to document
hether the histologic and biomechanical differences
etween treatment and control limbs remain the same
r diminish over time.
Last, the mean failure loads of the control recon-

tructions in this present study did not increase signif-
cantly over the 8 weeks of the experiment. Some have
eported an increase in failure loads in control recon-
tructions from 2 to 8 weeks.1,3,4 The fact that the
ontrol reconstructions did not change in strength may
ave accentuated the differences in results between
reatment and control limbs at 4 and 8 weeks. None-
heless, the biomechanical behavior of the control
imbs in this present study is similar to that of several
ther reports2,8,33 that also found no increase in failure

oads in the initial 8 to 12 weeks.



fi
c
e
m
e
a
r
t
t
s
t

a
D
p

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3
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CONCLUSIONS

Applying MSCs to tendon grafts results in a zone of
brocartilage at the graft-tendon junction that more
losely resembles that of the normal ACL chondral
nthesis. These enhanced grafts have improved bio-
echanical properties compared with controls and

xhibit a rapid and significant increase in failure load
nd stiffness in the first 8 weeks following ACL
econstruction. Further research is required to evaluate
his novel method of enhancing tendon-graft os-
eointegration, which offers more physiologic healing,
tronger reconstructions, and an earlier return to ac-
ivity.
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