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The natural history of the anterior cruciate ligament (ACL)
graft has been documented using histologic, biochemical,
and microvascular techniques.1,2,3 These studies have shown
that the grafted tendon undergoes avascular necrosis,
revascularization, cellular proliferation, and matrix remod-
eling after ACL reconstruction. The canine study by
Arnoczky et al2 using a microvascular technique has shown
that revascularization in the grafted tendon is not complete
until 20 weeks after ACL reconstruction, although the
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transplanted graft is surrounded by a vascular synovial
sheath as early as several weeks postoperatively. With dam-
age to any tissue, cell infiltration from the blood system is
thought to be required for tissue healing.7 The lack of vas-
cularity within the ACL graft may induce stretch, rupture,
or alteration in material properties of the grafted tendon
during the postoperative rehabilitation period. Therefore,
revascularization in the grafted tendon is required if the
graft is to remain a viable substitute for the ACL.

Vascular endothelial growth factor (VEGF) is a potent
mediator of angiogenesis that involves activation, migra-
tion, and proliferation of endothelial cells in various patho-
logic conditions.8,23 Dodge-Khatami et al5 reported that the
treatment of free tracheal autografts with VEGF in a rabbit
tracheal reconstruction model enhanced healing, as evi-
denced by accelerated autograft revascularization, reduced
submucosal fibrosis and inflammation, and preservation of
the normal tracheal architecture. Therefore, there is a high
possibility that an application of VEGF to the necrotized
tendon graft enhances angiogenesis in the graft. We previ-
ously revealed that VEGF significantly promotes angio-
genesis in the devitalized ACL with in situ freeze-thaw
treatment, but it does not affect the mechanical properties
of the in situ frozen-thawed ACL in the rabbit model.11 It is,
however, unknown whether an application of VEGF affects
the grafted tendon in ACL reconstruction.

Based on the findings of our previous study using an in
situ frozen-thawed ACL model, we have hypothesized that
an application of VEGF enhances angiogenesis in the
grafted tendon in ACL reconstruction and that the appli-
cation does not affect mechanical characteristics of the
ACL graft. The purpose of this study was to test these
hypotheses by the sheep ACL reconstruction model using
the autogenous semitendinosus tendon graft.

MATERIALS AND METHODS

Experimental Design

Eighteen mature female sheep (Suffolk) weighing 55 to 65 kg
were obtained from a licensed laboratory animal dealer.These
sheep were divided into 2 groups. In group I (n = 9), the semi-
tendinosus tendon harvested from the right leg was soaked in
recombinant human VEGF (VEGF165; R&D Systems,
Minneapolis, Minn) (5 µg/mL) with 10-mL phosphate-
buffered saline (PBS) for 15 minutes, and the right knee then
underwent ACL reconstruction using this semitendinosus
tendon. In group II (n = 9), the right knee underwent identi-
cal procedures to those of group I except that the harvested
tendon was soaked in 10-mL PBS instead of recombinant
VEGF with 10-mL PBS. All animals were sacrificed 12 weeks
after ACL reconstruction.Animals were used for the following
histologic and biomechanical evaluations.

Surgical Procedure

All animal experiments were performed in the Institute of
Animal Experimentation of Hokkaido University School of

Medicine under the University Rules and Regulation of
Animal Care and Use Committee. Anesthesia was induced
intravenously with ketamine hydrochloride. After intuba-
tion, anesthesia was maintained with halothane. The right
hindlimb was shaved and prepared in the standard sterile
fashion.

All surgeries were performed by one of the authors (T.K.)
who has 16 years’ experience of veterinary surgery, in partic-
ular, in the knee joint. After a lateral parapatellar arthrotomy
was performed at the right knee, an ACL was excised to iden-
tify its insertion sites of the femur and the tibia.The bone tun-
nels in the femur and the tibia were made at the centers of
the insertion sites of the ACL. The tibial tunnel was reamed
to 7 mm over a guide pin. For the femoral tunnel, a 4-mm can-
nulated drill bit was inserted over a guide pin and a 7-mm
reamer was inserted for 20 mm from the inside of the knee
joint. Through an additional medial skin incision, the inser-
tion of the semitendinosus tendon was exposed and the semi-
tendinosus tendon was separated from the musculotendinous
junction of the semitendinosus and was sharply dissected
from its insertion of the tibia. In group I, the harvested ten-
don was immersed in a VEGF solution (5 µg/mL) for 15 min-
utes. The concentration of VEGF was chosen according to the
previous in vivo study which showed that the immersion of
tracheal autograft in a 5 µg/mL VEGF solution improved
healing of the tracheal defect in the rabbit model.5 After the
semitendinosus tendon graft was soaked in a VEGF solution,
the graft was doubled over a polyester tape (Endotape, Smith
& Nephew, Andover, Mass). The tape was placed through an
Endobutton (Smith & Nephew, Andover, Mass) and tied with
a 3-throw square knot at a length so that 15 mm of graft was
placed within the femoral tunnel.Two No. 3 Ethibond sutures
were passed through each end of the tendon grafts in an
interdigitating whipstitch fashion. The length and the diame-
ter of the graft were approximately 5 cm and 6 mm, respec-
tively. The graft was tethered to the femur by the Endobutton
in the inside-out fashion. After passive flexion-extension of
the knee several times, 40 N of tensile load was applied to the
sutures connected to the ends of the doubled tendon for 2 min-
utes at 60° of knee flexion, and then the sutures were fixed to
the tibia at the same position under the initial tension of 40
N using a spiked plate (double-spike plate, Smith & Nephew,
Andover, Mass). The incision was closed routinely in layers
beginning with the deep fascia of the vastus lateralis muscle.
In group II, the same procedures as in group I were performed
except that the grafted tendon graft was soaked in PBS
instead of VEGF solution. Bulky cotton dressing was applied
and removed 48 hours after surgery.

To evaluate the mechanical characteristics of the knee
at time zero, we performed a pilot study to evaluate the
anterior-posterior (A-P) translation of the knees immedi-
ately after ACL reconstruction under an A-P force of ±50 N
(n = 3 for each group). This pilot study showed that the A-
P translation values between the knees immediately after
ACL reconstruction in group I were 5.8 ± 0.7 mm, 7.0 ± 0.3
mm, and 5.6 ± 0.9 mm at 30°, 60°, and 90° of flexion,
respectively, while those in group II were 5.5 ± 0.9 mm,
6.6 ± 1.8 mm, and 4.8 ± 1.6 mm at 30°, 60°, and 90° of flex-
ion, respectively.
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Postoperative Management

Postoperatively, the animals were returned to their cages
(2 m × 2 m) and were allowed to put full weight on their
limbs without restriction of motion. At day 6 after the sur-
gery, they were allowed to roam freely in a fenced area
(approximately 50 m2) and to walk around outdoors for 2
h/d. At 12 weeks after ACL reconstruction, animals were
sacrificed by an overdose of potassium chloride after gen-
eral anesthesia with ketamine hydrochloride. Immediately
after the death of the animals, gross assessment of all
grafts was performed by 1 investigator (T.Y.) who was
unaware of treatment type. In each group, 2 and 6 animals
were used for the following histologic and biomechanical
evaluations, respectively, since 1 animal was lost for fur-
ther evaluation in each group because of purulent dis-
charge in the operated knee.

Histologic Examination

Tissue samples were taken from the intra-articular
portion of the graft. Samples were fixed in 5% buffered for-
malin at room temperature for 48 hours. Thereafter, speci-
mens were dehydrated and embedded in paraffin. The
4-µm thick longitudinal sections were cut and mounted on
slides coated with 3% silane (Sigma Chemical, St Louis,
Mo). The sections were stained with hematoxylin and eosin
(H&E) stain and immunostained with monoclonal anti-
human α-smooth muscle actin (Dako, Glostrup, Denmark)
for detecting the middle layer of blood vessels. Histologic
assessment of the graft was performed by 1 investigator
(H.T.), who was unaware of treatment type. For each graft,
3 sections with H&E stain and 2 sections immunostained
with α-smooth muscle actin were subjectively evaluated
for cellularity and vascularity of the graft, respectively.

Mechanical Evaluation

The knees were harvested, leaving the joint capsule, the col-
lateral ligaments, the menisci, and the cruciate ligaments
intact. The specimens were wrapped in saline-soaked gauze
and were stored at –32°C until testing. Twelve hours before
testing, the knees were thawed at 4°C. The tibial and femoral
bone ends were cleaned of all remaining soft tissue and
were embedded in aluminum cylinders using polymethyl-
methacrylate. During all preparations and testing, speci-
mens were kept moist with saline spray. The drawer test was
performed in 30°, 60°, and 90° of flexion and neutral rotation
with an A-P femoral load application. The knee was mounted
to a custom-made adjusting device with 3 degrees of freedom
(translations in the anterior-posterior, medial-lateral, and
proximal-distal directions) in a materials testing machine
(RTC-1210, Orientec, Okabe, Japan).20 To determine neutral
knee position, an A-P force of 25 N in both directions was
applied. The construct was then adjusted in a way so that the
area of linear laxity in the hysteresis curve was parallel to the
x-axis. After adjustment, an A-P force of ±100 N was applied
15 times with a load displacement rate of 50 mm/min. The
hysteresis curve was recorded by an X-Y recorder (Model

3023, Yokokawa Engineering, Tokyo, Japan) after the hys-
teresis curves became constant, and the A-P displace-
ment between ±100-N A-P forces was quantified.

After A-P drawer testing, all soft tissue, including the
menisci, was removed, leaving only the grafted tendon. In
addition, a distal part of the medial femoral condyle was
removed so that the entire intra-articular portion of the
grafted tendon was visible. The cross-sectional area of the
graft was measured at the middle level of the intra-articular
portion of the graft by a noncontact optical method with a
video dimension analyzer (HTV-C1170, Hamamatsu
Photonics, Tokyo, Japan).17,21 We evaluated the precision of
this cross-sectional area measurement by measuring the
cross-sectional area of a stainless steel bar having the circu-
lar cross-section with 8.0-mm diameter and found that the
95% confidence interval (CI) of the precision of this method
was 0.08 ± 0.33 mm2. The femur-graft-tibia (FGT) complex
was attached to a set of specially designed grips in the same
materials testing machine for A-P drawer testing (RTC-1210,
Orientec, Okabe, Japan), so that the tibia was positioned to
allow tensile loading aligned with the long axis of the graft at
30° of knee flexion. Before the tensile test, the specimen was
preconditioned with a static preload of 5 N for 10 minutes, fol-
lowed by 10 cycles of loading and unloading with a strain of
0.5% at the crosshead speed of 50 mm/min. Then, the FGT
complex underwent tensile testing at the crosshead speed of
50 mm/min until the FGT complex failed.

Statistical Analysis

All data are reported as the mean and standard deviation
values. Statistical analyses concerning the cross-sectional
area and the structural properties of the FGT complex were
made using a 1-way analysis of variance (ANOVA). To com-
pare the A-P translation among the normal control knees
and groups I and II, a 2-way ANOVA with repeat measures
was performed. When a significant effect was obtained,
Fisher protected least significant difference tests were con-
ducted for multiple comparisons. Significance level was set
at P = .05.

RESULTS

Morphologic Observation

At the death of the animals, we noted swelling of the operated
knee with purulent discharge in 1 case for each group. In the
other animals, we confirmed that there were no findings indi-
cating infection of the knee joint, for example, swelling or
purulent discharge. Therefore, these 2 animals were excluded
from further evaluations, and we performed histologic and
biomechanical evaluations for 2 and 6 animals in each group,
respectively. During the specimen preparation for mechanical
testing, we morphologically observed the structures of the
knee joint for each specimen. The grafted tendons were
enveloped by synovium-like tissues in the intercondylar notch
of both groups. These synovium-like tissues were generally
thicker and more abundantly vascularized in group I than in
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group II (Figure 1). There were no obvious degenerative
changes on the articular cartilage and no tear of the menisci
in any animal 12 weeks after ACL reconstruction. Concerning
the cross-sectional area of the ACL or the graft at 12 weeks
after the surgery, we did not detect statistically significant dif-
ferences among the normal control (44 ± 7 mm2), group I
(62 ± 31 mm2), and group II (55 ± 16 mm2) (P = .566, power
(1 – β) = 0.125). The mean difference between groups I and II
was 7.6 mm2 (95% CI, –32.3 mm2 to 32.3 mm2) (P = .613).

Histologically, fibroblasts were uniformly scattered in the
core portion of the grafted tendon graft at 12 weeks after

ACL reconstruction in group I (Figure 2A). On the other
hand, necrotic portions still existed in the tendon graft
at the same period in group II (Figure 2B). In the actin-
immunostained sections, a number of vessel formations
were frequently found in several superficial portions with
disorganized collagen fibers in the tendon graft in group
I (Figure 2C). The number of blood vessels in the grafted
tendon was obviously greater in group I than in group II
(Figures 2 C and D).

Biomechanical Evaluation

Concerning A-P translation of the tibia relative to the
femur under ±100 N of A-P load, a 2-way ANOVA with
repeated measures showed significant differences among
the normal controls and groups I and II (P = .001, 1 – β =
1.000), although there was no statistical effect of the
flexion angle of the knee (P = .278, 1 – β = 0.259) or the
interaction effect between grouping and the flexion angle
(P = .760, 1 – β = 0.145). The A-P translation of the tibia
relative to the femur in group I was significantly larger
than that in group II by 2.58 mm (95% CI, –1.76 mm to
1.76 mm) (P = .002) (Figure 3). The values in groups I and
II were significantly larger than that of the normal control
knees (group I, P = .001; group II, P = .001). The side-to-
side differences of A-P translation of the tibia relative to
the femur under ±100 N of A-P load in group I were 6.4 ±
2.6 mm, 8.6 ± 3.9 mm, and 7.4 ± 3.5 mm at 30°, 60°, and 90°
of flexion, respectively, while those in group II were 5.2 ±
1.5 mm, 5.1 ± 1.4 mm, and 4.4 ± 0.4 mm at 30°, 60°, and 90°
of flexion, respectively. A 2-way ANOVA with repeat meas-
ures showed significant differences between groups I and II
(P = .005, 1 – β = 1.000), although there was no statistically
significant effect of the flexion angle of the knee (P = .598,

Figure 1. Gross appearances of the grafted tendons 12 weeks
after ACL reconstruction in groups I (A, with vascular endothe-
lial growth factor [VEGF] application) and II (B, without VEGF
application). The grafted tendons were enveloped by syn-
ovium-like tissues (arrows) in the intercondylar notch of both
groups. The synovium-like tissues were thicker in group I than
in group II.
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Figure 3. Anterior-posterior (A-P) translation of the tibia rela-
tive to the femur between ±100 N anterior-posterior load at
30°, 60°, and 90° of knee flexion. A 2-way ANOVA with repeat
measures showed significant differences among the normal
control and groups I and II (P = .001), although there was no
statistically significant effect of the flexion angle of the knee
(P = .278) or the interaction effect between grouping and the
flexion angle (P = .760).

Figure 2. Histologic findings of the grafted tendons 12 weeks
after ACL reconstruction with hematoxylin and eosin stain
(×100) (A, group I; B, group II) and actin immunostain (×75)
(C, group I; D, group II) for detecting the middle tunica of
blood vessels.
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1 – β = 0.102) or the interaction effect between grouping
and the flexion angle (P = .730, 1 – β = 0.155).

At the failure tests to determine the structural properties
of the FGT complex, all grafts failed at the midsubstance por-
tion during tensile testing, while all normal ACL specimens
had avulsion fractures at the tibial insertion sites. A 1-way
ANOVA demonstrated significant differences in the linear

stiffness, the ultimate failure load, and the energy absorbed
at failure among the normal controls and groups I and II (the
linear stiffness: P = .001, 1 – β = 1.000; the ultimate failure
load: P = .001, 1 – β = 1.000; the absorbed energy at failure:
P = .049, 1 – β = 0.586), although there were no significant
differences in the elongation at the failure (P = .721, 1 – β =
0.091) (Figure 4). The linear stiffness of the FGT complex
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Figure 4. Structural properties of the femur-graft-tibia complex. A, the linear stiffness; B, the ultimate failure load; C, the
absorbed energy; D, elongation at failure. A 1-way ANOVA demonstrated significant differences in the linear stiffness, the ulti-
mate failure load, and the energy absorbed at failure among the normal control and groups I and II (the linear stiffness, P = .001;
the ultimate failure load, P = .001; the absorbed energy at failure, P = .049), although there were no significant differences in the
elongation at the failure (P = .721).
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in group I was significantly lower than that in group II
by 41.5 N/mm (95% CI, –32.2 N/mm to 32.3 N/mm)
(P = .038) (Figure 4A). The stiffness values of groups I and
II were significantly lower than that of the normal complex
(group I, P = .001; group II, P = .001). The average ultimate
failure load was lower in group I than in group II by 87 N
(95% CI, –135 N to 135 N), although we could not find a
significant difference (P = .154) (Figure 4B). The ultimate
load values of groups I and II were significantly lower than
that of the normal complex (group I, P = .001; group II,
P = .001). The energy absorbed at failure of groups I and II
was significantly lower than that of the normal complex
(group I, P = .026; group II, P = .025), while there were no
significant differences between groups I and II (P = .977)
(Figure 4C).

DISCUSSION

In this study, we tested the following 2 hypotheses. The first
hypothesis was that soaking the hamstring tendon graft in a
VEGF solution stimulates angiogenesis in the graft after
ACL reconstruction; and the second hypothesis was that
soaking the graft in a VEGF solution does not affect the
mechanical characteristics of the graft after ACL reconstruc-
tion. The gross appearance of the grafts in the present study
showed that soaking the graft in the VEGF solution promoted
a remarkable increase of synovial tissue with hypervascular-
ity around the graft 12 weeks after ACL reconstruction, and
our histologic observation indicated that soaking the graft in
the VEGF solution stimulated angiogenesis and cellular
infiltration in the tendon grafted at the same period.
Therefore, the present study suggested that the first hypoth-
esis is true. On the other hand, our biomechanical evaluation
showed that the linear stiffness of the FGT complex soaked
in the VEGF solution was significantly lower than in the
complex soaked in PBS solution at 12 weeks after ACL recon-
struction, although we could not show the statistical differ-
ence in the ultimate failure load between the grafts after
soaking in the VEGF solution and PBS. In addition, the A-P
translation of the knee in group I was significantly larger
than that in group II. Therefore, the present study denied the
second hypothesis, showing that soaking the graft in the
VEGF solution increased the knee laxity and decreased the
graft stiffness, at least temporarily, after ACL reconstruction.

There are several limitations in the present study. The
first limitation is that we evaluated the semitendinosus ten-
don graft only 12 weeks after ACL reconstruction. There-
fore, it remains unknown if the adverse effect of VEGF
administration on mechanical strength of an ACL graft at
12 weeks diminishes over time or not. A further long-term
study should be conducted to clarify if the adverse effect of
VEGF administration on mechanical strength of an ACL
graft is temporal.

Second, we used only a single concentration of VEGF solu-
tion to apply VEGF to the tendon graft in the present study.
Dodge-Khatami et al5 reported that an excised portion of
trachea was soaked in 5 µg/mL VEGF solution for 15 min-
utes before being reimplanted in the resultant tracheal

opening in a rabbit model of tracheal reconstruction and
that this topical treatment of free tracheal autografts with
VEGF enhanced healing, as evidenced by accelerated auto-
graft revascularization and reduced submucosal fibrosis and
inflammation and caused preservation of the normal tra-
cheal architecture. In the present study, we soaked the ten-
don graft in VEGF solution in the same condition as the
study of Dodge-Khatami et al,5 5 µg/mL VEGF solution for
15 minutes before ACL reconstruction. We found that ten-
don autografts with VEGF-enhanced revascularization had
a decrease in the stiffness 12 weeks after implantation.
However, we cannot refer these findings of the present study
to VEGF treatment of tendon autografts with different con-
centrations of VEGF solution or different soaking times. We
need to examine the dose-dependent effects of the mechani-
cal characteristics of the ACL graft.

The third limitation is that we did not measure changes in
the VEGF concentration in the ACL graft after its implanta-
tion. Concerning the diffusion of VEGF in the tissue, Dodge-
Khatami et al6 immunohistologically examined VEGF
localization in the tracheal specimens soaked in different
concentrations of VEGF solution— 2, 5, and 10 µg/mL—and
for different soaking durations—1, 5, 15, 30, and 45 minutes.
They found that intense staining in the subepithelial layer
was similarly achieved with 5 mg/mL at 30 minutes of expo-
sure or longer and with 10 mg/mL at 15 minutes or longer.
They also found that at the lower concentration of 2 mg/mL,
no detectable staining was noted until 30 minutes and then
only lightly in the superficial epithelial layer. The diffusion of
VEGF into the tendon, one of the densest collagenous con-
nective tissues, is likely slower than that of these tracheal
specimens. Therefore, we assume that the concentration of
VEGF solution was too low to achieve the equilibrium state
of the VEGF diffusion in the tendon graft within 15 minutes.
This may be one of the reasons that the group with VEGF,
group I, had large standard deviations in mechanical param-
eters. However, we clearly found that even this concentration
of VEGF significantly affected some of the mechanical
parameters of the tendon graft with the enhancement of
angiogenesis surrounding the graft.

The fourth limitation is the difficulty of ACL reconstruc-
tion in sheep knee joints. Different surgical results might
induce some errors in histologic or biomechanical evalua-
tions. In the present study, a single veterinary surgeon
with 16 years’ experience of veterinary surgery performed
ACL reconstruction surgeries. The small deviation of the
A-P translation in the control group, group II, reflects high
repeatability of the surgeries in the present study. On the
other hand, the deviation of the A-P translation in group I
was larger than that in group II. We speculate that the dif-
ference in biological responsiveness to VEGF among the
animals might induce the large standard deviation of A-P
translation in group I compared with that in group II.

The fifth limitation of the present study is that our his-
tologic assessment was subjective. However, gross assess-
ment of the grafts showed that all 8 grafts with VEGF
application were enveloped by thick synovium-like tissues
with hypervascularity, while all grafts without VEGF
application were enveloped by thin synovium-like tissues
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without hypervascularity. Therefore, we believe these subjec-
tive macrofindings and microfindings of the graft suggest that
soaking the hamstring graft in VEGF solution stimulates
angiogenesis in the graft after ACL reconstruction.

The sixth limitation of the present study is the low num-
ber of specimens for histologic examination. Concerning the
effect of local administration of VEGF on the vascularity in
the ACL graft, we previously reported that local administra-
tion of the VEGF enhances the vascularity in the in situ
frozen-thawed rabbit ACL, the ideal ACL reconstruction
model, at 3, 6, and 12 weeks after surgery, by quantitative
assessment of vascularity with an acceptable number of the
experimental animals.11 In the present study, we only con-
firmed the angiogenic effect of VEGF application on the graft
after sheep ACL reconstruction using subjective assessment
because we have already proved the angiogenic effect of
VEGF application on the ACL after necrosis using an alter-
native model with rabbits. On the other hand, our previous
rabbit study failed to find significant effects of VEGF on
mechanical properties of the rabbit ACL after the freeze-
thaw treatment. Therefore, we attempted to determine the
effect of VEGF application on the graft using the sheep ACL
reconstruction model. In spite of these limitations, however,
we believe that the present study has provided useful infor-
mation concerning the basic science of ACL reconstruction.

Vascular endothelial growth factor stimulates endothelial
cells to migrate, proliferate, and form tubes in vitro.8,10,23 In
vivo VEGF also functions as an endogenous stimulator of
both angiogenesis and increased vascular permeabil-
ity.4,5,6,14,15 We previously investigated the effects of VEGF
administration on angiogenesis in the rabbit ACL after the in
situ freeze-thaw treatment,11 even though devitalizes the
ACL in situ as a model of an ideal ACL graft. In this previous
study, we found that the local administration of VEGF signif-
icantly stimulated angiogenesis in the ACL after necrosis.
The histologic findings of the present study were consistent
with our previous study using the in situ frozen-thawed ACL
model,11 even though we did not attempt to quantitatively
assess angiogenesis in the ACL graft in the present study due
to small sample size, 2 animals for each group.

Concerning the measurement of A-P translation, we did not
allow all rotation motions of the knee during testing. The
design of the device that we used for A-P translation meas-
urement is based on that reported by Sullivan et al.19 In fact,
it is possible to measure A-P translation in 5 degrees of free-
dom using this device. Actually, we adjusted the knee speci-
mens at the setting zero-point position at each flexion angle
in 5 degrees of freedom and then constrained all rotations of
the knee specimens during A-P loading. We constrained all
rotations of the knee specimens during testing for the follow-
ing reason: If we allow the rotational motions during loading,
we cannot apply load to the tibia constantly in the anterior
direction relative to the tibia because the anterior-posterior
axis changes depending on the rotational motions of the tibia,
as described in the joint coordinate system by Grood and
Suntay.9 However, this condition is dissimilar to the clinical
situation of instrumented measurement of A-P translation.
During the instrumented measurement of A-P translation in
clinical practice, the load to the lower leg is usually applied in
the anterior direction relative to the tibia.

We do not know exactly why our VEGF application reduced
the stiffness of the grafted tendon after ACL reconstruction.
Shrive et al18 described in the medial collateral ligament
injury model in the rabbit that the area of newly formed ves-
sels, infiltrative cells, and disorderly arranged collagen fibers
in the scar tissue was inversely correlated with mechanical
strength of the scar tissue and that a number of newly formed
vessels and infiltrative cells might act as “flaws” and enhance
the deterioration of the mechanical property of the grafted
tendon. Therefore, a number of newly formed vessels and
infiltrative cells, which VEGF administration induced in the
ACL graft, might deteriorate mechanical properties of the
ACL graft as soft tissue flaws. In addition, it was reported
that VEGF promotes matrix metalloproteinases (MMPs) pro-
duction by some types of cells.8,13,16,23 Therefore, VEGF-
induced MMPs directly might digest the matrix of the graft.

Biomechanical findings of the present study in the sheep
ACL reconstruction model were different from those of our
previous study in the rabbit in situ frozen-thawed ACL
model,11 even though both of these studies indicated recom-
binant VEGF application stimulated angiogenesis in the
ACL graft or the ACL after necrosis. That is, the adverse
effects of VEGF on mechanical characteristics were greater
in the present study than in the rabbit in situ frozen-thawed
ACL. There were several possible reasons for this difference.
The first possibility was that biological differences between
the free tendon graft model and the in situ frozen-thawed
ACL model induced a different effect on the mechanical
characteristics of the ACL graft. The in situ frozen-thawed
ACL model did not make any bone tunnels. Therefore, the
inflammation in the knee joint was considered to be
extremely severe in the ACL reconstruction model with a
free tendon graft compared with the in situ frozen-thawed
ACL model. The inflammation in the knee joint might
enhance the biological adverse effects of VEGF on mechani-
cal characteristics of the ACL graft. In addition, there might
be some contribution from bone marrow–derived cells to the
adverse effects of VEGF on mechanical characteristics of the
ACL graft. The second possibility was the difference in the
method for recombinant VEGF application between these
studies. In our previous rabbit in situ frozen-thawed ACL
study, we applied recombinant VEGF to the ACL via a single
injection to the knee joint, while in the present free graft
study, we soaked the graft in the VEFG solution for 15 min-
utes. The soaking in the VEGF solution might be more effec-
tive than a single intra-articular injection of the VEGF for
the tissue. The third possibility was the adverse effect of
VEGF on the healing in the bone tunnel. The in situ frozen-
thawed model cannot evaluate the graft healing in the bone
tunnels. In the present study, we biomechanically evaluated
the FGT complex. Therefore, the VEGF might mainly deteri-
orate mechanical characteristics of the graft-bone interfaces
rather than the graft substance. This third possibility was,
however, unlikely because all grafted tendons failed at mid-
substances of the ACL graft 12 weeks after the surgery dur-
ing failure tensile testing. Although we do not know an exact
reason for the difference in the adverse effects of VEGF on
the ACL graft, we consider that clinical ACL reconstruction
cases are more similar to the present sheep reconstruction
model than the rabbit in situ frozen-thawed ACL model.
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As to clinical relevance, VEGF is widely used for patients
with extensive tissue ischemia in whom primary vascular
reconstruction procedures are not feasible or previously
failed in clinical trials.12 Early clinical data provide evidence
that the VEGF application can achieve beneficial angiogen-
esis with minimal side effects. The present study implies
that an application of the recombinant VEGF therapy can
supposedly enhance revascularization in the graft as well as
cellular infiltration after ACL reconstruction. On the other
hand, the present biomechanical results have indicated that
exogenous VEGF application decreases the stiffness of the
grafted tendon at least temporarily after ACL reconstruc-
tion. Therefore, if we intend to apply exogenous VEGF as a
treatment to accelerate angiogenesis and cellular infiltra-
tion in the tendon graft for ACL reconstruction, we should
take into account this adverse effect of exogenous VEGF
application on the mechanical characteristics of the grafted
tendon.
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