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igned to compare peri-graft bone mass and microarchitecture with tendon-to-
bone (T–B) attachment strength after anterior cruciate ligament (ACL) reconstruction in a rabbit model.
Surgical reconstruction using digital extensor tendon in bone tunnel was performed on 58 rabbits. Forty-two
of the 58 rabbits were sacrificed at week 0, 2, 6 and 12 after operation respectively. The femur–graft–tibia
complexes were harvested for pQCT and micro-CT examination to characterize the spatiotemporal changes of
peri-graft bone in T–B healing in conjunction with histological examination. The remaining 16 rabbits were
euthanized at week 6 and 12 postoperatively (i.e. 8 rabbits for each time point) for pull-out test after micro-
CT examination to investigate the relationship between the T–B attachment strength and peri-graft bone
mass/microarchitecture. Peri-graft BMD, BV/TV and connectivity was significantly lower at week 6 than those
at time zero although there were no significant changes detected in the first 2 postoperative weeks. In
addition, peri-graft bone mass and connectivity was significantly lower on the tibial side than those on the
femoral side; and osteoclasts accumulated on the surface of peri-graft bone. Grafted tendon was prone to be
pulled out from the tibial tunnel with bone attachment; the weakest point of the complexes shifted from the
healing interface at time zero to peri-graft bone at week 6 after operation. With reverse of peri-graft bone at
week 12 postoperatively, the weakest point shifted to the intra-osseous tendinous portion. The stiffness of T–
B attachment correlated with peri-graft BV/TV (r2 = 0.68, p = 0.001) and connectivity (r2 = 0.47, p =
0.013) at week 6 after operation. T–B healing was a highly dynamic process of emergence and maintenance
of peri-graft bone. T–B attachment strength was in relation to peri-graft bone mass and connectivity after
ACL reconstruction. The measurement of peri-graft bone should be useful to monitor the quality of T–B
healing and guide the postoperative rehabilitation.

© 2008 Elsevier Inc. All rights reserved.
Introduction
Anterior cruciate ligament (ACL) rupture is one of the most
common knee injuries in sports medicine. Surgical reconstruction
using tendon graft in bone tunnel is frequently performed to restore
knee integrity and stability [1]. Tendon–bone (T–B) healing and its
attachment strength is the deterministic factor for the outcome of
ACL reconstruction [2]. Prediction of T–B healing and its attachment
strength is an issue of major clinical importance for the guidance of
postoperative rehabilitation and return to activity.

Grassman et al. found that T–B healing in trabeculae-rich femoral
tunnel was better than in themarrow-rich tibial tunnel [3]. Recently, it
was reported that a decrease of T–B attachment strength was
accompanied by bone mineral loss within 6 weeks postoperatively
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in a phalangeal bone tunnel of canine [4,5]. Those findings indicated
the potential relationships between the quality and quantity of peri-
graft bone and T–B healing.

Bone mineral and microarchitecture at a native tendon/ligament-
to-bone attachment site play a role in load transfer from tendon/
ligament-to-bone [6–10]. It was revealed that bone mineral gradient
across ligament-to-bone (L–B) attachment corresponded to regional
mechanical properties [6]. Loss of bonemineral at L–B attachment site
resulted in impairment of L–B mechanical properties [9,10]. Recently,
it was observed that the force of Achilles tendon was transmitted
through anisotropic trabeculae to plantar fascia [7]. Changes of
microarchitecture of trabeculae indicated the initiation of disorders
at T–B attachment site [8]. Naturally, there are no sites in human,
where a tendon or ligament goes into a bone tunnel; therefore, there is
no native situation analogous to the attachment site of grafted
tendon-to-tunneled bone [11]. It remains unknown whether the
strength of T–B attachment inside a tunnel was related to bone
mineral and microarchitecture in the vicinity of a grafted tendon after
ACL reconstruction.
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Fig.1. pQCT scan and examination. (A) Distal femur and proximal tibiawere scanned perpendicular to the long axis of limb; (B and C) One representative slice in themiddle portion of
bone tunnel was selected from the tibial (B) and from the femoral side (C) for analysis. On each slice, bone mineral density (within the dotted line) and bone tunnel area (within
circle) were measured.
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The present study was designed to investigate spatiotemporal
changes of BMD and bonemicroarchitecture in the vicinity of a grafted
tendon postoperatively using both pQCT and micro-CT, and compare
radiological findings with the pull-out strength of the tendon graft in
an ACL reconstruction rabbit model. We hypothesized that the pull-
out strength of T–B attachment inside a tunnel related to peri-graft
bone mass and microarchitecture after ACL reconstruction. Accord-
ingly, the findings of the present study would provide useful non-
invasive imaging modalities for monitoring healing process and
quality of T–B healing inside the tunnel after common ACL surgical
reconstruction in sports medicine.

Materials and methods

Study design

This experimentwas approvedby theResearch Ethics Committee of
the authors' institute (Ref No. CUHK06/004/ERG). Fifty-eight skele-
tally-mature female New Zealand white rabbit (26-week-old; weight:
3.5–4.0kg)were used in the present study. Bilateral ACL reconstruction
was performed. One reconstructed kneewas randomly selected for the
subsequent examination in the present study. The contralateral knee
was treated by local application of calcium phosphate cement for
enhancement of peri-graft bone healing and T–B attachment strength,
and the related findings were reported separately [12].

42 of 58 rabbits were sacrificed at week 0, 2, 6 and 12 after
operation respectively for pQCT and micro-CT examination to
characterize the spatiotemporal changes of peri-graft bone in T–B
healing in conjunction with histological examination. 6 rabbits were
Fig. 2. Micro-CT scan and analysis. (A) The femoral and tibial tunnel, showed by white dot
interest of 6mm diameter was defined to cover bone tunnel on both the tibial (B) and femo
sacrificed at time zero (week 0 after operation) for pQCTandmicro-CT
evaluation and served as the baseline for comparison. The other 36
rabbits were sacrificed at 2, 6 and 12 weeks respectively after surgery
(i.e.12 rabbits for each time point). At each time point, 6 samples were
subjected to pQCT evaluation and decalcified histological examina-
tion; the other 6 samples were used for micro-CT evaluation and
followed by undecalcified histological examination.

The rest of 16 rabbits were euthanized at week 6 and 12
respectively (i.e. 8 rabbits for each time point). The samples were
processed for biomechanical test after micro-CT evaluation to
investigate the relationship between the strength of T–B attachment
and peri-graft bonemass andmicroarchitecture. The failure modewas
judged by both gross and microscopic examination after the test.

Animal surgery

ACL reconstruction rabbit model was established according to an
established protocol by Wang et al. [13]. In brief, the rabbits were
operated under general anesthesia with 10% ketamine/2% xylazine
(Kethalar, 1mL:1mL) and maintained sedation with 2.5% sodium
phenobarbital injected intravenously (Sigma Chemical Co., St. Louis,
Mo, USA). The medial parapatella arthrotomy was performed to
expose the knee joint. Patella was then dislocated and infrapatella fat
pad was removed to expose the joint cavity. ACL was excised and
transverse meniscal ligament was also removed. The long digital
extensor tendon graft was harvested and graft preparation was done
by removing the attached muscle and passing the holding sutures
through each end of the tendon graft in an interdigitating whipstitch
fashion. Femoral and tibial tunnels were created through the footprint
ted line, were scanned perpendicular to the long axis of limb; (B and C) The region of
ral side (C).
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Fig. 3. Temporal changes of BMD and tunnel area on the femoral and tibial sides. BMD
decreased at 6 weeks and partially reversed at 12 weeks postoperatively on both femur
and tibia in comparison with that at time zero (⁎ represent significant changes with
healing over time at the level of p b 0.05 for post hoc test after two-way ANOVA
analysis). BMD on the femoral side was higher than that on the tibial side at 6 weeks
after surgery (#p b 0.05); however, the area of the femoral tunnel showed transient
enlargement at 6 weeks postoperatively (⁎p b 0.05); no significant changes of the tibial
tunnel area were detected.
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of original ACL. The graft was then inserted and routed through the
bone tunnels via the holding sutures. The graft at the extra-articular
exits of the tunnel was fixed with maximum tension to the
neighboring soft tissue by secure knots. The wound was closed in
layers and wrapped with dressing. The rabbits were allowed for free
cage movement after surgery. The femur–graft–tibia complexes were
harvested for the subsequent examinations.

pQCT evaluation

The volumetric BMD (mg/m3) in the vicinity of the grafted tendon
on both distal femur and proximal tibia were measured using a multi-
layer pQCT (Densiscan 2000, Scanco Medical, Brüttisellen, Switzer-
land) based on an established protocol [4,14]. In brief, the samples
assumed a supine position, with the leg fully extended in an anterior–
posterior position. The samples were secured in a suitable radiolucent
cast to fix knee joint in the position of full extension for scanning
Fig. 1A. An anterior–posterior scout image was obtained under the
Table 1
Spatiotemporal changes of peri-tendon bone mass and microarchitecture.

Time point/sites Time zero 2 weeks

Femoral side Tibial side Femoral side

Bone volume/tissue volume (0–1)⁎ 0.18 ± 0.02 0.20 ± 0.02 0.17 ± 0.02
Connectivity density⁎ (1/mm3) 4.52 ± 0.75 4.62 ± 0.48 4.45 ± 0.56
Degree of anisotropy (1)⁎ 1.23 ± 0.14 1.69 ± 0.29 1.32 ± 0.25
Structure model index (0–3)⁎ 1.52 ± 0.27 1.42 ± 0.35 1.96 ± 0.20
Trabecular number (1/mm) 1.17 ± 0.22 1.08 ± 0.16 0.92 ± 0.10
Trabecular thickness (mm) 0.19 ± 0.04 0.17 ± 0.03 0.20 ± 0.01
Trabecular spacing (mm)⁎ 0.86 ± 0.12 0.76 ± 0.27 1.18 ± 0.13

Note: “⁎” indicated significant difference between time zero and specific time point time post
at the 0.05 level by two-way ANOVA; “↑” and “↓” indicated increase and decrease postoper
peel mode and a joint line was set as the reference; the cross-sectional
slices were then taken perpendicular to the long axis of the limb with
slice thickness of 1mm and voxel size of 0.3mm/pixel. As showed in
Figs. 1B and C, the slice in the middle portion of bone tunnel was
selected on distal femur and proximal tibia respectively; in one of the
selected slice, BMD and tunnel area was measured. A standard IBT
phantommeasurement was performed daily with threemeasurement
values within the given reference ranges provided by the manufac-
turer. The repeated measurements of BMD were conducted in a pilot
study that showed a precision error of 1.2%.

Micro-CT evaluation

The peri-graft bone volume and architecture was evaluated using
a high-resolution micro-CT (μCT-40, Scanco Medical, Brüttisellen,
Switzerland) according to our established protocol [15,16]. In brief,
the samples were placed with their long axes in the vertical position
and immobilized with a foam pad in a cylindrical sample holder.
The continuous scans were prescribed perpendicular to the long
axis of the limb at an isotropic resolution of 30 μm3. A region of
interest (ROI) of 6mm in diameter was user-defined to cover bone
tunnel and the entire tunnel was used for subsequent analysis (Fig.
2). The same ROI was used in all of the samples of week 2, 6 and 12,
postoperatively. The acquired 3D data set was convoluted with a 3D
Gaussian filter with a width and support equal to 1.2 and 2,
respectively. Bone was segmented from the marrow and soft tissue
for subsequent analyses using a global thresholding procedure. A
threshold equal to or above 210 represented bone tissue; a
threshold below 210 represented bone marrow and soft tissue.
The parameters of bone mass and microarchitecture were evaluated
using the built-in software of micro-CT, including the fraction of
bone volume/tissue volume (BV/TV), connectivity density (Con.D),
degree of anisotropy (D.A), structure model index (SMI), trabecular
number (Tb.N), trabecular thickness (Tb.Th), and trabecular spacing
(Tb.Sp).

Decalcified histological examination

After pQCTevaluation, the specimenswere fixed in 10% neutralized
formalin, and decalcifiedwith 9% formic acid for 3weeks. Longitudinal
sections of 7 μm thick were cut along the long axis of the bone tunnel.
The sections were stained with Hematoxylin–Eosin (H and E); the
osteoclasts distribution in peri-graft bone healing and T–B collagen
fiber reconnectionwas examined under amicroscopic imaging system
(Leica Q500MC, Leica Cambridge Ltd., Cambridge, UK).

Undecalcified histological examination

Peri-graft bone mineral apposition rate was investigated via se-
quential fluorescent dyes labeling in vivo using an established protocol
[17]. In brief, three different fluorescent dyes: xylenol orange (90mg/kg
body weight), calcein green (10 mg/kg body weight, both from Sigma-
6 weeks 12 weeks

Tibial side Femoral side Tibial side Femoral side Tibial side

0.18 ± 0.03 0.15 ± 0.04#↓ 0.12 ± 0.03#↓ 0.20 ± 0.03 0.21 ± 0.03
4.58 ± 0.86 3.91 ± 1.12#↓ 3.22 ± 1.32#↓ 5.42 ± 1.52# 4.64 ± 1.20#

1.50 ± 0.40 2.03 ± 0.29↑ 2.25 ± 0.36↑ 1.87 ± 0.80 1.98 ± 0.55
1.80 ± 0.40 2.08 ± 0.27↑ 2.41 ± 0.37↑ 1.40 ± 0.43 1.52 ± 0.21
0.95 ± 0.07 0.91 ± 0.18 0.82 ± 0.27 1.05 ± 0.34 1.06 ± 0.16
0.22 ± 0.04 0.22 ± 0.04 0.20 ± 0.02 0.22 ± 0.05 0.24 ± 0.02
1.11 ± 0.08 1.20 ± 0.28↑ 1.41 ± 0.44↑ 1.09 ± 0.34 0.95 ± 0.13

operatively and “#” indicated significant difference between the femoral and tibial sides
atively in comparison with time zero by at the 0.05 level post hoc test.



Fig. 4. The representative images showing the deterioration of peri-tendon bone (in dotted box) architecture on the tibial side within 6 weeks postoperatively. Newly-formed bone
sheath was highly-oriented along the long axis of bone tunnel (arrow) and loosely connected with the residue bone (star).
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Aldrich GmbH) and calciumblue (30mg/kg, fromGrunthal GmbH)was
injected subcutaneously and sequentially into the rabbits of 6-week
group at week 3, 4, 5 and of 12-week group at week 9, 10, and 11,
postoperatively. After euthanasia, the samples were dehydrated
sequentially in ethanol and xylene and infiltrated with methylmetha-
crylate (MMA). The embedded specimens were sectioned perpendicu-
larly to the bone tunnels by saw microtome (SP 1600, Leica, Germany).
The sections in the middle portion of bone tunnel were grounded and
polished to 80–100 μm by grinder/polisher (RotoPol-21, Struers,
Denmark) for subsequent fluorescence microscopic examination.
Fig. 5. The representative photographs showing temporal changes of peri-tendon bone and te
by new bone formation in the vicinity of the grafted tendon (dotted box) postoperatively. (
Biomechanical testing

The femur–graft–tibia complexes were harvested and stored at
− 20 °C until biomechanical testing within 1month after surgery.
After the samples were thawed overnight at room temperature, the
knee joints were carefully dissected to remove surrounding soft tissue
until only ACL graft was left as the physical connection between
femur and tibia. The fixation by suture on both sides was removed
when testing. The graft–tunnel complexes were fixed with custom-
made clamps, allowing tensile loading along the long axis of the graft
ndon-to-bone healing interface. Loss of surrounding trabeculae (star) was accompanied
Original magnification: 50×).



Fig. 6. The representative microphotographs showing the dynamic process of new bone formation in the vicinity of the grafted tendon on the tibial side. The red, green and blue line
indicated new bone formation at 3, 4 and 5 weeks postoperatively of 6-week group. Bone grew into tendon substance (arrow); it also proceeded from tendon surface to the residual
bone (arrows with dot line) (original magnification: 200×).

549C.-Y. Wen et al. / Bone 45 (2009) 545–552
in a material testing machine (H25K-S, Hounsfield Test Equipment
LTD, Surrey, UK).

A preload of 1N and a load displacement rate of 50mm/min tensile
forcewere applied to the graft–tunnel complex until failure. The failure
mode was recorded and the load to failure (N) and stiffness (N/mm)
were calculated based on the load displacement curve.

Statistical analysis

The comparisons for BMD, tunnel area, peri-graft bone mass and
microarchitecture among the different time points at distal femur
and proximal tibia were performed using two-way ANOVA. When it
indicated overall significance of main effects and without interac-
tion between them, the difference between individual time points
and sites was assessed by post hoc tests. The failure modes
between the time points were also compared using Fisher's Exact
test. Correlation of peri-graft bone mass and microarchitecture with
mechanical properties of T–B attachment was done using Pearson's
correlation. The level of significance was set at p b 0.05. All data
analyses were performed using SPSS 15.0 analysis software (SPSS
Inc., Chicago, IL, USA).
Fig. 7. The representative microphotographs showing osteoclasts (arrows) accumula-
tion on the surface of peri-graft bone in the tibial tunnel at 6 weeks after surgery
(original magnification: 200×).
Results

pQCT evaluation

As showed in Fig. 3, transient bone mineral loss was observed on
both the femoral and tibial sides after surgery. In comparison with
time zero postoperatively, BMD at week 2 was slightly higher but not
statistically significant. BMD at week 6 was significantly lower than
that at time zero by 13.7% and 21.7% on the femoral and tibial sides
respectively (p b 0.05 for both). Although BMD partially reversed at
week 12, it was still significantly lower than that at time zero by 7.1%
and 8.9% on the femoral and tibial sides respectively (p b 0.05 for
both).

There was no significant difference in BMD between the femoral
and tibial side at time zero. But BMD on the femoral side was higher
than that on the tibial side at 6 weeks postoperatively. The femoral
tunnel significantly enlarged at 6 weeks in comparison with that at
time zero after surgery (p = 0.037) but there was no such difference
shown in the area of the tibial tunnel (Fig. 3).

Micro-CT evaluation

As showed in Table 1, there were transient peri-graft bone mass
decrease and microarchitecture deterioration postoperatively. The
similar trend of changes was noted on the femoral and tibial sides. As
showed in Fig. 4, peri-graft bone on the tibial side was loosely
connected and composed of more rod-like trabeculae than plate-like
trabeculae at 6weeks after surgery, whichwas indicated by lower Con.
D and higher SMI. The newly-formed bone in the vicinity of the
grafted tendon was highly-oriented and anisotropic along the long
axis of bone tunnel, which was indicated by higher DA.

There was no significant difference between the femoral and tibial
sides in the fraction of BV/TV and bone connectivity in the vicinity of
the grafted tendon at time zero. It was observed that peri-graft bone
connectivity and BV/TV was inferior on the tibial side to those on the
femoral side at 6 weeks postoperatively (p b 0.05 for both). Peri-graft
bone connectivity on the tibial side was still lower than that on the
femoral side at 12 weeks postoperatively (p b 0.05).

Decalcified and undecalcified histological examination

The boundary of T–B healing interface became obscure with peri-
graft new bone formation with healing over time (Fig. 5). Under
fluorescence microscopic examination, newly-formed bone grew into
T–B healing interface and tendinous substance; it also gradually



Fig. 8. The representative photographs showing failuremode of graft–tunnel complexes at 6 weeks (A–C) and 12weeks (D–F) after surgery. (B and E) Grafted tendonwas prone to be
pulled out of the tibial tunnel. (C and F) The corresponding histological sections revealed that tendon graft was pulled out of bone tunnel with bone attachment (arrow) at 6 weeks
postoperatively; it ruptured at intra-osseous tendon substance at 12 weeks after surgery (original magnification: 50×).
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proceeded from the surface of grafted tendon to the host bone (Fig. 6).
Higher mineral apposition rate was observed (17 ± 5 μm/week) in
comparison with that at 12 weeks after surgery (11 ± 7 μm/week)
(p = 0.017). Osteoclasts accumulated on the surface of peri-graft
bone at 6 weeks after surgery and the pre-existing trabeculae
decreased gradually (Fig. 7).

Biomechanical testing

Only one graft of the femur–graft–tibia complex at week 6 was
pulled out from the femoral tunnel and the majority (7/8) was broken
in the tibial tunnel. Microscopic examination revealed that the grafted
tendon was pulled out from the tunnel together with a bony
attachment (Fig. 8). The ultimate strength and stiffness of
the complexes were 43 ± 11N and 15 ± 4N/mm respectively, which
correlatedwith the statues of peri-graft bonemass and connectivity etc.
(Table 2).

All eight samples ruptured in tendinous substance inside the tibial
tunnel at week 12 postoperatively, which showed a different failure
mode from that at week 6 (p b 0.001) (Fig. 8). The ultimate strength
and stiffness of the complexes were 39 ± 14N and 16 ± 8N/mm
respectively. The stiffness of the complexes correlated with peri-graft
bone connectivity with statistical significance (Table 2).
Table 2
Correlations between mechanical properties of graft–tunnel complexes and peri-tendon bo

Pearson correlation Bone volume/
tissue volume

Degree
anisotro

6 weeks Ultimate strength (N) r2 0.524a −0.227
p value 0.008 0.118

Stiffness (N/mm) r2 0.682a −0.404
p value 0.001 0.026

12 weeks Ultimate strength (N) r2 0.634b −0.006
p value 0.058 0.884

Stiffness (N/mm) r2 0.616b −0.006
p value 0.064 0.761

a Correlation was significant at the 0.05 level (2-tailed).
b Correlation was insignificant but showed a trend at the 0.1 level (2-tailed).
Discussion

The present experimental study was designed to prove our
hypothesis that the pull-out strength of T–B attachment was related
to peri-graft bone mass and microarchitecture after ACL reconstruc-
tion. To our best knowledge, this study was the first one to
systemically quantify the changes of bonemass andmicroarchitecture
using the non-destructive advanced bioimaging tools, i.e. high-
resolution multi-layer pQCT and micro-CT, to provide an insight into
the biological behavior of tunneled bone and its relations to T–B
attachment strength during healing.

Results from pQCT, micro-CT and histological examination showed
transient peri-graft bone loss with its microarchitecture deterioration
after ACL reconstruction. It was noted that the decrease of peri-graft
BMD, BV/TV and bone connectivity were more severe on the tibial
side, and its peri-graft bone quality and quantity was inferior to that
on the femoral side at week 6 after surgery, although there was no
significant difference between them at time zero. The healing quality
of T–B attachment was influenced by peri-graft bone mass [3]. It may
result in that the grafted tendon was prone to be pulled out of the
tibial tunnel with a lower bone mass at week 6. In addition, such bone
loss was accompanied by new bone formation in the vicinity of the
grafted tendon. Histological examinations revealed that peri-graft
ne mass and microarchitecture.

of
py

Connectivity
density

Structure
model index

Trabecular
number

Trabecular
thickness

Trabecular
spacing

0.283b −0.120 0.004 0.338a −0.066
0.075 0.270 0.848 0.047 0.421

a 0.473a −0.338a 0.025 0.484a −0.010
0.013 0.048 0.627 0.012 0.321
0.203 −0.174 0.018 0.608b −0.097
0.136 0.41 0.799 0.067 0.547
0.407a −0.371a 0.084 0.709a −0.257
0.037 0.012 0.577 0.036 0.305
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bone connectivity between newly-formed bone and pre-existing bone
was not well established with healing over time. This may explain the
observations on the pull-out of grafted tendon with bone attachment
and significant association of the stiffness of T–B attachment with the
peri-graft bone connectivity at both week 6 and 12 after surgery. Thus,
it would be helpful tomonitor the changes of peri-graft bonemass and
microarchitecture for prediction of T–B healing.

It was known that T–B healing interface was the weakest point of a
graft–tunnel complex immediately after ACL reconstruction [18]. In
this experimental study, we systemically described the temporal
changes of this weakest point with healing over time. Peri-graft bone
loss may result in a paradigm shift from T–B interface at time zero to
peri-graft bone at 6 weeks after surgery. With partial reverse of peri-
graft bone, the weakest point of the complexes shifted to intra-
osseous tendon substance. It was considered that maintaining or
fortifying peri-tendon bone was of importance for providing stable T–
B anchorage sites. Understanding of the factors influencing dynamic
changes of peri-tendon bone would be helpful for making a
therapeutic strategy to enhance T–B healing and improve the outcome
of ACL reconstruction.

Changes of peri-tendon bone were influenced by both mechanical
and biological factors in local milieus. A finite element analysis
showed that tunnel creation led to stress shielding of host bone,
which resulted in bone resorption [19]. Histologically, we observed
accumulation of osteoclasts at the surface of peri-graft bone,
explaining the loss of peri-graft trabeculae in the early T–B healing
phase. This was also supported by similar findings reported
previously [5,20]. Moreover, a clinical study found that under
magnetic resonance imaging (MRI) examination synovial fluid influx
was prone to occur in the tibial tunnel [21], which might interfere
with tunneled bone healing and aggravate bone loss on the tibial
side [22]. It may result in the disparity of healing on the femoral and
tibial sides that peri-graft bone mass and connectivity on the tibial
side was inferior to those on the femoral side at 6 and 12 weeks
postoperatively, yet without significant difference at time zero. These
findings were of great clinical significance as they suggested that T–B
healing, particularly in the tibial tunnel should be especially targeted
for healing enhancement.

Tendon/ligament repair in bone tunnel was considered to be
advantageous for a large contact surface and exposure to mesench-
ymal stem cells (MSCs) in bone marrow in comparison with a direct
T–B appositional repair [2]. Actually, shearing force existed across T–B
healing interface, which was different from a physiological tensile
force across a native tendon/ligament-to-bone attachment [23].
Temporal changes of peri-graft bone microarchitecture reflected the
deleterious effect of such non-physiological condition. The present
study showed that surrounding trabeculae became anisotropic and
highly-oriented along the long axis of tendon. Moreover, those
consisted of more rod-like trabeculae than plate-like ones, which
indicated less maturation of peri-graft bone microarchitecture. The
strength of a native ACL-to-bone attachment of rabbit was around
400N (unpublished data) and T–B attachment strength only reached 1/
10 of a native L–B attachment at 12 weeks after surgery. As showed in
our previous studies, T–B appositional repair strength reached over 1/
5 of that of a native one at 12 weeks postoperatively in a partial
patellectomy rabbit model [24–27]. Similar comparison was also
performed by Silva et al. who demonstrated that tunnel repair was
mechanically and histologically inferior to direct appositional repair in
a phanlangeal bone of canine [4]. Recently, it was reported that grafted
tendon was pre-conditioned towards to osteogenesis before implan-
tation into bone tunnel using bone morphogenetic protein-2 (BMP-2)
and to turn T–B healing into bone-to-bone healing, which improved
the T−B attachment strength in an extra-articular tibial tunnel in
rabbit [28].

The present study showed that the femoral tunnel area tended to
be larger with healing over time while the tibial tunnel area did not
change over time. However, histological findings showed that newly-
formed bone grew into T–B healing interface and tendinous
substance in both the femoral and tibial tunnel. These findings
suggested that there was no direct relationship between bone tunnel
area or diameter and healing at T–B interface. This might explain
why tunnel enlargement was not in relation to knee function after
surgery shown in the majority of clinical studies in the past decade
[29]. This implied that the parameter of tunnel diameter on plain X-
ray were not reliable to predict T–B healing and its attachment
strength.

In summary, T–B attachment strength was associated with peri-
graft bone mass and connectivity. Our findings suggested that pQCT
and micro-CT might provide a more accurate and comprehensive
information on changes of host bone and provide better prediction of
T–B healing in bone tunnel than the conventional plane radiographic
method.
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