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A B S T R A C T

Background: Many orthopedic surgical procedures involve reattachment between tendon and bone. Whether
bone–tendon healing is better facilitated by tendon fixation on a bone surface or within a tunnel is unknown. The
purpose of this study was to comparatively evaluate the effects of bone surface versus bone trough fixation on
bone–tendon healing in a rabbit patella–patellar tendon (PPT) injury model.
Methods: The rabbits underwent partial patellectomy with patellar-tendon fixation on the osteotomy surface (bone
surface fixation, BSF group) (n ¼ 28) or within a bone trough (bone trough fixation, BTF group) (n ¼ 28). The PPT
interface was evaluated by macroscopic observation, micro-computed tomography scanning, histological analysis,
and biomechanical testing at postoperative week 8 or week 16.
Results: Macroscopically, no signs of infection or osteoarthritis were observed, and the regenerated tissue bridging
the residual patella and patellar tendon showed no obvious difference between the two groups. There were
significantly higher bone mineral density and trabecular thickness in BSF group compared with BTF group at
week 8 (p < 0.05 for both). However, the bone volume fraction (BVF), bone mineral density and trabecular
thickness in BSF group were significantly lower than those in BTF group (p < 0.05 for all) at week 16. Histological
analysis demonstrated that new bone was formed at the proximal patella and reattached to the residual patellar
tendon through a regenerated fibrocartilage-like tissue in both groups. There was more formation and better
remodelling of fibrocartilage-like tissue in BTF group than BSF group at week 8 and week 16 (p < 0.05 for both).
Biomechanical testing revealed that there was higher failure load and stiffness at the PPT interface in BTF group
than BSF group at week 16 (p < 0.05 for both).
Conclusions: These results suggested that raptured tendon fixation in a bone trough resulted in superior bone-
–tendon healing in comparison with tendon fixation on bone surface in a rabbit PPT injury model.
The translational potential of this article: Although the structural and functional difference of knee joint between
human and rabbit limit the results to be directly used in clinical, our research does offer a valuable reference for
the improvement of reattachment between bone and tendon.
Introduction

Musculoskeletal system functions through the coordination of mul-
tiple types of connective tissues. Among them, a specialised transition
tissue, called bone–tendon interface (BTI), integrates tendon to bone and
serves to facilitate joint motion [1–3]. This specialised interface shows a
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spatial gradient in composition, structure, and mechanical properties,
thus can effectively transfer loading between mechanically dissimilar
tissues, such as from tendon/ligament to bone [1–4]. Histologically,
typical BTI is composed of four distinct yet continuous tissues: bone,
calcified fibrocartilage, noncalcified fibrocartilage, and tendon [1,2,5,6],
which ensure its unique function but also increase the difficulty of
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treating injured BTI. Currently, BTI injuries are very common in ortho-
pedics, whereas its healing is much slower when compared with bone
fracture or tendon rapture [5,7,8]. The reasons for this complicated
healing are that: (1) the healing takes place between soft tendinous tissue
and hard bony tissue; (2) the avascularity of injury site impede the
healing process; (3) the healing occurs through the formation of fibro-
vascular scar tissue rather than through the regeneration of a fibro-
cartilaginous junction in general [5,9,10]. Therefore, promoting the
functional and biological recovery of BTI is meaningful and urgent in
sports medicine.

Clinically, surgical integrity is the common way for treating BTI
injuries, such as reattaching the injured tendon/ligament to bone in
rotator cuff repair and anterior talofibular ligament reconstruction [3,
11,12]. Based on the fixation site of the tendon, the surgical protocols
used to integrate the raptured tendon with the bone could be classified
into two categories: direct fixation to the bone surface (bone surface
fixation, BSF) and placement within a bone tunnel/trough (bone
trough/tunnel fixation, BTF) [13–16]. Compared with bone tunnel/-
trough fixation, bone surface fixation is more fit in with the normal
anatomy, which directly sutures the tendon torn end to its original bony
insertion site without creating a bone tunnel/trough to accommodate
the tendon, thus it avoids additional surgical trauma and perturbation
on joint kinematics [16]. Correspondingly, BTF may show some supe-
riority in promoting bone–tendon (B–T) healing through other mech-
anisms. BTF offers a larger contact area between bone and tendon,
which stabilises bone–tendon reattachment and guarantees a stabler
environment for repair site. Moreover, placement in a bone tunnel/-
trough would facilitate infiltration of mesenchymal stem cells (MSCs),
which is considered as the main cells in charge of B–T healing and has
been reported to effectively enhance osteointegration of tendon grafts
in rabbits [16,17]. Besides, the two fixation methods make the BTI
healing in two different mechanical environments, which is considered
an important factor in cell differentiation and extracellular matrix
remodelling. Collectively, the two fixation methods may result in
different B–T healing qualities.

To find out the better surgery protocol, this study was designed to
comparatively evaluate bone surface versus bone trough fixation on B–T
healing, with respect to micro-computed tomography (micro-CT),
Figure 1. (A) Illustration of bone surface fixation from superior and sagittal vie
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histomorphology, and biomechanical properties in a rabbit patel-
la–patellar tendon (PPT) injury model.

Materials and methods

Experimental design

The animal ethics committee of our university approved the protocol
of this study (Permit No. 2015-06-14). A total of 56 healthy mature male
New Zealand rabbits (weight, 3.4 � 0.3 kg) were involved in this study.
They were randomly assigned to the following two groups (n ¼ 28): BSF
group and BTF group, to accept different surgical protocols for reat-
tachment of bone and raptured tendon. Animals were sacrificed at 8 and
16 weeks after surgery (14 animals/group/time point) to harvest the
quadriceps–patella–patellar tendon–tibia complexes (QPPTCs). After
macroscopic observations, six specimens per group per time point un-
derwent micro-CT scanning and histological evaluations, whereas the
other 8 specimens were evaluated via biomechanical testing. The number
of rabbits required for micro-CT analysis, histological evaluations,
immunohistochemistry, and biomechanical testing was determined by
power analysis.

Animal model and surgery

Illustration of operation protocols were briefly presented in the Fig. 1.
After anaesthetised with 3% sodium pentobarbital (0.8 mL/kg intrave-
nous injection; Sigma), an anterolateral skin incision was longitudinally
made on rabbits’ right hindlimb knee to expose the patella, patellar
tendon, and tibial tuberosity. To normalise the variation of knee kine-
matics and mechanical loading environment among individuals, sur-
geries were carefully carried out to ensure a similar PPT interface length.
The position of transverse osteotomy was performed between the prox-
imal two-thirds and the distal one-third of the patella in the BSF group
(Fig. 1A), whereas, in the BTF group, transverse osteotomy was per-
formed between the proximal three-fourths and the distal one-fourths of
the patella (Fig. 1B). After the distal patella and adherent fibrocartilage
layer were removed, two evenly spaced tunnels (0.8-mm diameter) were
drilled longitudinally through the remaining patella. For animals
w; (B) illustration of bone trough fixation from superior and sagittal view.



Figure 2. Gross observation of the QPPTCs in BSF and BTF groups at post-
operative week 8 or 16. Yellow dashed line indicates osteotomy site. PT, Patellar
tendon, P: Patella; QPPTCs, Quadriceps–patella–patellar tendon–tibia complexes.

M. Li et al. Journal of Orthopaedic Translation 21 (2020) 49–56
randomised to BTF group, a 2-mm-deep and 1-mm-wide bone trough was
coronally excavated at the entrance position of the two bone tunnels. The
patellar tendons of both groups were then directly sutured to the
remaining proximal patella via the two predrilled tunnels with 3–0
nonabsorbable PDS II suture (Ethicon) (Fig. 1). The difference was that
the patellar tendon end in the BTF group was inserted into the bone
trough of the residual patella. After the suture was tightly tied at the
superior pole of the patella, a figure-of-8 tension band wire was addi-
tionally drawn around the superior pole of the patella and tibia to protect
the surgical site. After closing the surgical incision, cast immobilisation
was used for the first 4 weeks and 3-day painkiller (intravenous injection,
1.5 mg/kg per 12 h) (tramadol; Grunenthal GmbH) was given after
operation. Rabbits were allowed free cage activities after operation.

Macroscopic observations

The harvest QPPTCs were photographed by a digital camera (60D,
Cannon, Japan) for gross evaluation.

Micro-CT scanning

Twenty-four QPPTCs were fixed in 4% neutral buffered formalin and
then washed with 0.9% saline to remove the residual formalin. After the
other tissues of QPPTCs were carefully dissected to ensure only the PPT
interface and attached quadriceps tendon left and then they were scan-
ned by micro-CT (μCT 100; Scanco Medical) with 20-μm voxel size.
Scanning data of each specimen were then processed with a 3D Gaussian
filter and a global threshold to extract bone from soft tissue or bone
marrow for subsequent analysis. The new bone at the PPT healing
interface was separated from the remaining patella. Morphological pa-
rameters of the new bone were calculated, including bone volume frac-
tion (BVF), bone mineral density (BMD), trabecular thickness (Tb.Th)
and trabecular number (Tb.N).

Histological analysis

After micro-CT analysis, the fixed specimens were decalcified with a 1-
to-1 mixture of 20% sodium citrate and 50% formic acid and then
embedded in paraffin. Serial 5 μm-thick sections from the midsagittal
plane of each specimenwere cut by amicrotome (Leica RM2125; Reichert-
Jung GmbH) and then stained with hematoxylin& eosin (H&E), toluidine
blue/fast green (TB/FG) or Sirius Red (SR). For accurate comparisons
between groups, all histological images were captured under exactly the
same conditions of parameter settings by a transmitted light microscope
(CX31; Olympus) or a polarised microscope (Eclipse CI; Nikon). The
captured images were imported to Image-Pro Plus (version 6.0.0; Media
Cybernetics Inc) for semiquantitative assessments by 2 independent in-
vestigators. H&E stained sections were used to exhibit histological char-
acteristics of repaired PPT interface. TB/FG stained section were used to
calculate fibrochondrocytes density and proteoglycans accumulated in the
regenerated fibrocartilage layer through an established protocol [5,10].
The integrated optical density of the fibrocartilage staining by TB/FG was
measured to evaluate its proteoglycan content. Meanwhile, SR staining
sections were captured by polarised microscope to quantify the collagen
alignment and maturation at the regenerated fibrocartilage in accordance
with the published literature [5,18]. All of the data analyses were per-
formed by the same person on the investigational team (C.C and J. Z).

The expression of osteogenicmarker RUNX2 and chondrogenicmarker
SOX9 at PPT interface were evaluated by immunohistochemistry. After
dewaxed by xylene and rehydrated by ethanol, the tissue sections were
boiled in 10-mM citrate buffer (pH ¼ 6.0) in a microwave oven at 600 W
for 15 min to retrieve antigens. The sections were cooled to room tem-
perature, washed twice with phosphate buffer solution (PBS), incubated
with 3% hydrogen peroxide for 10 min to block endogenous peroxidase
activity, and then incubated with 3% bull serum albumin (BSA) for 45min
at room temperature. The processed sections were incubated with anti-
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RUNX2 (1:100, bs-1134R; Bioss, Beijing, China) or anti-SOX9 (1:100, bs-
4177R; Bioss, Beijing, China) antibody, respectively overnight at 4 �C.
After washed twice with PBS, the sections were incubated with bio-
tinylated secondary antibody for 1 h at 37 �Cand then incubatedwithHRP-
streptavidin for 15 min. All immunohistochemistry images were captured
by a transmitted light microscope (CX31; Olympus).

Biomechanical testing

Biomechanical testing were used as the ultimate index to assess the
healing quality of PPT interface, which was measured by a mechanical
testing machine (MTS insight, MTS Systems Corp, USA) (Fig. 6A). Briefly,
after 32 QPPTCs were thawed overnight at 4 �C, the periarticular con-
nective soft tissues, the suture material, and tension band wire were
carefully dissected. Then, the QPPTC was loaded to failure at a rate of 20
mm/min after a preload of 1 N. Failure load (N) and stiffness (N/mm)
was obtained from the recorded load–displacement curve. During testing,
0.9% saline was applied to avoid dehydration of the specimens.

Statistical analysis

Statistical analyses were performed using SPSS 18.0 software (SPSS
Inc). All quantitative data were expressed as mean � SD, and differences
between the two groups were evaluated using one-way analysis of vari-
ance (ANOVA). Statistical significance was set at p＜0.05.

Results

Macroscopic observations

No decrease in knee joint motion after surgery was discovered. No
animal was lost during or subsequent to surgery. Macroscopically
(Fig. 2), all of the harvested QPPTCs showed no signs of infection and
osteoarthritis. Fibrous reaction was found near the PPT healing site, and
a regenerated tissue was bridging the residual patella and patellar tendon
in the two groups. No obvious differences between the two groups were
observed on gross inspection.

Micro-CT evaluation

In accordance with the micro-CT images, new bone gradually formed
at the PPT healing site from postoperative week 8–16 in both BSF and



Figure 3. (A) Representative micro-CT images of the proximal patella of the BSF and BTF groups at postoperative week 8 and week 16. The red dotted line indicates
the osteotomy site. Scale bar ¼ 1 mm. (B) Comparison of the bone volume fraction (BVF), bone mineral density (BMD), trabecular thickness (Tb.Th) and trabecular
number (Tb.N) in newly formed bone between two groups at different time points. *: p＜0.05.
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BTF groups (Fig. 3). At postoperative 8 weeks, the mean BMD of new
bone was 662.14 � 18.18 mg/cm3 in the BSF group and 640.79 � 13.34
mg/cm3 in the BTF group (p ¼ 0.04). The mean Tb.Th of new bone was
164.74 � 11.04 μm in the BSF group and 143.50 � 15.28 μm in the BTF
group (p ¼ 0.02). However, there were no significant differences of the
BVF or Tb.N of new bone between the BSF and BTF group. At post-
operative week 16, the mean BVF (BTF 38.96 � 2.54%; BSF 33.73 �
4.21%), BMD (BTF 696.43 � 10.52 mg HA/cm3; BSF 681.26� 11.92 mg
HA/cm3) and Tb.Th (BTF 215.48� 17.73 μm; BSF 191.13� 17.16 μm) of
the new bone in the BTF group were significantly higher than those of the
BSF group (respectively, p ¼ 0.03, p ¼ 0.04, p ¼ 0.04), but the specimens
in the BSF group showed no significant difference in TB.N compared with
the specimens in BTF group (p ¼ 0.64).

Histological analysis

Histological results showed that new bone was formed at the proximal
patella and reattached to the residual patellar tendon by a regenerated
fibrocartilage in BSF and BTF groups (Fig. 4). In the BSF group, the tendon
to bone interface were filled with cartilage-like tissue and perpendicular
bridging fibers. In the BTF group, the fiber alignment ran perpendicular to
the base but obliquely at an acute angle to the edge of the bone trough.
There seems to bemore cartilage-like tissue formed at the base of the bone
trough than the edge (Fig. 4). At postoperative week 8, areas of direct
bone–tendon reattachment and early fibrocartilage-like tissue formation
52
were observed at the healing site in both groups. Quantitatively, the
chondrocyte density offibrocartilage-like tissue layer in the BTF groupwas
significantly higher than that of the BSF groups (p < 0.05), whereas the
proteoglycan contents did not show significant difference between the BSF
and BTF groups (p > 0.05). Moreover, SR staining images captured under
polarised microscope indicated that collagen alignment and maturation of
the healing tissue in the BTF groups improve significantly with respect to
the BSF group (p < 0.05) (Fig. 4B). At postoperative week 16, the newly
formed bone and regenerated fibrocartilage become more mature, as
characterised bywell-developed lamellar bone, bonemarrow cavities, and
transitional fibrocartilage layer. Statistically, the proteoglycan contents in
the regenerated fibrocartilage showed significant difference between the
BSF and BTF groups (p < 0.05). Meanwhile, the BTF group presented
significantly better parallel alignment and maturity of collagen fibers in
the healing tissue relative to the BSF group (p < 0.05). As for the chon-
drocyte density of fibrocartilage layer, no significant difference was found
between the BSF and BTF groups (p> 0.05) (Fig. 4B). There were RUNX2
and SOX9 expressions at PPT interface in both groups at week 8 and week
16 (Fig. 5).

Mechanical properties

During tensile testing, all specimens were ruptured at the bone-to-
tendon attachment site, and no specimens were excluded. Biomechan-
ical testing showed that the failure load and stiffness increased in the two



Figure 4. (A) Representative midsagittal sections of the PPT interface of the BSF and BTF groups at postoperative week 8 or 16. Scale bar ¼ 50 μm. (B) Comparison of
the fibrochondrocytes density, proteoglycan content, and collagen birefringence between the BSF and BTF groups at postoperative week 8 or 16. *: p＜0.05. PPT,
patella–patellar tendon; H&E, hematoxylin & eosin; TB, toluidine blue; SR, sirius red; NB, newly formed bone; F, fibrocartilage; T, tendon.
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groups from 8 to 16 weeks after operation (Fig. 6B). Statistically, the
mean failure load and stiffness of the PPT interface showed no significant
difference between the BSF and BTF group at week 8 (p > 0.05 for all),
whereas the failure load and stiffness of the PPT interface in BTF group
were significantly higher than that in BSF group (p < 0.05 for all)
(Fig. 6B).

Discussion

Surgical integrity is still considered the fundamental therapy for the
treatment of BTI injuries [1,3], which can firmly reattach the bone with
the ruptured tendon and thus contribute to B–T healing [11,12]. Clini-
cally, the surgical protocols used for B–T reattachment can be categorised
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into bone surface and trough/tunnel fixations as per the fixation site of
the raptured tendon, which causes the B–T healing interface in two
absolutely different physical environment [13–16]. However, the effects
of the two surgical protocols on B–T healing were confusing. Toward this
clinical problem, Silva et al. [16] investigated the effect of bone surface
versus trough/tunnel fixation for the repair of flexor digitorum profundus
(FDP) tendon insertion site in a canine model. The results indicated that
FDP tendon sutured to the cortical surface of distal phalanx was better
than sutured to a bone tunnel [16]. However, only the quality of the early
repair FDP tendon insertion site was evaluated and the long-term cura-
tive effect remained unknown. Recently, a similar research was per-
formed to determine the bone surface versus tunnel fixation for rotator
cuff tear in a rabbit model with respect to the histological and



Figure 5. Representative immunohistochemistry of the PPT interface of the BSF and BTF groups at postoperative week 8 or 16. Arrow: positively stained cells. Scale
bar ¼ 20 μm (low magnification) or 4 μm (high magnification). PPT, patella–patellar tendon; NB, newly formed bone; F, fibrocartilage; T, tendon.

Figure 6. Biomechanical properties of the PPT healing
interface. (A) Biomechanical testing of the QPPTC using a
custom-made jig that included an upper clamp and a lower
clamp to respectively fix the proximal patella and the tibial
plateau. (B) The failure load and stiffness of the regener-
ated PPT interface in BSF and BTF groups at postoperative
week 8 or 16. *: p＜0.05. PPT, patella–patellar tendon;
QPPTCs, quadriceps–patella–patellar tendon–tibia com-
plexes; P, patella; PT, patellar tendon; TP, tibial plateau.
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biomechanical properties [19]. The authors demonstrated that BTF for
rotator cuff tear showed more fibrocartilage regeneration at the healing
interface and higher tissue strength than BSF [19]. But this study did not
take the new bone remodelling and mineralisation into consideration. In
acxcordance with the previous studies, the B–T healing quality was either
influenced by the junctional fibrocartilage regeneration or influenced by
new bone remodelling and mineralisation [5,7,20,21]. Only using the
fibrocartilage regeneration at the interface to assess B–T healingmight be
not enough, and new bone remodelling andmineralisation should also be
taken into account. Recently, Tan et al. [22] comparatively evaluated the
B–T healing between bone tunnel and cortical surface in a rabbit model of
biceps tenodesis at postoperative week 8, and their results indicated the
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two fixation methods were similar in B–T healing quality. Above all, the
conclusions in reported literatures are inconsistent, thus, in the present
study, a rabbit PPT injury model was designed to compare the long-term
effect of bone surface versus trough/tunnel fixations on the B–T healing.
The main finding was that a more mature BTI was achieved in the BTF
group compared with the BSF group at postoperative week 16, as
demonstrated by increased new bone remodelling and mineralisation,
mature fibrocartilage regeneration and enhanced biomechanical prop-
erties. Thus, the raptured tendon end integrate with bone by BTF was
more favorable for B–T healing. This study might provide a valuable
reference for the selection of surgical fixation method in the treatment of
BTI injury.
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In accordance with the previous observations of rabbit PPT healing,
no radiographically measurable new bone outgrowth formed at the
healing interface of the remaining proximal patella before postoperative
8 weeks [23]. This study was intended to comparatively analyse the ef-
fect of bone surface versus trough fixations on the B–T healing for the
perspective of new bone mineralisation and remodelling. Thus, the time
points selected for analysis should not be early than postoperative 8
weeks. In the present study, the postoperative weeks 8 and 16 were
chosen to evaluate the PPT healing quality.

B–T healing underwent the following four typical healing stages: an
initial inflammatory stage, a new bone with regenerated fibrocartilage-
like layer stage, a woven bone remodelling and maturation of fibro-
cartilaginous layer stage, and a final remodelling stage [10]. Thus, the
importance of fibrocartilage layer regeneration, as well as new bone
formation and remodelling for the quality of B–T healing was
self-evident. Several literatures have pointed out that the strength of B–T
healing was closely connected to the area, length, mineralisation, and
BV/TV of new bone [21,24]. Thus, Micro-CT, H&E staining, and RUNX2
expression were used to evaluate the new bone remodelling and miner-
alisation. At postoperative week 8, micro-CT analysis vividly showed that
new bone was obviously extending from the proximal patella in the BSF
group, whereas, in the BTF group, only a little new bone formed at the
base of patella bone trough. Quantitatively, the BMD and Tb.Th of new
bone in the BTF group were lower than that of BSF group, whereas no
significant differences in BVF and Tb.N were found between the two
groups. Interestingly, at postoperative week 16, the BVF, BMD, and Tb.Th
of the new bone in the BTF group were significantly higher than those of
the BSF group, but the Tb.N between the BTF and BSF groups still showed
no significant difference. In addition, H&E staining further confirmed the
differences of new bone remodelling between the BTF and BSF groups.
Hence, it is speculated that these variations in new bone remodelling and
mineralisation might partly result from the biomechanical property dif-
ference between the two groups, as the BVF and mineralisation of new
bone were reported to be closely relevant to the biomechanical strength
of the PPT interface [21,24]. Unfortunately, the potential cellular and
molecular mechanisms about this osteogenic difference were not eluci-
dated in the present study. We thought that the possible mechanism may
be the following reasons. In the BTF group, a bone trough was excavated
at the residual patella to accommodate the patellar tendon. No doubt the
surgical trauma increased, which may perturb the local biological envi-
ronment more seriously, then consequently influences the new bone
remodelling and mineralisation at postoperative 8 weeks [25,26]. As
time went by, the local microenvironment becomes more and more
similar between the two groups. And, the patellar tendon integrated with
residual patella by BTF has a lager contact area with marrow cavity,
which could facilitate MSC infiltration and may contribute to new bone
remodelling and mineralisation in the BTF group at postoperative week
16.

Functional fibrocartilage is another important component for BTI,
which is responsible for the transfer of forces between bony and tendon
tissue [27]. The biomechanical functionality of the fibrocartilage is
rooted in its histological characterisation, featured by bead-like fibro-
chondrocytes embedded in an extensive extracellular matrix composed of
proteoglycans and collagen [2,27–29]. Therefore, fibrochondrocytes
density, proteoglycan content, and collagen alignment were used
together as parameters to evaluate fibrocartilage regeneration. Histo-
logically, the PPT healing interface in the BTF group was characterised
with better collagen alignment and higher chondrocyte density at week
8. Moreover, the BTF group showed increased proteoglycan content and
improved collagen alignment at week 16 compared with that of BSF
group. These improvements of fibrocartilage regeneration in the BTF
may account for the higher failure load. The fibrocartilage regeneration
involves various types of cells including infiltrating inflammatory cells,
resident fibroblasts, and tendon or bone marrow–derived MSCs [19,30],
and surrounding mechanical cue is a key factor on their migration, pro-
liferation, and differentiation. Mechanical loading is an important
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element in soft tissue healing. Mechanical loading plays a key role in MSC
differentiation. In the BSF group, the interface of the remaining patella
was subjected to tensile force acting perpendicular to the interface. The
tendon to bone interface were filled with cartilage-like tissue and
perpendicular bridging fibers. In the BTF group, the base of the bone
trough was subjected to tensile force acting perpendicular to the base.
The fiber alignment ran perpendicular to the base but obliquely at an
acute angle to the edge of the bone trough. There seem to be more
cartilage-like tissue formed at the base of the bone trough than the edge.
The different mechanical loadings influence the biological activities of
these fibrocartilage regeneration–related cells [31–34] and thus result in
the fibrocartilage regeneration variations between the BSF and BTF
groups.

Biomechanical testing results indicated that the failure load and
stiffness of the repaired PPT interfaces in the BTF group were similar to
the BSF group at postoperative week 8, whereas the failure load in the
BTF group was significantly higher at postoperative week 16 in com-
parison with the BSF group. The reasons for this difference at post-
operative week 8 may be that the better regeneration of fibrocartilage in
the BTF group might have been partly offset by its poor new bone
remodelling and mineralisation. Consequently, the BTF group did not
display significantly better tensile property than the BSF group. As time
went by, the repaired PPT interfaces in the BTF group got better
remodelling, characterised by well-developed lamellar bone and regen-
eration of mature fibrocartilage layer and thus displayed significant
improved biomechanical property compared with the BSF group.
Limitations

First, rabbit knee biomechanics and the repair size were absolutely
different to human, thus it is not suitable to simply translate our findings
into the PPT healing of humans. Second, considering the bone surface
and tunnel repair on the early healing of flexor tendon insertion site
injuries was previously investigated in a canine model [16], thus we did
not study the efficacy difference between the BSF and BTF in early stage
of B–T healing. It is possible that the BSF and BTF on early stage of rabbit
PPT healing contradicts the aforementioned research preformed in a
canine model, and more animal research should be performed to
comprehensively and systematically elucidate the impacts of BSF and
BTF on B–T healing. Third, in the present study, BTF is more suitable for
B–T healing compared with BSF. However, the detail cellular and mo-
lecular mechanisms about this were not investigated in the present study.
The reason for the phenomenons may be that BTF can provide a stabler
mechanical environment and more MSCs for the osteointegration of
tendon end with respect to BSF. Fourth, the osteogenic difference should
have been affected by the different mechanical loadings between two
groups. For sure, the underlying mechanism should be further explored
in the future studies.

Conclusions

These results suggested that ruptured tendon fixation in a bone
trough resulted in superior B–T healing in comparison with tendon fix-
ation on bone surface in a rabbit PPT injury model.
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