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Grafted Tendon Healing in Tibial Tunnel Is Inferior to Healing
in Femoral Tunnel After Anterior Cruciate Ligament

Reconstruction: A Histomorphometric Study in Rabbits

Chun-Yi Wen, Ph.D., Ling Qin, Ph.D., Kwong-Man Lee, Ph.D.,
Margaret Wan-Nar Wong, M.D., and Kai-Ming Chan, M.D.

Purpose: This study aimed to test whether graft healing in the tibial tunnel was inferior to that in the
femoral tunnel after anterior cruciate ligament (ACL) reconstruction in rabbits. Methods: Surgical
reconstruction by use of the digital extensor tendon in the bone tunnel was performed in 18 rabbits.
The rabbits were killed at weeks 2, 6, and 12 postoperatively, with 6 at each time point, for histologic
examination. Results: The transiently formed cartilaginous interface was gradually mineralized
during re-establishment of direct tendon-to-bone integration, which was observed significantly less in
the tibial tunnel than in the femoral tunnel (P � .05). The cell density of the graft was significantly
lower in the tibial tunnel than that in the femoral tunnel at weeks 2 and 6 postoperatively (P � .05
for both). An increase in the immature type III collagen content was accompanied by a decrease in
graft collagen fiber organization, with healing over time in both the femoral and tibial tunnels. The
collagen fiber organization of the graft was significantly poorer in the tibial tunnel than that in the
femoral tunnel at week 12 after surgery (P � .05). Conclusions: Grafted tendon healing in the tibial
tunnel was inferior to that in the femoral tunnel at the tendon-to-bone interface and with regard to the
grafted tendon within the bone tunnel after ACL reconstruction in rabbits. Clinical Relevance:
Future biopsy study is desirable to test whether this observation was valid clinically, which might
provide a scientific basis for therapeutic targets to improve the outcome of ACL surgery.
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rthroscopic reconstruction of grafted tendon in the
femoral and tibial tunnels is a common surgical

rocedure to replace a torn anterior cruciate ligament
ACL) in patients. Yet 11% to 32% of patients showed
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n unsatisfactory prognosis, and up to 10% required
urgical revision.1-3 Unsecure or failed graft healing in
he bone tunnel was one of the major causes of sur-
ical revision.4,5 Graft healing included graft incorpo-
ation to the surrounding bone and intraosseous graft
emodeling.4,5 Rodeo et al.6 described that graft incor-
oration relied on bony ingrowth at the tendon-to-
one (T-B) healing interface for T-B collagen fiber
econnection. An immunohistochemical study showed
hat the process of such bony ingrowth during T-B
ealing resembled endochondral ossification.7 Graft
emodeling in the bone tunnel required host cell re-
opulation and subsequent matrix deposition,8 which
as slower and later than that for graft incorporation.7

It has commonly been considered that graft fixation
s more problematic in the tibial tunnel than in the
emoral tunnel, in association with a lower bone mass
n the tibial tunnel.9,10 However, the influence of such

isparity in the osseous environment on graft healing

urgery, Vol 26, No 1 (January), 2010: pp 58-66
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59DISPARITY OF GRAFT HEALING IN BONE TUNNELS
as never been investigated. Theoretically, the osse-
us environment provided a contact surface for graft
ncorporation11 and hosted healing cells for graft re-
odeling.8 It was hypothesized that grafted tendon

ealing in the tibial tunnel was inferior to that in the
emoral tunnel after ACL reconstruction.

To test the hypothesis, this study was designed to
ompare the healing quality of graft incorporation and
emodeling between the femoral tunnel and tibial tun-
el after ACL reconstruction in an established rabbit
odel.12 The findings of this study might be helpful to

ocate the weakest site of the graft construct, where
he target of enhancement should be to improve the
utcome of ACL surgery.

METHODS

tudy Design

This experiment was approved by the research eth-
cs committee of the authors’ institution. Eighteen
keletally mature female New Zealand white rabbits
age, 26 weeks; weight, 3.5 to 4.0 kg) were used in
his study. ACL reconstruction with a long digital
xtensor tendon graft was performed. Rabbits were
illed at weeks 2, 6, and 12 postoperatively, with 6
abbits at each time point, before femur-graft-tibia
omplexes were harvested for histomorphometric
nalysis.

nimal Surgery

The rabbit model for ACL reconstruction was es-
ablished according to an established protocol.12 In
rief, the rabbits were operated on under general an-
sthesia with 10% ketamine/2% xylazine (Alfasan,
oerden, Holland; 1 mL/1 mL), and sedation was
aintained with 2.5% sodium phenobarbital injected

ntravenously (Sigma-Aldrich, St Louis, MO). The
ong digital extensor tendon graft was harvested, and
raft preparation was done by removing the attached
uscle and passing the holding sutures through each

nd of the tendon graft in an interdigitating whipstitch
ashion, which mimicked the suspensory fixation such
s the EndoButton (Smith & Nephew Endoscopy,
ndover, MA) used in the clinical setting. A medial
arapatellar arthrotomy was performed to expose the
nee joint. The patella was then dislocated, and the
nfrapatellar fat pad was removed to expose the joint
avity. After the ACL was excised, femoral and tibial
unnels were created through the footprint of the orig-
nal ACL. The graft was then inserted and routed

hrough the bone tunnels by use of holding sutures. b
he graft at the extra-articular exit of the tunnel was
xed with maximum tension to the neighboring soft

issue by secure knots. The wound was closed in
ayers and wrapped with dressing. The rabbits were
llowed free cage movement after surgery. The femur-
raft-tibia complexes were harvested for histologic
valuation at each time point.

istomorphometric Analysis

The samples were fixed in 10% neutralized forma-
in, decalcified with 9% formic acid for 3 weeks, and
hen cut across the central longitudinal axis of the
one tunnel from the anteromedial side to the postero-
ateral side (Fig 1A). They were processed in a histo-
entre (Histokinette 2000; Reichert-Jung, Nussloch,
ermany) and embedded in paraffin wax (Thermolyne
ybron, Dubuque, IA). A total of 15 to 20 consecutive
ections of 7 �m were taken for histologic examina-
ion, and it was estimated that the sections were within
distance of 0.10 to 0.15 mm from the central axis of

he bone tunnel. The sections were stained by H&E
nd safranin O and then analyzed with a microscopic
maging system (Leica Q500MC; Leica Cambridge,
ambridge, England) (Fig 1B).
T-B healing quality was graded morphologically

egarding new bone formation, cartilaginous tissue
ormation, and T-B collagen fiber reconnection. A
odification of the histologic scoring system of Yeh

t al.13 was done with three categories: none, presence,
ignificant scored by 0, 1, 2, respectively, and the
erfect score would be 6 (Table 1). New bone forma-
ion was evaluated after H&E staining.14 The fibro-
artilaginous tissue formation at the T-B healing in-
erface was detected by safranin O staining,14 and the
rea of positive safranin O staining was also measured
ith the MetaMorph Image Analysis System 6.3 (Uni-
ersal Imaging [Molecular Devices], Downingtown,
A). T-B collagen fiber reconnection was examined
nder polarized microscopy. The sections were graded
y 2 trained researchers, and the final results were
etermined by consensus to minimize sampling error
nd misinterpretation.

Intraosseous graft remodeling was evaluated by
emi-quantification of cell density, cell shape, colla-
en fiber composition, and organization. The sampling
icroscopic fields were taken from the mid portions

f intraosseous grafted tendon midsubstance. To mea-
ure cellularity, the cell nuclei in blue after H&E
taining were observed under light microscopy. Cell
ensity was then calculated by dividing the total num-

er of cells by the measured tissue area. Morphologic
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60 C.-Y. WEN ET AL.
hanges of the nucleus were measured by use of the
hape factor calculation: Shape factor � 4�A/P2

where P indicates perimeter and A indicates area). A
hape factor of 1 represents a circular object, and a
hape factor of 0 represents a straight line. Shape data
or each object were recorded and averaged by use of
he aforementioned MetaMorph Image Analysis Sys-
em 6.3.

Sirius red staining was used for the semi-quantifi-
ation of mature and immature collagen content of
ntraosseous graft during remodeling: mature type I
ollagen fibers appear in yellow, orange, and red;

IGURE 1. The femur–ACL graft–tibia complex was harvested a
urgery. (A) The samples were cut longitudinally across the centra
osterolateral side. A total of 15 to 20 consecutive sections of 7 �
ections were within a distance of 0.10 to 0.15 mm from the centra
&E and safranin O: the representative images show that the prese

ess in the tibial tunnel than that in the femoral tunnel (arrows);
articularly on the posterolateral side than in the femoral tunnel (

TABLE 1. Histological Scoring System for
Tendon-to-Bone Healing

Characteristics Points

ibrocartilage formation
Massive 2
Present 1
No 0

ew bone formation
Massive 2
Present 1
No 0

endon-to-bone collagen fibers reconnection
Direct collagen fiber reconnection 2
Indirect reconnection through fibrous tissue 1
No 0
aNOTE. A perfect score would be 6 points.
hereas immature type III collagen fibers appear in
reen.15 The composition of immature type III colla-
en was quantified through calculation of the fraction
f green area over total area of the sampling field after
olor segmentation. The collagen organization of in-
raosseous graft was also measured after Sirius red stain-
ng by quantifying the birefringence of collagen under
olarized light (based on brightness) according to a pub-
ished method.16 In brief, measurements were taken by
otating the polarization plane for maximum brightness
o control the variations of the specimen orientation on
he slides. The microscope fields were digitized, yielding
n image in which noncollagenous material was dark
gray level 0) and collagenous material was depicted by
ray scale from 1 to 255. The gray-scale measurement of
igitized images for collagenous tissue of the intraosse-
us graft was performed on each section with Meta-
orph Image Analysis System 6.3.

tatistical Analysis

The comparisons for the area of transient chondral
allus, graft cell density, collagen composition, and
rganization among the different time points and dif-
erent host bone milieus (femoral and tibial tunnel)
ere performed with 2-way analysis of variance. The

omparison for the score of T-B healing quality was
erformed with the Friedman test. When overall sig-
ificance of main effects was indicated without inter-

cific time point for histologic examination, that is, week 6 after
of the bone tunnel (dotted line) from the anteromedial side to the
re taken for histologic examination, and it was estimated that the
f the bone tunnel. (B) The longitudinal sections were stained with
cartilaginous interface tissue at the T-B interface was significantly
also noted that there were fewer trabeculae in the tibial tunnel

original magnification �16). (B, bone; C, cartilage; T, tendon.)
t a spe
l axis
m we

l axis o
nce of
ction, the difference between individual time points
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61DISPARITY OF GRAFT HEALING IN BONE TUNNELS
nd sites was assessed by post hoc test. The level of
ignificance was set at P � .05. All data analyses were
erformed with SPSS analysis software, version 15.0
SPSS, Chicago, IL).

RESULTS

The disparity of T-B healing was observed in the
emoral and tibial tunnels after surgery (Fig 1). The
ransient cartilaginous tissue at the T-B healing inter-
ace was much less extensive in the tibial tunnel than
n the femoral tunnel at weeks 2 and 6 after surgery
P � .05 for both). Such cartilaginous interface tissue
as present at the T-B interface at week 2 after

urgery; its area decreased with healing over time with
hondrocytes aligned along the penetrating collagen

IGURE 2. Representative images showing T-B healing process wi
nterface tissue showing positive reactivity of safranin O (SO) (op
ecame distinct with chondrocyte-like cells embedded in aligne
ccompanied by narrowing of the thickness of the cartilaginous inte
n the area of newly formed bone at week 6 postoperatively. Bone

nterface and direct collagen fiber connection from bone to tendon at w
artilage; T, tendon; WB, woven bone.)
bers from bone to tendon at week 6 postoperatively,
nd the cartilaginous interface tissue diminished and
as replaced by bony ingrowth with re-establishment
f the T-B collagen fiber reconnection at 12 weeks
fter surgery (Fig 2 and Table 2). Fibrous healing
nterface tissue was dominant in the tibial tunnel, and
oose fibrovascular tissue was present between bone
nd tendon at week 2 postoperatively; fibrous inter-
ace tissue became organized and reoriented along the
ong axis of grafted tendon and bone tunnel with
ealing over time with the newly formed osteoid close
o the grafted tendon, and the grafted tendon con-
ected with the bone tunnel indirectly through the
brous interface tissue at week 12 after surgery (Fig
). The score of T-B healing quality was significantly
igher in the femoral tunnel than that in the tibial

ient cartilaginous interface tissue formation in femoral tunnel. The
ws) was noted at week 2 after surgery. Such cartilaginous tissue
gen fibers (white arrow). Massive woven bone formation was
he residue of positive signals of safranin O could still be observed

essively grew into grafted tendon with a diminished cartilaginous
th trans
en arro
d colla
rface. T
progr
eek 12 after surgery (original magnification �100). (B, bone; C,
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62 C.-Y. WEN ET AL.
unnel at weeks 6 and 12 postoperatively (P � .05 for
oth) (Table 2). Actually, as shown in Fig 1B, T-B
ealing was also not uniform along either the femoral
r tibial tunnel. Cartilaginous interface tissue was
resent in the bone tunnel close to the intra-articular
xit, whereas fibrous interface tissue occurred inside
he bone tunnel. Accordingly, the collagen fiber ori-
ntation in the cartilaginous interface close to the
ntra-articular tunnel exit was oblique or perpendicular
o the long axis of the bone tunnel, whereas the
ollagen fiber orientation in the fibrous interface in-
ide the bone tunnel was almost parallel to the long
xis of the bone tunnel (Figs 2 and 3).

The disparity of graft remodeling was also found in
he femoral and tibial tunnels after surgery. As shown
n Fig 4 and Table 2, the cell density of the graft in the
ibial tunnel was significantly lower than that in the
emoral tunnel at weeks 2 and 6 postoperatively. In
oth the femoral and tibial tunnels, there were no
ignificant changes in the cell density of the graft
etween weeks 2 and 6. It dramatically dropped at
eek 12 by 67% and 61% in the femoral tunnel and

ibial tunnel, respectively, in comparison with the cell
ensity at week 6. The reduction in cell density was
ccompanied by a shift in the cell nucleus appearance
ith healing over time from round to rope-like, which
as indicated by the shape factor. With respect to
atrix deposition, the graft composition of immature

ype III collagen increased with a decrease in graft
ollagen fiber organization with healing over time in
oth the femoral and tibial tunnels. The birefringence

TABLE 2. Spatiotemporal Changes of Tendon-to-B
ACL Re

Parameters

Week 2

Femoral Tunnel Tibial Tunnel

core of T-B healing quality
[median (range)] 3 (3–4) 2 (2–4)

rea of cartilaginous tissue
(mm2) 0.232 � 0.069* 0.090 � 0.031*

raft cell density (per mm2) 72 � 18* 31 � 5*
hape factor of graft cell
(0–1) 0.46 � 0.18 0.55 � 0.25

raft collagen composition
(% with green color) 27 � 11 35 � 18

raft collagen organization 153 � 39 127 � 28

*Significant difference between femoral and tibial tunnels at ea
ariance or Friedman test.
†Difference between the specific time points (week 6, week 12) a

05) between the specific time points and week 2 by multiple com
f graft collagen fibers in the tibial tunnel was signif- f
cantly lower than that in the femoral tunnel at week
2 after surgery (P � .05) (Fig 5 and Table 2).

DISCUSSION

To provide a better understanding of the biological
ealing process and develop better strategies to im-
rove surgical outcome after ACL reconstruction, this
tudy systemically characterized the healing process
aking place in the T-B tunnel with an emphasis on
artilaginous and fibrous healing interface tissues. It
as found that the transient cartilaginous interface
as gradually replaced by bony ingrowth and re-

stablishment of the direct T-B collagen fiber recon-
ection postoperatively. The residue of proteoglycan
as detected in the area of the newly formed bone at

he T-B interface, which suggested that the process of
one formation resembled endochondral ossification.
his observation was consistent with an immunohis-

ochemical study after ACL reconstruction in rabbits.7

he formation of transient cartilaginous tissue was
ossibly associated with compressive stress as well as
ensile stress,17 where grafted tendon was redirected
t the intra-articular tunnel exit.18 It has been established
hat the postnatal development of ACL-to-bone inser-
ion resembles endochondral ossification.19 The heal-
ng process with transient cartilaginous interface tis-
ue formation would be favorable for regeneration of
n ACL graft–to–bone tunnel insertion close to an
ntact one. However, there was less cartilaginous in-
erface formation found in the tibial tunnel than in the

ealing Interface Tissue and Graft Remodeling After
uction

Week 6 Week 12

ral Tunnel Tibial Tunnel Femoral Tunnel Tibial Tunnel

(4–5)*† 3 (2–4)* 6 (4–6)*† 4 (3–4)*†

� 0.042*† 0.027 � 0.015*† 0† 0†
� 10* 38 � 7* 20 � 11† 15 � 3†

� 0.12* 0.75 � 0.17*† 0.70 � 0.14† 0.78 � 0.12†

� 14† 62 � 15† 78 � 12† 89 � 10†
� 20† 91 � 18† 85 � 23*† 60 � 12*†

cific time point by multiple comparisons after 2-way analysis of

k 2 after surgery if the difference was statistically significant (P �
s after 2-way analysis of variance or Friedman test.
one H
constr

Femo

5

0.115
60

0.58

49
106

ch spe

nd wee
emoral tunnel with healing over time.
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63DISPARITY OF GRAFT HEALING IN BONE TUNNELS
This is the first experimental study to address the
isparity of the histologic characteristics of T-B heal-
ng in the femoral and tibial tunnels postoperatively.
s shown in histologic evaluations, T-B healing qual-

ty in the tibial tunnel was inferior to that in the
emoral tunnel. The collagen fiber orientation at the
ealing interface was along the long axis of the grafted
endon and bone tunnel, suggesting their function in
ustaining shear force across the T-B interface. It
ight be associated with the formation of fibrous

nterface tissue, which was predominantly found in
he tibial tunnel. In contrast, the collagen fibers at the
artilaginous interface, which was extensive in the
emoral tunnel, obliquely penetrated from bone to
endon. This might explain why the grafted tendon
as prone to be pulled out from the tibial tunnel,
hich was reported in previous experimental stud-

IGURE 3. Representative images showing T-B healing process
nterface tissue was composed of loose organized fibrous tissue at 2
ith fibrous interface narrowing at weeks 6 and 12 after surgery. No
100). (B, bone; FI, fibrous interface; T, tendon; SO, safranin O.
es.12,20 Our findings might suggest that the tibial side t
as the weakest site of graft constructs where the
arget for enhancement should be to improve the out-
ome of ACL surgery. The limited clinical biopsy
tudies also showed the different healing interface
issue in patients (i.e., cartilaginous and fibrous tis-
ue).21-23 However, there were no clinical biopsy data
vailable in both the femoral tunnel and tibial tunnel
n the same patient for comparison. Thus future clin-
cal biopsy study is desirable to test whether our
bservation in an animal model is relevant clinically,
hich might provide a scientific basis for therapeutic

argets to improve the outcome of ACL reconstructive
urgery.

Such disparity of T-B healing in the femoral and
ibial tunnels was also reported after medial collateral
igament reconstruction in rabbits.11 It was described
hat the transient cartilaginous interface tissue forma-

transient fibrous interface tissue formation in tibial tunnel. The
after surgery. Closer bone apposition to grafted tendon was present
T-B collagen fiber reconnection was found (original magnification
with
weeks
direct
ion was much more extensive in the trabecula-filled
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64 C.-Y. WEN ET AL.
emoral tunnel than in the marrow-filled tibial tun-
el.11 Grassman et al.11 considered that the grafted
endon might depend on the trabecular bone architec-
ure at the graft site. Actually, peri-graft bone pro-
ided the contact surface for graft anchorage; thus a

IGURE 4. Representative images showing that the cell density o
he femoral tunnel at weeks 2 and 6 postoperatively (H&E stainin

IGURE 5. Representative images showing spatiotemporal change
t was found that type III collagen, which was visualized as a green

ealing over time in both the femoral tunnel and tibial tunnel. The birefr
han that in the femoral tunnel (original magnification �100).
arge bone surface might be favorable for T-B healing
heoretically. The relation between peri-graft bone
ass and micro-architecture and T-B healing should

e further investigated.
Synovial fluid might be another potential factor

afted tendon in the tibial tunnel is significantly lower than that in
inal magnification �100).

atrix composition of grafted tendon in femoral and tibial tunnels.
nder polarized microscopy after Sirius red staining, increased with
f the gr
s of m
color u
ingence of grafted tendon collagen was lower in the tibial tunnel
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65DISPARITY OF GRAFT HEALING IN BONE TUNNELS
ffecting T-B healing in the intra-articular tibial bone
unnel. Several magnetic resonance imaging studies
ave shown that synovial fluid was prone to be tracked
n the tibial tunnel.24,25 It was reported that the level of
he catalytic agents such as interleukin 1 in synovial
uid increased after ACL surgery.26,27 The expression
f interleukin 1 unregulated the expression level of
hondrocyte matrix metalloproteinase 8 in synovial
uid.28,29 Synovial fluid influx in the tibial tunnel
ight impair the formation of cartilaginous interface

issue and then T-B integration. This was supported by
recent experimental study that showed that inhibi-

ion of activities of matrix metalloproteinase 8 in
ynovial fluid by use of �2-macroglobulin could im-
rove the mechanical properties of the T-B complex
fter ACL reconstruction in rabbits.29

The T-B healing interface was the weakest link of
he T-B complex immediately after ACL reconstruc-
ion despite various fixations.30 The previous experi-
ental studies of other authors and our study have

hown that the weakest point of the T-B complexes
hifted to the grafted tendon midsubstance within the
one tunnel with re-establishment of the T-B connec-
ion.12,31 Thus intraosseous graft remodeling was also
mportant for the clinical outcome.32 However, most
revious experimental studies focused on the remod-
ling of intra-articular tendon graft, with a focus on
he “ligamentization” process.33 Few studies investi-
ated the remodeling of intraosseous grafted tendon.
The grafted tendon remodeling required host cell

epopulation and subsequent matrix remodeling.8,34 In
ur study it was shown that the graft cellularity was
igher at weeks 2 and 6 after surgery and then de-
reased with healing over time, accompanied by a
hift in cell shape from round to rope-like. This might
ndicate the possibility of host cells turning into fibro-
last-like cells for collagen synthesis. The newly
ormed collagen fibers were thin, were green in color
fter Sirius red staining, and increased with healing
ver time. The organization of such newly formed
ollagen fibers became poor with healing over time. It
as shown that remodeling of the grafted tendon after
CL reconstruction was associated with an extensive
ecrease in the tensile strength of the graft in the first
2 weeks after surgery.35 This was also the first study
o show the disparity of graft cellularity, matrix com-
osition, and organization observed in the femoral and
ibial tunnels. The graft cellularity was obviously
ower in the tibial tunnel than that in the femoral
unnel. The collagen fiber organization was poorer in
he tibial tunnel than that in the femoral tunnel. This

ight explain why the grafted tendon ruptured in the
idsubstance in the tibial tunnel at week 12 after
urgery in this study. The remodeling process of the
ntraosseous graft was slower than the healing process
t the T-B interface; thus it should also be the target
or T-B healing enhancement.

A few limitations were present in our experimental
tudy: (1) the findings were limited to a rabbit model
nd could not be extrapolated directly to patients
ecause of the disparities in the anatomy, biomechan-
cs, and kinetics of the knee joint between bipedal
i.e., human beings) and quadrupedal (i.e., rabbits)
nimals; (2) the graft choice used in our animal model
as the extensor tendon instead of the hamstring

endon commonly used in clinical settings; (3) the
rafted tendon was fixed by suture fixation in rabbits
nstead of with an interference screw, EndoButton, or
ross-pin, which is currently used in patients; and (4)
he histologic evaluations were not conducted in a
linded fashion, although consensus was reached be-
ween 2 trained researchers.

CONCLUSIONS

Grafted tendon healing in the tibial tunnel was
nferior to that in the femoral tunnel at the T-B healing
nterface and the grafted tendon within the bone tunnel
fter ACL reconstruction in a rabbit model.
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