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Abstract
Purpose Anterior cruciate ligament (ACL) reconstruction using a bone–patellar tendon–bone (BTB) graft is known to 
provide secure fixation due to the direct bone-to-bone integration of the bone plug and bone tunnel. It is important to know 
the time required for bone integration when designing the postoperative rehabilitation protocol or deciding when the patient 
can return to competition-level activity, especially if the patient is an athlete. However, because reports are scarce, the period 
necessary for bone-to-bone integration after ACL reconstruction using a BTB graft remains unclear. The purpose of this 
study was to clarify this issue. It was hypothesised that ACL reconstruction using a BTB graft via an anatomical rectangular 
tunnel would help in the integration between bone plugs and bone tunnels on both the femoral and tibial sides after at least 
6 months, at which point basic exercises similar to pre-injury sporting activity levels can be resumed.
Methods This study included 40 knees treated with ACL reconstruction using a BTB graft via anatomical rectangular tun-
nel reconstruction between 2013 and 2014 in a single institute. The integration between bone plugs and bone tunnels was 
evaluated using multi-slice tomosynthesis, which is a technique for producing slice images using conventional radiographic 
systems, at 1, 3, and 5 months postoperatively. All procedures were performed by two experienced surgeons. Bone integra-
tion was evaluated by two orthopaedic doctors.
Results The rates of integration of the bone plug and femoral bone tunnel on tomosynthesis at 1, 3, and 5 months postop-
eratively were 0, 55, and 100%, respectively. On the tibial side, the corresponding rates were 0, 75, and 100%, respectively. 
The rate of integration on the tibial side was significantly higher than that on the femoral side at 3 months postoperatively 
(p = 0.031).
Conclusions Bone-to-bone integration on the femoral and tibial sides was complete within 5 months after surgery in all 
cases. Since the time required for bone integration is important in designing the postoperative rehabilitation approach, these 
results will serve as a useful guideline for planning rehabilitation protocols.
Level of evidence IV.
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Introduction

Secure fixation between the tendon graft and bone tunnel 
is one of the principal determinants of successful ante-
rior cruciate ligament (ACL) reconstruction [8, 10, 25, 
36, 37]. Among the various tendon grafts considered suit-
able for this repair, hamstring and patellar tendons are the 
most popular [9, 14, 16, 26, 33, 34, 38]. The mechanism 
of healing between the tendon graft and the bone tunnel in 
bone-attached tendons is distinct from that in bone-free ten-
dons. Bone-free tendons anchor to the bone wall via newly 
formed collagen fibres that resemble Sharpey’s fibres [18, 
25, 39]. In contrast, ACL reconstruction with bone–patel-
lar tendon–bone (BTB) grafts provides good fixation due to 
the direct bone-to-bone integration involved [4, 5, 17, 22]. 
However, because previous reports are scarce, the period 
necessary for bone-to-bone integration after BTB ACL 
reconstruction is unknown.

ACL reconstruction using a BTB graft via an anatomical 
rectangular tunnel (also known as anatomical rectangular 
tunnel BTB ACL reconstruction) is a novel surgical tech-
nique reported by Hayashi et al. [13], Mae et al. [20] and 
Shino et al. [27–29]. In this procedure, the BTB graft was 
positioned, such that it mimicked the natural fibre arrange-
ment of a normal ACL according to the concepts of ana-
tomic reconstruction. Suzuki et al. reported early integration 
of the bone plug in the femoral tunnel in anatomical rectan-
gular tunnel BTB ACL reconstruction using an interference 
screw for graft fixation on the femoral side [30]. Suspensory 
fixation devices were used on the femoral side during ana-
tomical rectangular tunnel BTB ACL reconstruction at the 
study centre. However, the exact period required for bone 
plug and tunnel integration in anatomical rectangular tunnel 
BTB ACL reconstruction when using a suspensory button 
for femoral side fixation is still unknown. Understanding the 
time required for integration between the tendon bone plug 
and bone tunnel is important in designing the postoperative 
rehabilitation protocol or timing the return to competition-
level activity, especially in athletes.

With the above in mind, the aim of this study was to 
assess the time required for integration between bone plugs 
and bone tunnels following anatomical rectangular tunnel 
BTB ACL reconstruction with suspensory devices for fixa-
tion on the femoral side and a double spiked plate (DSP) 
system (MEIRA Corp., Nagoya, Japan) and screw for fixa-
tion on the tibial side. The DSP system is a modified pull-out 

suture technique that makes it possible to fix the graft under 
a predetermined amount of tension [29].

It was hypothesised that anatomical rectangular tunnel 
BTB ACL reconstruction would help in the integration 
between bone plugs and bone tunnels on both the femoral 
and tibial sides after at least 6 months, at which point basic 
exercises similar to pre-injury sporting activity levels can be 
resumed. The method of postoperative rehabilitation after 
ACL reconstruction has not yet been established due to a 
lack of data [2, 35]. If it becomes clear that bone-to-bone 
integration is complete within 6 months after the proce-
dure, this knowledge will serve as a basis for discussions 
on rehabilitation protocols after ACL reconstruction. As a 
result, this study confirmed that the use of the investigated 
rehabilitation protocols yielded reasonable times of return 
to basic exercises that were similar to pre-injury sporting 
activity levels.

Materials and methods

Patients with isolated ACL injuries and ACL injuries with 
concomitant meniscal tears were included in this study. 
Patients with multiple ligament injuries and those undergo-
ing revision ACL were excluded. All reconstructions were 
performed by two experienced surgeons. Bone integration 
was assessed by two orthopaedic doctors using tomosynthe-
sis. Tomosynthesis is a technique for producing slice images 
using conventional radiographic systems. It is a special type 
of imaging technology that fuses cone-beam computed 
tomography (CT) reconstruction with digital image pro-
cessing to produce images of specified cross sections from 
a single tomography. Tomosynthesis has a shorter examina-
tion time, less metal equipment-related artefacts, and less 
radiation dose compared to CT.

Surgical technique

All patients underwent anatomical rectangular tunnel BTB 
ACL reconstruction with tourniquet control under general 
anaesthesia [27–29]. Arthroscopy was performed to iden-
tify meniscal tears; if a meniscal tear was present, a repair 
or meniscectomy was performed. For fixation, a 4 × 12-mm 
EndoButton (Smith & Nephew, Inc., Andover, MA, USA) 
was secured to the femoral bone plug using two #2 Fiber-
Wires (Arthrex, Inc., Naples, FL, USA) to enable placement 
of the distal end of the bone plug at the aperture of the femo-
ral tunnel. Two leading sutures were used to pass the graft 
from the tibial tunnel to the femoral socket while maintain-
ing the cancellous bone surface anteriorly. Femoral fixation 
was achieved with an EndoButton using the flip technique, 
and tibial fixation was performed using a DSP system with 
the pull-out suture technique [32] (Fig. 1).
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Radiographic analysis

All patients were evaluated via multi-slice tomosynthesis 

(SONIALVISION safire; Shimadzu, Co., Kyoto, Japan) at 
1, 3, and 5 months postoperatively. Reconstructed imaging 
data provided cross-sectional coronal and sagittal images 
in 1-mm slices. Bone integration was evaluated from the 
femoral and tibial sides in the sagittal and coronal views, 
respectively. Bone integration was considered complete 
when trabecular continuity between the bone plug and the 
adjacent wall of the bone tunnel was observed in at least 
two consecutive slices (Fig. 2). The bone was considered as 
integrated only if the two orthopaedic doctors, who did not 
perform the procedures, agreed on the findings. The inter-
observer reliability between the orthopaedic doctors who 
evaluated the tomosynthesis findings was κ = 0.82, while the 
intra-observer reliability was κ = 0.89.

The institutional review board of Teikyo University in 
Tokyo, Japan approved this study (ID17036). All patients 
were informed about the procedure and provided consent 
for participation in the study and for the publication of their 
data.

Statistical analyses

All statistical analyses were performed with SPSS version 21 
(IBM, Co., Armonk, NY, USA). Fisher’s exact test was used 
to analyse the differences between bone integration at the 
femoral tunnel and the tibial tunnel. The κ statistic was used 
to analyse inter-observer and intra-observer reliability. Based 
on this protocol’s pilot study, it was assumed that the rate 
of integration at 3 months after the operation would be 80% 
on the tibial side and 50% on the femoral side. Thirty-seven 

Fig. 1  Schema of anterior cruciate ligament reconstruction using a 
bone–patellar tendon–bone graft via an anatomical rectangular tun-
nel. Reconstruction was performed with an EndoButton for femoral 
fixation, while tibial fixation was achieved with a double spiked plate 
and screw

Fig. 2  Tomosynthesis for the 
evaluation of bone integration. 
(a, b) Bone plug was separated 
from the bone socket, and was 
considered as not integrated. 
(c, d) Bone plug contacted 
the bone socket and continu-
ity of the trabecular bone was 
observed; therefore, it was 
considered as integrated
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patients were needed to establish a significant difference for 
integration on the tibial side and the femoral side with 80% 
power at a 2.5% one-sided significance level.

Results

Forty-nine knees were treated using anatomical rectangular 
tunnel BTB ACL reconstruction between 2013 and 2014 
at Teikyo University Hospital. Two knees were excluded, 
because revision ACL was performed and five knees were 
excluded, because the patients were unable to undergo three 
tomosynthesis assessments at the appropriate time points. 
Finally, 40 knees (14 women and 26 men) were eligible for 
analysis. The median patient age at the time of surgery was 
20.5 years (range 16–49 years). Other preoperative patient 
characteristics are shown in Table 1.

The rates of integration of the bone plug with the femoral 
bone tunnel on tomosynthesis at 1, 3, and 5 months postop-
eratively were 0, 55, and 100%, respectively (Fig. 3). On the 
tibial side, the corresponding rates were 0, 75, and 100%, 
respectively (Fig. 4). The bone plugs were integrated with 
the bone tunnels on the femoral and tibial sides by postop-
erative month 5 in all patients. The rate of integration was 
higher on the tibial side than on the femoral side at 3 months 
postoperatively (p = 0.031; Fig. 5), suggesting that bone inte-
gration on the tibial side occurred earlier.

Discussion

The principal finding of this study was that the integration 
of the bone plugs of the tendon graft with the femoral bone 
tunnel and the tibial bone tunnel occurred within 5 months 
in all patients following anatomical rectangular tunnel BTB 
ACL reconstruction with suspensory fixation. Bone integra-
tion on the femoral side was slower than previously reported, 
wherein bone plug-femoral tunnel integration occurred 
within 8 weeks of the anatomical rectangular tunnel BTB 
ACL reconstruction procedure [30]. In the previous study, 
interference screws were used for femoral side fixation, and 
bone integration was evaluated using CT. Additionally, the 
researchers suggested that earlier bone integration may be 
attributed to the type of fixation used. However, Lomasney 
et al. performed conventional round tunnel allograft BTB 
ACL reconstruction with bioabsorbable interference screws 
for fixation and reported bone plug-tibial bone tunnel inte-
gration in only 34.5% of cases at 5 months postoperatively 
[17]. The shape of the bone tunnels and the sensitivity of the 
imaging method used for the assessment of integration may 

Table 1  Preoperative patient characteristics

a  Median (range)
b  Mean ± SD (range)

Parameter

Male/female 26/14
Right/left 21/19
Age (years)a 20.5 (16–49)
Height (cm)b 169.6 ± 9.1
Weight (kg)b 70.4 ± 16.1
Body Mass Index (kg/m2)b 24.3 ± 4.4
Athlete/non athlete 27/13
KT-1000 (mm)b 4.4 ± 2.3

Fig. 3  Bone integration on the 
femoral side. a Bone integration 
rates on the femoral side at 1, 
3, and 5 months after surgery. b 
Sagittal-plane tomosynthesis on 
the femoral side. Bone integra-
tion was negative at 1 month 
after surgery. c Bone plug was 
integrated at 5 months after 
surgery
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explain the difference in bone healing time between these 
studies and the current study.

Kawakami et al. studied the integration of tendons into 
bone tunnels by comparing bone-attached tendon grafts with 
interference screw fixation and bone-free tendon grafts with 
extra-articular suture fixation [15]. In this previous study 
involving anterior half replacement of the medial collateral 
ligament in Japanese white rabbits, the two interventional 
groups were found to be comparable in terms of biome-
chanical characteristics in the early postoperative period. 
This result confirmed that EndoButtons were not inferior 
to interference screws for femoral fixation in experimental 
animal models. However, the efficacy of suspensory buttons 
for femoral fixation in anatomical rectangular tunnel BTB 

ACL reconstruction has not been confirmed in clinical set-
tings [3, 24]. Recently, Taketomi et al. reported bone plug 
integration with a femoral socket within 1 year of anatomical 
rectangular tunnel BTB ACL reconstruction with EndoBut-
tons for femoral side fixation in all cases [31]. The authors 
also reported that EndoButton use was associated with a 
low incidence of bone plug migration, short mean distance 
of bone plug migration, satisfactory short-term clinical out-
comes, and low complication rates. These previous conclu-
sions were consistent with the results of this study.

The use of tomosynthesis instead of CT or magnetic reso-
nance imaging to evaluate the integration of bone plugs with 
bone tunnels is unique to the present study. The advantages 
of using tomosynthesis are as follows: (1) tomosynthesis 
has a shorter examination time, thus improving patient com-
fort; (2) the influence of metal equipment-related artefacts 
is lessened with tomosynthesis, enabling reliable evaluation 
of bone integration [6, 7, 19]; and (3) tomosynthesis has 
been associated with lower radiation doses than CT [1, 21, 
23], making it safer for frequent or repeated imaging. Ha 
et al. reported that tomosynthesis provided superior diag-
nostic information compared with other imaging methods 
in the postoperative evaluation of wrist fractures, and was 
associated with lower costs and radiation exposure than CT 
[12]. The authors of this previous study recommended that 
tomosynthesis should be considered for the follow-up imag-
ing of fractures.

The evaluation of bone integration performed on the fem-
oral side, as well as on the tibial side, was another strength of 
the current study, which was in contrast to most other studies 
that only evaluated the femoral side [30, 31]. This enabled 
this investigation to identify a significant difference in the 
rate of bone integration between the femoral and tibial sides. 
There are several possible reasons for this difference. First, 

Fig. 4  Bone integration on the 
tibial side. a Bone integration 
rates on the tibial side at 1, 3, 
and 5 months after surgery. b 
Coronal-view tomosynthesis on 
the tibial side. Bone integration 
was negative at 1 month after 
surgery. c Bone plug was inte-
grated at 5 months after surgery

Fig. 5  Bone integration rates on the femoral and tibial sides at 
3  months after surgery. The bone integration rate was significantly 
higher on the tibial side than on the femoral side
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healing may be faster on the tibial side due to differences in 
the residual cancellous bone on the bone plugs. Most of the 
cancellous bone on the femoral bone plug was shaved off to 
achieve a rectangular shape, in contrast to the bone plug on 
the tibial side. Second, the method of fixation was different 
between the two sites. EndoButtons were used as suspensory 
devices on the femoral side, while a DSP and screws were 
used on the tibial side. Third, the femoral tunnel may be 
subjected to greater mechanical stress due to longitudinal 
motion of the graft (bungee effect) [11], which may prolong 
bone integration time on the femoral side.

Follow-up assessment revealed that bone integration at 
either end of the tendon graft was complete within 5 months 
after surgery. These results indicate the need to reconsider 
the protocol for rehabilitation following anatomical rectan-
gular tunnel BTB ACL reconstruction. This accelerated 
rehabilitation protocol was not associated with delayed bone 
integration. While returning to sporting activities may be 
possible within 5 months after the procedure, other factors, 
such as muscle strength, ligamentization, and the risk of re-
injury, should be taken into consideration when determining 
the appropriate time to return to competitive-level activity, 
especially in athletes.

This study had limitations. First, a patient comparison 
group treated using an interference screw was not included 
in this study. Second, only a small number of patients were 
included in this study. Third, the use of digital tomosynthe-
sis to evaluate bone integration is relatively poorly reported 
and no definite criteria have been established. Finally, this 
study did not analyse the clinical outcomes associated with 
the procedure.

Conclusions

Bone-to-bone integration on the femoral and tibial sides was 
complete within 5 months after anatomical rectangular tun-
nel BTB ACL reconstruction.
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