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Abstract
Purpose The purpose of this study was to evaluate the change in cross-sectional area (CSA) of bone-patellar tendon-bone 
(BTB) autografts up to 5 years after the anatomic rectangular tunnel (ART) anterior cruciate ligament reconstruction (ACLR). 
The changing pattern in CSA might be a potential indicator of the graft remodeling process.
Methods Ninety-six (62 males, 34 females, mean age 27.0 years) patients were enrolled in this study with a total of 220 
MRI scans after ART BTB ACLR to evaluate the CSA of the ACL autografts. The patients with first time unilateral ACLR 
that consented to undergo MRI evaluations at postoperative periods were included in this study. Intraoperatively, the CSA 
of the graft was measured directly using a custom-made area micrometer at the midpoint of the graft. Postoperatively, using 
an oblique axial slice MRI that was perpendicular to the long axis of the graft, the CSA of the graft was measured with 
digital radiology viewing program “SYNAPSE” at the midpoint of the graft. The postoperative MRI scans were classified 
into seven groups according to the period from ACLR to MRI evaluation: Group 0–2 months (m.), Group 3–6 m., Group 
7–12 m., Group 1–2 years (y.), Group 2–3 y., Group 3–4 y., and Group 4 y.-. The percent increase of the CSA was calculated 
by dividing the postoperative CSA by the intraoperative CSA.
Results The postoperative CSA was significantly larger than the intraoperative CSA in each group, with the exception of 
Group 0–2 m. The mean percent increase of the CSA in Group 0–2 m., 3–6 m., 7–12 m., 1–2 y., 2–3 y., 3–4 y., 4 y.- was 
101.8 ± 18.2, 188.9 ± 27.4, 190.9 ± 43.7, 183.3 ± 28.9, 175.2 ± 27.9, 163.9 ± 19.8, 164.5 ± 25.4% respectively. The percent 
increase in Group 3–6 m., 7–12 m., 1–2 y., 2–3 y., 3–4 y., and 4 y.- was significantly greater than that in Group 0–2 m.
Conclusions The CSA of the BTB autografts after the ART BTB ACLR increases rapidly by 3–6 months after ACLR, 
reached a maximum value of 190% at around 1 year, decreases gradually after that, and reaches a plateau at around 3 years. 
The current study might help clinicians to estimate an individual BTB autograft’s remodeling stages when considering 
returning patients to sports.
Level of evidence IV

Keywords Anatomic rectangular tunnel (ART) · ACL reconstruction (ACLR) · Bone-patellar tendon-bone (BTB) 
autografts · Cross-sectional area (CSA) · Magnetic resonance imaging (MRI)

Introduction

To achieve successful results in anterior cruciate ligament 
reconstruction (ACLR) with an autogenous graft, it is essen-
tial to know the graft maturation process over time. When 

considering the ACL graft healing, we need to assess intra-
articular graft maturation and intra-tunnel graft incorpora-
tion. Regarding intra-tunnel incorporation, in animal stud-
ies, it was shown that bone-to-bone-healing is achieved as 
early as 3 weeks with newly formed bone, though bone-
tendon-healing with Sharpey’s fiber at 12 weeks [29, 39, 
44]. Regarding the intra-articular graft maturation, vari-
ous animal studies demonstrated that the graft undergoes 
complex remodeling processes such as ischemic necrosis, 
revascularization, synovialization, cellular repopulation, 
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Statistical analysis

A paired t test was used to compare the CSA between the 
intra- and postoperative CSA. The one-factor ANOVA and 
Post-hoc test were used to detect statistical significance for 
the percentage increase in the cross-sectional graft area 
among the seven groups. Regarding one-factor ANOVA, 
P < 0.05 was regarded as statistically significant. Regard-
ing the posthoc test, Bonferroni correction was used, and 
P < 0.0024 was regarded as statistically significant. Fol-
lowing the method of Cohen et al., a power analysis was 
conducted to calculate the minimum sample size necessary 
to detect a difference between 7 independent groups as one-
way ANOVA (calculated with Cohen’s d = 0.4, α = 0.05, 
power = 0.8) [10]. The analysis indicated a required sample 
size of 14 patients per group.

Results

Of a total of 174 patients underwent ART ACLR with 
BTB graft, revision cases (9 patients), re-revision cases (1 
patient), and bilateral cases (7 patients) were excluded, for 
a total of 157 primary unilateral ACLR. Besides, the cases 
without intraoperative graft data (12 patients), the cases with 
low-quality MRI (28 patients), and the cases who could not 
undergo MRI evaluations (21 patients) were excluded. Thus, 

ninety-six patients were enrolled in this study with a total 
of 220 MRI scans after ART BTB ACLR to evaluate the 
CSA of the ACL autografts. The number of MRI, the patient 
characteristics, and the mean time from surgery to MRI is 
described in Table 1.

The mean intraoperative and postoperative CSA in Group 
0–2 m., 3–6 m., 7–12 m., 1–2 y., 2–3 y., 3–4 y., and 4 y.- is 
described in Table 2. The postoperative CSA was signifi-
cantly larger than the intraoperative CSA in each group, with 
the exception of Group 0–2 m (Fig. 4).

The mean percent increase of the CSA in Group 0–2 m., 
3–6 m., 7–12 m., 1–2 y., 2–3 y., 3–4 y., and 4 y.- is described 
in Table 2. The percent increase of CSA in Group 3–6 m., 
7–12 m., 1–2 y., 2–3 y., 3–4 y., and 4 y.- was significantly 
greater than Group 0–2 m. While in Group 4 y.- the per-
cent increase of CSA was significantly smaller than Group 
7–12 m (Fig. 5).

Discussion

The most important finding of this study is that we were 
able to evaluate the CSA of BTB autografts after ART BTB 
ACLR up to 5 years postoperatively. It was shown the CSA 
increased rapidly by 3–6 months after ACL reconstruc-
tion, reached a maximum value of 190% at around 1 year, 
decreased gradually over time, and finally reached a plateau. 

Fig. 3  Magnetic resonance imaging (MRI) images of the recon-
structed ACL graft. a An oblique sagittal view of the graft b An 
oblique Axial image of the midsubstance of the graft. c An oblique 

Axial image of the midsubstance of the graft with a digitized outline. 
The CSA is calculated using the digital radiology viewing program 
“SYNAPSE” (FUJIFILM, Tokyo, Japan)

Table 1  The number of MRI, the patient characteristics, and the mean time from surgery to MRI for each group

Group –2 Months 3–6 Months 7–12 Months 1–2 Years 2–3 Years 3–4 Years 4 Years–

MRI number 54 27 28 51 24 14 22
Sex (male/female) 37/17 18/9 12/16 24/27 12/12 8/6 17/5
Age (years) 27.3 ± 11.0 29.6 ± 12.3 28.5 ± 13.4 26.9 ± 10.9 21.6 ± 5.9 31.6 ± 14.5 24.2 ± 8.0
Time: ACLR-MRI (months) 0.7 ± 0.5 5.7 ± 0.8 11.1 ± 1.8 19.7 ± 4.7 29.3 ± 4.3 42.9 ± 5.3 60.6 ± 6.4
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Fig. 4  CSA of the graft: 
Intraoperative CSA (white bar) 
and Postoperative CSA (black 
bar). There were significant 
differences between intra- and 
postoperative CSA in group 
3–6 m., 7–12 m., 1–2 y., 2–3 y., 
3–4 y., and 4 y.- (*P < 0.0001)

Table 2  The mean intraoperative CSA, the mean postoperative CSA, and the mean percent increase of CSA for each group

*Significant difference compared with the Intraoperative CSA. P < .0.0001
a Significant difference compared with the Group –2 months P < 0.0001
b Significant difference compared with the Group 7–12 months P = 0.0011

Group –2 Months 3–6 Months 7–12 Months 1–2 years 2–3 years 3–4 years 4 years–

Intraoperative CSA  (mm2) 25.9 ± 4.4 25.7 ± 4.4 25.3 ± 4.5 25.1 ± 4.2 25.3 ± 5.3 27.3 ± 5.5 29.4 ± 5.8
Postoperative CSA  (mm2) 26.1 ± 4.8 48.1 ± 8.8* 47.6 ± 11.5* 45.9 ± 10.1* 43.8 ± 9.2* 44.6 ± 9.7* 47.5 ± 8.6*
Percent increase of CSA (%) 101.8 ± 18.2 188.9 ± 27.4a 190.9 ± 43.7a 183.3 ± 28.9a 175.2 ± 27.9a 163.9 ± 19.8a 164.5 ± 25.4a,b

Fig. 5  Percent increase of 
CSA (black bar). There were 
significant differences between 
Group 0–2 m. and each of the 
other groups, and between 
Group 7–12 m. and Group 
4 y.-. Group 0–2 m. vs another 
group (*P < 0.0001) and Group 
7–12 m. vs 4 y (†P = 0.0011)
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137.3 ± 27.8, 129.4 ± 22.2, 124.1 ± 20.4, 117.8 ± 16.9, 
and 117.1 ± 17.2 %, respectively. The percent increase 
in Groups 3–6 m., 7–12 m., and 1–2 y. was significantly 
greater than in Group –2 m., while that in Group 4 y.– was 
significantly less than in Group 7–12 m.
Conclusions The cross-sectional area of the hamstring ten-
don autografts after the anatomic triple-bundle ACL recon-
struction increases over time up to 1 year post-operatively, 
decreases gradually thereafter, and reaches plateau at around 
3 years.
Level of evidence Retrospective case series, Level IV.

Keywords Triple-bundle ACL reconstruction · Hamstring 
tendon autograft · Cross-sectional area · MRI

Introduction

The increase in the cross-sectional area of the anterior 
cruciate ligament (ACL) grafts is known as a result of its 
remodelling process. This increase may be used as one of 
the potential parameters to show stages of the remodelling 
process of the ACL grafts after their implantation.

Several animal studies in monkeys, goats, and dogs 
reported that the cross-sectional area of the autograft sig-
nificantly increased around 150–70 % in the early phase 
after implantation [3, 10, 18, 19]. In humans, few clini-
cal follow-up studies using MRI were published [8, 12, 
13, 16]. Hamada et al. studied the cross-sectional area of 
the hamstring tendon grafts after trans-tibial single-bundle 
ACL reconstruction up to 24 months and showed that the 
cross-sectional area of the grafts at 3, 12, and 24 months 
after the reconstruction increased to 119, 129, and 117 %, 
respectively, compared to that at the time of the reconstruc-
tion. However, there have been no reports on post-operative 

Abstract 
Purpose The purpose was to evaluate the cross-sectional 
area changes in hamstring tendon autografts up to 5 years 
after the anatomic triple-bundle anterior cruciate ligament 
(ACL) reconstruction.
Methods A total of 178 MRI scans from 139 patients (35 
males, 104 females, mean age 30.4 years) with the ana-
tomic triple-bundle ACL reconstructions were obtained to 
evaluate the cross-sectional area of the ACL grafts. They 
were classified into seven groups according to the period 
from reconstruction to MRI evaluation: Group –2 months 
(m.), Group 3–6 m., Group 7–12 m, Group 1–2 years (y.), 
Group 2–3 y., Group 3–4 y., and Group 4 y.–. Intra-oper-
atively, the cross-sectional area of the graft was measured 
directly using a custom-made area micrometre. Post-opera-
tively, the cross-sectional area of the grafts’ mid-substance 
was measured with oblique axial MRI slices perpendicular 
to the long axis of the grafts using a digital radiology view-
ing program. The percent increase in the cross-sectional 
area was calculated by dividing the post-operative cross-
sectional area by the intra-operative cross-sectional area.
Results The mean percent increase in the cross-sec-
tional area in Groups –2 m., 3–6 m., 7–12 m., 1–2 y., 
2–3 y., 3–4 y., and 4 y.– was 105.7 ± 14.0, 134.9 ± 20.0, 
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in which the grafts could not be determined clearly and 
those in which the oblique axial slice was not strictly per-
pendicular to the graft were excluded. A third-party phy-
sician measured the cross-sectional area three times, and 
their mean value was taken as the cross-sectional area. We 
excluded 50 scans (48 scans with unclear edges and 2 scans 
with unperpendicular slices). Thus, of 228 scans from 186 
patients, 50 scans from 47 patients were excluded, and only 
178 scans from 139 patients (104 pts. with one MRI, 31 
pts. with two, 4 pts. with three) served for this study.

Finally, the percent increase in cross-sectional area was 
obtained by dividing the post-operative (PO) cross-sec-
tional area by the intra-operative (IO) cross-sectional area.

Accuracy of MRI measurement

In order to validate the accuracy of MRI measurements, 33 
patients who consented to undergo MRI scanning within 
3 weeks after surgery were observed. The IO cross-sec-
tional area measured directly using the micrometre and 
the PO cross-sectional area measured from the axial MRI 
image were compared to obtain the regression line.

Grouping based on time from ACL reconstruction 
to MRI measurement

The total of 178 MRI scans were classified into seven 
groups according to the period from ACL reconstruction to 
MRI measurement: Group –2 m., up to 2 months; Group 
3–6 m., between 3 and 6 months; Group 7–12 m., between 
7 months and 1 year; Group 1–2 y., between 1 and 2 years; 
Group 2–3 y., between 2 and 3 years; Group 3–4 y., 
between 3 and 4 years; and Group 4 y.–, over 4 years. The 
number (male/female) in Groups –2 m., 3–6 m., 7–12 m., 
1–2 y., 2–3 y., 3–4 y., and 4 y.– was 12 (male/female: 1/11), 

18 (5/13), 24 (6/18), 47 (12/35), 26 (7/19), 16 (5/11), and 
35 (12/23), respectively. The mean age in each group 
was 36.1 ± 19.6, 30.2 ± 11.1, 34.0 ± 15.7, 28.2 ± 13.0, 
26.2 ± 14.5, 28.1 ± 11.4, and 33.2 ± 11.4 years, respec-
tively. The mean time from surgery to MRI in each 
group was 0.8 ± 0.6, 4.2 ± 1.3, 10.1 ± 2.1, 19.5 ± 4.0, 
29.5 ± 4.0, 41.5 ± 3.4, and 62.3 ± 5.4 months, 
respectively.

Reliability of measurements

Regarding inter-observer agreement, cross-sectional area of 
the grafts in 20 cases were examined independently by two 
raters (K.K and M.H.). To assess intra-observer agreement, 
cross-sectional area of the grafts were measured twice by 
one observer (K.K.) with an interval of 1 week between 
measurements.

Informed consent from all subjects were obtained, and 
the appropriate institutional review board of Hoshigaoka 
Medical Center for human subject research approved the 
study protocol (ID: 1550).

Statistical analysis

Pearson’s correlation coefficient was used to detect the cor-
relation between IO cross-sectional area and PO cross-sec-
tional area for the 33 grafts within 3 weeks after operation.

Paired t test was used to compare the cross-sectional 
area between IO and PO cross-sectional area. The one-fac-
tor ANOVA and post hoc test were used to detect statisti-
cal significance for the percent increase in graft cross-sec-
tional area among the seven groups. Regarding one-factor 
ANOVA, P < 0.05 was regarded as statistically significant. 
Regarding post hoc test, Bonferroni correction was used 
and P < 0.0024 was regarded as statistically significant. 

Fig. 4  MRI images of the reconstructed ACL graft. a An oblique 
sagittal view of the graft. b An oblique axial image of the mid-sub-
stance of the graft. c An oblique axial image of the mid-substance 

of the graft with a digitized outline. The cross-sectional area is cal-
culated using the digital radiology viewing program “SYNAPSE” 
(FUJIFILM, Tokyo, Japan)
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using single-bundle ACL reconstruction. They showed that 
the increase in cross-sectional area was smaller compared 
with previous animal studies and the cross-sectional area 
of the hamstring tendon graft increased up to 119 % at 
3 months, 129 % at 12 months, and 117 % at 24 months 
post-operatively. Thus, the percent increase at 1 year in the 
current study was almost comparable to their study. Moreo-
ver, regarding the change pattern in cross-sectional area 
over time, Hamada et al. showed that the percent increase 
in cross-sectional area reached a maximum at 1 year and 
decreased afterwards up to 2 years, while the current study 
showed a similar pattern up to 2 years and gradual decrease 
to 3 years reaching a plateau. This suggests that the differ-
ence in operative technique (single/multi-bundle, etc.) may 
have minimal effect on the percent increase in the cross-
sectional area. Thus, the cross-sectional area of hamstring 
tendon ACL grafts appears to reach the maximum level at 
around 1 year and decreases afterwards, regardless of sur-
gical procedure. This may suggest that the 1-year-old ACL 
grafts are still in the process of remodelling on the way to 
maturation.

Many surgeons have concern about necessity of notch-
plasty to avoid impingement of the graft caused by its 
hypertrophy after the operation. Hamada et al. [8] showed 
that when the single-bundle graft diameter was 7–9 mm, 
only 1.1–1.4 mm graft-notch distance could be regarded 
safe for impingement free grafts during the post-operative 
period. In our study, we performed anatomic triple-bundle 
ACL reconstruction which does not require additional 
notchplasty due to graft enlargement and showed the per-
cent increase in cross-sectional area at 5 years was only 
117 %. Therefore, when using the anatomic triple-bundle 
reconstruction technique, it is unlikely for late impinge-
ment to occur based upon increased cross-sectional area of 
the graft. However, too large grafts should be avoided.

Similar human studies have been performed on autog-
enous bone–patellar tendon–bone (BTB) grafts. Min et al. 
[13] utilized MRI to measure the cross-sectional area of 
the grafts after trans-tibial ACL reconstruction and found 
186 % increase over a 1-year period. Shimizu et al. [16] 
estimated the cross-sectional area of the grafts with MRI 
after over-the-top ACL reconstruction with notchplasty 
and reported the mean increase of 149.4 % at 14.8 months. 
Comparing the percent increase around 1 year of these two 
reports on BTB grafts with that of Hamada et al. [8] or the 
current study, the cross-sectional area of the BTB ACL 
graft tends to become greater than that of the hamstring 
graft. The graft material might affect the percent increase in 
cross-sectional area.

The timing for graft maturation or remodelling has 
not been well understood. Thus, understanding the tim-
ing for graft maturation has been our concern. We found 
a limited number of human histological studies that evalu-
ate the maturation process of implanted autografts after 
ACL reconstruction [1, 6, 14, 15]. Some human histo-
logical studies taken from the superficial region at mid-
substance of the grafts showed transplanted grafts reached 
maturity at around 1–3 years [1, 4, 6, 14, 15]. On the 
other hand, at 18 months after ACL reconstruction with 
a BTB graft, Delay et al. [5] showed the transplanted 
autografts had persistent area of necrosis and acellularity 
deep within the substance of the grafted tendon and bone 
plugs. Rougraff et al. [14] evaluated the BTB graft up to 

Table 2  Percent increase in cross-sectional area for each group

a Significant difference compared with the Group –2 m. P = 0.0002
b Significant difference compared with the Group –2 m. P < 0.0001
c Significant difference compared with the Group –2 m. P = 0.0006
d Significant difference compared with the Group 7–12 m. P = 0.0003

Group –2 m. 3–6 m. 7–12 m. 1–2 y. 2–3 y. 3–4 y. 4 y.–

Percent increase in cross-sectional 
area (%)

105.7 ± 14.0 134.9 ± 20.0a 137.3 ± 27.8b 129.4 ± 22.2c 124.1 ± 20.4 117.8 ± 16.9 117.8 ± 16.9d

Fig. 6  Percent increase in cross-sectional area (black bar). There 
were significant differences (asterisk) between Groups –2 m. and 
3–6 m., –2 m. and 7–12 m., –2 m. and 1–2 y., and 7–12 m. and 4 y.– 
(P value in Groups –2 m. vs 3–6 m., –2 m vs 7–12 m., –2 m vs 1–
2 y., and 7–12 m. vs 4 y.–: P = 0.0002, P < 0.0001, P = 0.0006, and 
P = 0.0003)



Purpose

To pursue the post-ACLR CSAs with MRI in both hamstring 

and BTB autografts, and to compare them with the contra-

lateral ACL. 

Introduction



Patients: HT vs BTB

HT-ACLR BTB-ACLR

• N: 16

• Age: 37.3y

• M: F: 2 : 14

• Height: 156.6 cm

• Weight: 51.1 kg

• KT 0.4±0.9

36

22.7y

21 : 15

168.6 cm

66.9 kg

0.1±1.3

Material & Method



CSA w/MRI: Changes in Each Graft & vs ACL 
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Affected side

@ ACL-R

1. ACL vs Graft @ ACLR: (a) vs (b)
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CSA @ ACLR : ACL vs Graft
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% Increase : HT vs BTB
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Factors Affecting Graft Hypertrophy
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Conclusions

• % increase of CSA in BTB graft was significantly 

larger than those in hamstring tendon graft.

• CSA of both grafts were 1.6 times larger than those 

of normal ACL.
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