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Background: The graft bending angle (GBA), the angle between the femoral bone tunnel and the line connecting the femoral and tibial
tunnel apertures, has beenproven to influence stress within the graft and could be an important factor ingraft healing within the joint and
bone tunnel. However, the influence of the GBA on functional outcomes, particularly on return to sports (RTS), is rarely reported.

Purpose/Hypothesis: The purpose of this study was to investigate the influence of the GBA on graft maturation, the femoral
tunnel, and functional outcomes at 12 months after anterior cruciate ligament reconstruction (ACLR). We hypothesized that a
greater GBA might be related to bone tunnel widening, poor graft healing, and inferior functional outcomes after ACLR.

Study Design: Cohort study; Level of evidence, 3.

Methods: A total of 43 consecutive patients who underwent unilateral ACLR with hamstring tendon autografts participated in this
study. Their knees were evaluated using functional scores (International Knee Documentation Committee [IKDC] score, Lysholm
knee activity score, Tegner activity scale, RTS) and the anterior tibial translation side-to-side difference (ATTD), as measured using
a KT-1000 arthrometer and 3.0-T magnetic resonance imaging (MRI), at 12 months after surgery. Based on MRI, the signal/noise
quotient (SNQ) of the graft, the GBA, and the femoral tunnel diameter were measured.

Results: The mean GBA was 56� (range, 41�-69�). The GBA had a significant positive correlation with the SNQ (rho, 0.45; P¼ .003)
and bone tunnel diameter (rho, 0.35; P ¼ .02), but it had no significant correlation with any functional scores. Patients were divided
into 3 groups based on GBA values: low GBA (LGBA; 40� < GBA � 50�), middle GBA (MGBA; 50� < GBA � 60�), and high GBA
(HGBA; 60� < GBA � 70�). The HGBA group had a significantly higher mean SNQ than both the LGBA (P ¼ .01) and MGBA groups
(P ¼ .02). It also had a greater mean tunnel diameter than the LGBA group (P ¼ .04). There was no significant difference in IKDC
scores, Lysholm scores, ATTD, Tegner scores, or rates of RTS among groups.

Conclusion: The GBA did not affect functional outcomes at 12 months after ACLR, although it affected the SNQ of the graft and the
femoral tunnel diameter.
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Most anterior cruciate ligament (ACL) injuries require sur-
gical reconstruction to return to sports.3,26 Postoperatively,
the new reconstructed ACL graft will experience healing,
which influences patients’ rehabilitation process and time
to return to sports (RTS).31,35 Poor healing could result in
graft failure.12,14,32

The graft bending angle (GBA), the angle between the
femoral bone tunnel and the line connecting the femoral
and tibial tunnel apertures,20,24 has been proven to

influence stress within the graft, and it might be an
important factor in graft healing within the joint and
bone tunnel.18,28,33 A higher GBA could lead to tunnel
widening.21 It has also been found to correlate signifi-
cantly with a higher graft signal intensity (SI) on mag-
netic resonance imaging (MRI), which might indicate
poorer ACL graft healing.2,4,27 Meanwhile, the influence
of the GBA on functional outcomes, particularly RTS, is
rarely reported.

The purpose of this study was to investigate the influ-
ence of the GBA on the femoral bone tunnel, graft healing,
and functional outcomes at 12 months after ACL recon-
struction (ACLR). We hypothesized that a high GBA might

The Orthopaedic Journal of Sports Medicine, 7(11), 2325967119882663
DOI: 10.1177/2325967119882663
ª The Author(s) 2019

1

This open-access article is published and distributed under the Creative Commons Attribution - NonCommercial - No Derivatives License (http://creativecommons.org/
licenses/by-nc-nd/4.0/), which permits the noncommercial use, distribution, and reproduction of the article in any medium, provided the original author and source are
credited. You may not alter, transform, or build upon this article without the permission of the Author(s). For article reuse guidelines, please visit SAGE’s website at
http://www.sagepub.com/journals-permissions.

https://doi.org/10.1177/2325967119882663


be related to bone tunnel widening, poor graft healing, and
inferior functional outcomes after ACLR.

METHODS

Participants

The Health Sciences Institutional Review Board of our hos-
pital approved this study. From January 2014 to September
2016, patients undergoing ACLR with hamstring tendon
autografts were invited to participate in this study. The
inclusion criteria were as follows: (1) unilateral ACLR, (2)
age between 18 and 50 years, (3) hamstring tendon auto-
graft, (4) transportal (medial portal) technique for the fem-
oral tunnel, (5) 8 mm diameter of the femoral and tibial
bone tunnels, (6) femoral fixation with Endobutton CL
(Smith & Nephew), and (7) tibial fixation with Bio-
Intrafix (Mitek). The exclusion criteria were as follows:
(1) fixation with other implants, (2) bone tunnels with other
diameters, (3) combined with other ligament reconstruc-
tion, (4) infection after surgery, (5) revision surgery, and
(6) osteoarthritis.

Surgical Technique

One senior surgeon (J.C.) performed arthroscopic single-
bundle ACLR with hamstring tendon autografts in all cases.
The semitendinosus and gracilis tendons were harvested
and prepared as a 4-strand double-looped autograft with a
diameter of 8 mm. Then, the femoral tunnel (8 mm in diam-
eter) was produced through a medial portal and located at
the center of the ACL femoral footprint, and the tibial tunnel
(8 mm in diameter) was created using a tibial guide. The
autograft was pulled into the tunnels and fixed with Endo-
button CL at the femoral side. The tibial side was fixed with
Bio-Intrafix in 20� of knee flexion with 20 N of tension.

Clinical Evaluation

Both the clinical evaluation and MRI were performed at 12
months after surgery. An experienced orthopaedic surgeon
(J.C.) performed the clinical evaluation, including the sub-
jective functional examinations and the knee stability
examinations. Subjective functional examinations included
the International Knee Documentation Committee (IKDC)
score, Lysholm knee activity score, and Tegner activity
scale. The anterior drawer test and Lachman test were
used to evaluate knee stability. In addition, anterior tibial
translation was measured with the KT-1000 knee arthrom-
eter (MEDmetric), when maximum manual posterior-
anterior external force applied at the tibia set off the alarm

at 30 lb. Both knees were examined, and the anterior tibial
translation side-to-side difference (ATTD) was recorded.
The rate of RTS was also investigated.

MRI and Image Analysis

A 3.0-T MRI scanner (MAGNETOM Verio; Siemens) was
used to scan the knees. Sagittal images were obtained with
oblique proton density–fat saturation imaging. Also, 3-
dimensional (3D) dual-echo steady-state imaging or 3D pro-
ton density imaging was performed on each patient. All of
these images were imported into RadiAnt DICOM viewer
4.0.3 software (Medixant) for analysis. The MRI evaluation
focused on 3 measurements:

1. The signal/noise quotient (SNQ) of the graft: The SI
was measured in 3 regions of interest (proximal, mid-
substance, and distal sites) on proton density–fat satu-
ration images according to a previous study.27 To
quantify the normalized SI of the ACL graft, the SNQ
of the graft was calculated using the equation shown in
Figure 1.

2. The GBA: The femoral and tibial tunnel apertures were
identified through a 3D multiplanar reconstruction
model. The plane containing the femoral and tibial

Figure 1. Sagittal magnetic resonance imaging of the knee
shows the positions of the 5 regions of interest (area of the
circle ¼ 0.25 cm2), which included the (1) proximal site, (2)
midsubstance site, (3) distal site, (4) quadriceps tendon, and
(5) background (*2 cm anterior to the patellar tendon). The
signal/noise quotient (SNQ) of the graft was calculated using
the following equation: f[(SIproximal þ SImidsubstance þ SIdistal) /
3] � SIquadricepsg / SIbackground, where SI ¼ signal intensity.
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tunnel aperture centers and the proximal femoral tun-
nel exit was chosen to evaluate the GBA according to a
previous study (Figure 2).4 The GBA was calculated as
the angle between the long axis of the femoral bone
tunnel and the line connecting the femoral and tibial
tunnel apertures.

3. The femoral bone tunnel diameter: To reduce the bias, 3
consecutive oblique sagittal images perpendicular to
the long axis of the femoral tunnel at the femoral aper-
ture were chosen to measure the diameter. The 3 con-
secutive oblique sagittal images were 0, 0.8, and 1.6
mm away from the tunnel aperture, respectively.
Within each sagittal image, the diameter measure-
ments from 4 directions was averaged, then the aver-
age measurement from the 3 consecutive sagittal
images was calculated for the overall femoral tunnel
diameter (Figure 3).

All of the measurements were performed by 2 investigators
(H.L., S.L.), and repeated measurements were made on 2
days at least 1 week apart.

Statistical Analysis

Data were analyzed with Stata 10.0 software (StataCorp) and
are reported as means and standard deviations. To quantify
the proportion of the variance for all measurements, the
intraclass correlation coefficient (ICC) was assessed by
intraobserver and interobserver reliabilities. The ICC was
interpreted as poor (ICC < 0.40), marginal (0.40 � ICC �
0.75), or good (ICC > 0.75). A chi-square test was used to
compare the categorical variables. Also, 1-way analysis of
variance was used to compare the continuous variables
between groups. Spearman correlation coefficients were cal-
culated between the GBA and demographic data, graft SNQ,
femoral tunnel diameter, and functional scores. The signifi-
cance level was set at .05.

RESULTS

At 12 months after surgery, 43 patients participated in this
study (Table 1). None of the patients had reinjured the
operated knee, and all knees were confirmed stable by the
anterior drawer test and Lachman test. In the cohort,
the mean GBA was 56� (range, 41�-69�). The respective
ICCs of interobserver and intraobserver reliabilities were
0.79 and 0.80 for the SNQ, 0.75 and 0.77 for the GBA, and
0.75 and 0.74 for the tunnel diameter.

The possible correlations between the GBA and various
factors are shown in Table 2. At 12 months after surgery,
the GBA had a significant positive correlation with the
SNQ (rho ¼ 0.45; P ¼ .003) (Figure 4) and femoral bone
tunnel diameter (rho ¼ 0.40; P ¼ .01) (Figure 5); however,
it had no significant correlation with any functional scores.

Given that the observed GBA ranged from 41� to 69� in
this study, we divided the patients into 3 groups for further
analysis: low GBA (LGBA; 40� < GBA � 50�), middle GBA
(MGBA; 50� < GBA � 60�), and high GBA (HGBA; 60� <
GBA � 70�). There were 7, 25, and 11 patients enrolled in
the LGBA, MGBA, and HGBA groups, respectively
(Table 3). No significant differences in age, body mass
index, or sex were found among the groups. Interestingly,
the SNQ of group HGBA (29 ± 11) was significantly higher
than that of group LGBA (12 ± 11) (P ¼ .01) and group
MGBA (17 ± 12) (P ¼ .02) (Figure 6). Moreover, group
HGBA had a wider tunnel diameter than group LGBA
(9.7 ± 1.5 vs 8.4 ± 0.4 mm, respectively; P ¼ .04) (Figure 7).
There were no significant differences in the IKDC scores,
Lysholm scores, ATTD measured by the KT-1000 arthrom-
eter, Tegner scores, or RTS rates among the groups.

DISCUSSION

The most important finding in this study was that the GBA
had no significant influence on the IKDC score, Lysholm
score, Tegner score, ATTD, or RTS at 12 months after
ACLR. Yet, a higher GBA significantly correlated with a
higher SNQ of the graft and a wider femoral tunnel. These
findings indicated that a high GBA does not influence func-
tional outcomes at 12 months after ACLR, but it could be
associated with slower graft healing and femoral bone tun-
nel widening.

GBA values with different evaluation methods range
from 50� to 90� (some studies used the adjacent supplemen-
tary angle as the GBA).8,9,18,24,33 In this cohort, the GBA
was defined as the angle between the femoral bone tunnel
and the intra-articular part of the graft (the line connecting
the femoral tunnel aperture and the tibial tunnel aperture).
The mean GBA of 56� was in the lower range compared
with previous studies, probably because of the surgical
technique and evaluation method used in this study. First,
the femoral tunnel was drilled with the knee at maximal
flexion in our cohort, which might have resulted in a more
posterior femoral tunnel exit.28,29 Because it has been
reported that a more posterior femoral tunnel exit corre-
lates with a smaller GBA, our surgical technique might
have contributed to low GBA values.29 Second, the GBA

Figure 2. The graft bending angle (arrow) is the angle
between the femoral bone tunnel and the line connecting the
femoral and tibial tunnel apertures.
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and bone tunnel were measured on 3D MRI based on the
graft axis in this study. Traditionally, the GBA has been
measured on 3D computed tomography based on the fem-
oral and tibial tunnel aperture centers and the proximal
femoral tunnel exit.8,9,24 Considering the potential tunnel

enlargement, our evaluation method might have influenced
the GBA calculation.

In this study, there were no significant differences in the
IKDC scores, Lysholm scores, ATTD, Tegner scores, or RTS
rates among the LGBA, MGBA, and HGBA groups. Previ-
ously, Sim et al25 reported that the outside-in technique
showed a significantly more acute graft tunnel angle than
the transportal technique, but there were no statistically
significant differences in the IKDC or Tegner scores
between the 2 groups. Niki et al17 also reported that the
outside-in technique provided a more acute GBA, but no
significant differences were observed in the Lysholm score,
pivot-shift test, or anteroposterior laxity at>2.5-year follow-
up between the outside-in and transportal techniques. More-
over, Lee et al10 demonstrated that the modified transtibial
group had a lower femoral GBA and higher graft maturity,

Figure 3. Measurement of the femoral bone tunnel diameter at the aperture. On the sagittal image (SI), the bone tunnel circular
plane is perpendicular to the long axis of the femoral tunnel. The bone tunnel diameter was calculated using the following equation:
(D1 þ D2 þ D3 þ D4) / 4; where D ¼ distance. On the axial image (AI), the purple line is the long axis of the femoral tunnel, and the
blue line is perpendicular to the long axis of the femoral tunnel. On the coronal image (CI), the yellow line is the long axis of the
femoral tunnel, and the blue line is perpendicular to the long axis of the femoral tunnel.

TABLE 1
Participant Demographic Data a

Age, y 30 (18-40)
Body mass index, kg/m2 24 (21-26)
Sex, male/female, n 37/6
Operative side, left/right, n 23/20
GBA, deg 55.8 (40.6-68.7)
SNQ of the graft 19.4 (2.0-46.0)
Tunnel diameter, mm 9.3 (7.4-12.1)

aData are reported as mean (range) unless otherwise specified.
GBA, graft bending angle; SNQ, signal/noise quotient.

TABLE 2
Possible Correlations Between GBA and Various Factorsa

Rho P Value

SNQ of the graft 0.45 .003b

Tunnel diameter 0.35 .02b

IKDC score –0.21 .19
Lysholm score –0.25 .11
Tegner score –0.05 .75
ATTD 0.07 .67

aATTD, anterior tibial translation side-to-side difference; GBA,
graft bending angle; IKDC, International Knee Documentation
Committee; SNQ, signal/noise quotient.

bStatistically significant (P < .05).

Figure 4. The graft bending angle (GBA) had a significant
positive correlation with the graft’s signal/noise quotient
(SNQ).
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but there were no significant differences in functional out-
comes. Our study supported these findings that although the
GBA correlated positively with the SI, it did not influence
functional outcomes.

Femoral bone tunnel widening, which usually occurs
within the first year after ACLR,1,23 might be influenced
by a high GBA value. Severe femoral tunnel widening may
result in impairment of graft incorporation, joint laxity,
and complications in revision surgery.1,23 Tashiro et al28

used a quadriceps tendon autograft with a bone block in
ACLR, and they demonstrated that a higher GBA moder-
ately correlated with greater tunnel widening. Segawa
et al22 reported that a higher GBA may increase

mechanical stress on the anterior margin of the femoral
tunnel. In the present study, it was also found that the GBA
had a significantly positive correlation with the femoral
bone tunnel diameter. Group HGBA had greater tunnel
enlargement than group LGBA at 12 months after surgery.

It has been proved that a high GBA might be a risk factor
for delayed graft healing.2 The SI12,13,34 and SNQ11,15 are
MRI parameters for evaluating the integrity and matura-
tion of the ACL graft. As the more precise method, the SNQ
has been widely used to evaluate the integrity and matu-
ration of the graft after ACLR,12,13,34 and higher SNQ
values might indicate poorer graft healing.5,6,12 In the
present study, it was found that the GBA had a signifi-
cantly positive correlation with the SNQ, and group HGBA
had a significantly higher SNQ compared with group
LGBA. These results indicate that a higher GBA leads to
poorer graft healing. This could be explained by increased

Figure 5. The graft bending angle (GBA) had a significant
positive correlation with the femoral tunnel diameter.

TABLE 3
Participant Demographic Data

and Functional Outcomes by Groupa

LGBA
(n ¼ 7)

MGBA
(n ¼ 25)

HGBA
(n ¼ 11)

Age, y 28 ± 5 29 ± 5 33 ± 4b

Body mass index, kg/m2 24 ± 1 24 ± 1 23 ± 1b

Sex, male/female, n 5/2 23/2 9/2b

IKDC score 76 ± 10 68 ± 13 64 ± 10b

Lysholm score 67 ± 25 59 ± 26 45 ± 11b

Tegner score 5 ± 1 5 ± 2 5 ± 1b

ATTD 0.8 ± 0.7 0.9 ± 0.8 1.2 ± 1.0b

RTS rate, % 71 64 55b

GBA, deg 44 ± 3 56 ± 3c 64 ± 3d,e

SNQ of the graft 12 ± 11 17 ± 12 29 ± 11d,e

Tunnel diameter, mm 8.4 ± 0.4 9.3 ± 1.0 9.7 ± 1.5d

aData are reported as mean ± SD unless otherwise specified.
ATTD, anterior tibial translation side-to-side difference; GBA,
graft bending angle; HGBA, high graft bending angle; IKDC, Inter-
national Knee Documentation Committee; LGBA, low graft bend-
ing angle; MGBA, middle graft bending angle; RTS, return to
sports; SNQ, signal/noise quotient.

bNo significant difference between groups.
cSignificant difference between MGBA and LGBA groups.
dSignificant difference between HGBA and LGBA groups.
eSignificant difference between HGBA and MGBA groups.

Figure 6. Comparison of signal/noise quotients (SNQs)
between groups. ##Significant difference between groups.
HGBA, high graft bending angle; LGBA, low graft bending
angle; MGBA, middle graft bending angle.

Figure 7. Comparison of femoral tunnel diameters between
groups. ##Significant difference between groups. HGBA, high
graft bending angle; LGBA, low graft bending angle; MGBA,
middle graft bending angle.
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abrasive force on the graft by a higher GBA, which might
even result in graft failure.16,30 It has been reported that a
steep graft with a high GBA might cause high stress on the
graft and bone interface at full extension after anatomic
ACLR. Nohmi et al19 observed that the ACL graft
was deformed at the corner of the femoral tunnel aperture
after cycling anterior tibial loads in a biomechanical study.
In a study investigating the most common rupture patterns
of ACLR, van Eck et al32 found that the graft tunnel angle
was one of the factors that influenced the rupture pattern.
Thus, although we found no evidence of a correlation
between GBA and functional scores after ACLR, it may be
worthwhile to consider postponing the time of RTS for
patients with a high GBA to avoid graft failure and ACL
reinjuries.

There are several limitations in this study. First, a 10�

difference in the GBA was applied to divide the cohort into
the LGBA, MGBA, and HGBA groups. Yet, there was a lack
of criteria of the GBA difference to indicate graft failure.7

Further biomechanical studies are needed to learn about
the correlation between GBA and graft failure. Second, the
GBA ranged from 41� to 69� in this study, and it is still
unclear if a lower GBA (<40�) will have poorer or better
clinical outcomes. Third, the sample size of patients
included and analyzed was small. Because this was a pro-
spective study, the number of patients recruited was lim-
ited, which might have introduced bias and inaccuracy.
Moreover, the cohort excluded ACLR with allografts, but
it was unclear whether the graft source could influence the
results. Furthermore, the GBA was measured on 3D MRI
based on the graft axis, whereas it has traditionally been
measured on 3D computed tomography based on the fem-
oral and tibial tunnel aperture centers and the proximal
femoral tunnel exit. This may have contributed to measure-
ment errors of the GBA. However, the ICCs of interobserver
and intraobserver reliabilities for the GBA were 0.75 and
0.77, respectively. A previous study also revealed that it is
proper to measure the GBA based on 3D MRI.4 In addition,
this study only investigated ACLR with hamstring tendon
autografts with suspensory fixation. It is still unknown if
there is a same result with aperture fixation. Finally, this
study documented only 12-month outcomes, and more
research is necessary to determine long-term outcomes in
this patient population.

CONCLUSION

Collectively, there was no significant difference in the
IKDC scores, Lysholm scores, ATTD, Tegner scores, or RTS
rates among the groups. The GBA did not influence func-
tional outcomes at 12 months after ACLR, although it had a
positive correlation with the SNQ of the graft and the fem-
oral tunnel diameter.
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