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Background: Tunnel widening after anterior cruciate ligament reconstruction (ACLR) is influ-
enced by the surgical and fixation techniques used. Computed tomography (CT) is the most
accurate image modality for assessing tunnel widening, but magnetic resonance imaging
(MRI) might also be reliable for tunnel volume measurements. In the present study tunnel
widening after ACLR using biodegradable interference screw fixation was compared with
all-inside ACLR using button fixation, with tunnel volume changes being measured on CT
and MRI scans.
Study design: Randomized controlled trial; Level of evidence, 2.
Methods: Thirty-three patients were randomly assigned to hamstring ACLR using a biode-
gradable interference screw or all-inside cortical button fixation. CT and MRI scanning were
done at the time of surgery and six months after. Tunnel volume changes were calculated
and compared.
Results: On CT, femoral tunnel volumes changed from the postoperative state (100%) to
119.8% with screw fixation and 143.2% with button fixation (P = 0.023). The changes in
tibial tunnel volumes were not significant (113.9% vs. 117.7%). The changes in bone tunnel
volume measured on MRI were comparable with those on CT only for tunnels with inter-
ference screws. Tibial tunnels with button fixation were significantly underestimated on
MRI scanning (P = 0.018).
Conclusions: All-inside ACLR using cortical button fixation results in increased femoral tun-
nel widening in comparison with ACLR with biodegradable interference screw fixation.
MRI represents a reliable imaging modality for future studies investigating tunnel widen-
ing with interference screw fixation.
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1. Introduction

Failure of graft incorporation and the development of tunnel widening (TW) after anterior cruciate ligament (ACL) reconstruction
have been frequently reported in the literature [1–6]. Although there appears to be no correlation between TW and clinical outcome
measures [5,7,8], it is widely accepted that TW potentially complicates ACL revision surgery. Excessive TW might first require bone
tunnel filling, with ACL reconstruction following at a second stage.

The incidence of tunnel widening of more than two millimeters when an autogenous hamstring graft is used ranges from 17%
to 41% [2,4,9]. The etiology of TW is still not fully understood, and it may be multifactorial, including mechanical and biological
factors [1,2,10]. It has been postulated that graft micromotion within the tunnels on the longitudinal axis (the “bungee cord effect”)
and transverse axis (the “windshield wiper effect”) may cause TW [11,12].

The initial fixationmust be secure enough to hold the graft in position during biologic incorporation. ACL graft fixation can be divid-
ed into two key types: aperture fixation (interference screw and cross-pins) and extra-articular fixation (cortical fixation devices, fem-
oral loops, and tibial cortical fixation). The tunnels enlarge during the insertion of interference screws, followed by further enlargement
up to six months and then stabilization [13]. When anatomic ACL reconstruction is carried out with aperture fixation using
bioabsorbable interference screws, significant tunnel widening on the femoral and tibial sides has also been reported [14].

All-inside ACL reconstruction allows cortical fixation using adjustable-length loop buttons on both the femoral and tibial sides [15].
Shorter tibial tunnels are created using a retrograde drilling technique, leaving a tibial cortical bridge for button fixation. Cortical button
fixation avoids the need to have additional material within the tunnel and allows graft-to-bone contact throughout the whole tunnel.
However, thisfixationmethodmay result in increased graft lengthening and increased graftmicromotion at the tunnel aperture [11,16].

Postoperative tunnel widening can be detected using computed tomography (CT), magnetic resonance imaging (MRI), and ra-
diography. CT scans are the most accurate imaging modality for quantifying bone tunnel changes [17]. The imaging modalities
have in the past been evaluated using two-dimensional analysis, although with CT and MRI it is also possible to calculate the
three-dimensional volume of bone tunnels. ACL tunnel volume change measured on CT scans has been recently reported in the
literature [3,18]. Measuring changes in the tunnel volume using MRI might be reliable and might make it possible to avoid radi-
ation exposure during future research investigations.

The aim of the present study was to assess postoperative change of tunnel volume on CT and MRI scans after ACL reconstruction
with biodegradable interference screw fixation and all-inside ACL reconstruction using button fixation. It was hypothesized, firstly,
that ACL reconstruction using interference screw fixation results in less bone tunnel widening in comparison with all-inside ACL
reconstruction using cortical button fixation. Secondly, it was further hypothesized that tunnel volume changes measured on MRI
are comparable with those on CT.

2. Methods

2.1. Patients

CT andMRI datawere analyzed for 33 patients enrolled in a prospective randomized controlled trial from2013 to 2015. Patientswere
randomly allocated to one of two different hamstring ACL reconstruction and fixation technique groups with an equal probability of al-
location. The randomization occurred prior to surgery with given written informed consent. Block randomization was used to assign el-
igible patients to the treatment arms in order to avoid serious imbalance in the number of participants assigned to each group. In order to
maintain allocation concealment, the pattern of the blockswas kept confidential. The subinvestigatorswere not involved in preparing the
randomization list. In the first group, 16 patients underwent ACL reconstructionwith conventional tibial tunnel drilling and graft fixation
using a biodegradable interference screw on both the femoral and tibial sides. In the second group, 17 patients were treated with all-
inside ACL reconstruction using adjustable-length loop button fixation on both the femoral and tibial sides. Patients aged 18–45were in-
cluded when they met the following criteria: (1) unilateral ACL rupture diagnosed clinically and onMRI; (2) time interval between ACL
injury and reconstruction of one year; (3) Tegner activity score ≥5; and (4) a normal contralateral knee. Major exclusion criteria were
total collateral ligament rupture, a full-thickness cartilage lesion visualized onMRI, and an unstable longitudinalmeniscus tear (requiring
meniscus refixation and changes in the postoperative rehabilitation protocol). From 2013 to 2015, 76 patients were screened for eligibil-
ity to participate for the study, 30 did notmeet initial inclusion criteria. Forty-six patients were included into the study. Of these, five pa-
tients requiredmeniscus refixation intraoperatively with change of the rehabilitation protocol, intraoperative problems in three patients
(one femoral button loop rupture, one femoral buttonmislocation, one femoral screwbreakage), three patients sustained early rupture of
the ACL graft within sixmonths postoperatively (all-inside ACL reconstructionwith button fixation), and two patients denied to come to
follow-up visit. In one patientwith all-inside ACL reconstructionwith button fixation, septic arthritis was suspected twoweeks after sur-
gery and the patient was treated with two arthroscopic irrigations with graft retention.

CT and MRI data taken at time zero (within three days after surgery) and after six months were used to calculate tunnel volumes.
The study protocol was reviewed and approved by the local hospital ethics committee.

2.2. Surgical technique

2.2.1. Screw fixation
The semitendinosus and gracilis tendonswere harvested. The four free endswerewhip-stitched using nonresorbable high-strength

suture material (FiberWire # 2; Arthrex Inc., Naples, Florida, USA). The tendons were folded to obtain a four-stranded graft. Femoral
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tunnels 25 mm long were drilled in the center of the femoral ACL insertion through the anteromedial portal at 120° of flexion. Tibial
tunnels were created at the ACL footprint using a drill guide fixed at 55°. The tibial stump was preserved. The tunnel size was adapted
to the cross-sectional diameter of the graft. The graft was pulled transtibially into the femoral socket. The femoral tunnel aperture was
notched, and a 23-mm long biodegradable interference screw (BioComposite; Arthrex Inc.) was inserted over a guide wire. The graft
was preconditioned by passive cycling of the knee joint approximately 10 times. A guide wire was placed in the tibial tunnel at the
dorsal tunnel wall, eccentrically to the graft. The biodegradable interference screw (BioComposite, Arthrex Inc.), with a length of
23–28mm, was inserted into the articular tunnel aperture using the length scale on the screwdriver. The screw diameter was selected
at one millimeter less than the diameter of the femoral tunnel and one millimeter larger than the diameter of the tibial tunnel. Graft
tensioning and tibial graft fixation were carried out at 30° of knee flexion. The mean graft size was 8.2 mm and 7.3 mm on the tibial
and femoral sides, respectively.
2.2.2. Button fixation
The semitendinosus tendon was harvested. The tendon was symmetrically folded over two loops of the adjustable-length loop cor-

tical button device (TightRope RT; Arthrex Inc.) in order to obtain a four-stranded graft 60–75mm in length. The graft was securedwith
two sutures at the tibial end and two sutures at the femoral end of the graft (FiberWire # 2; Arthrex Inc.) [15]. The socket size was
adapted to the cross-sectional diameter of the graft. A femoral socket with a length of 25mmwas created at the anatomic ACL insertion
site. Femoral tunnel drilling was performed using the anteromedial (AM) portal reaming technique in seven patients, and with an
outside-in technique using a retrograde drilling guide pin in 10 patients (FlipCutter; Arthrex Inc.). The tibial socket was created at the
ACL footprint using an ACL drill guide fixed at 55°. The tibial stump was preserved. Using a retrograde drilling guide pin (FlipCutter;
Arthrex Inc.), a tibial socketwas created, leaving at least a seven-millimeter cortical bridge. The graftwas inserted through the AMportal
and retrieved into the bone sockets by shortening the adjustable-length loop sutures of the button devices. The graftwas preconditioned
by passive cycling of the knee joint approximately 10 times, andfinal graft tensionwas applied at 30° of flexion. Themean graft sizewas
8.2 mm and 7.9 mm on the tibial and femoral sides, respectively.
2.2.3. Rehabilitation
From the first postoperative day, all patients performed active quadriceps exercise and passive kneemotion, and fullweight-bearing

was immediately allowed. A knee brace was worn for two weeks postoperatively. From week 4 to 12 cycling, muscle training and
swimming were performed. Running was allowed after 12 weeks. Full exercise activity was allowed after six to nine months.
Figure 1. Measurementmethod of bone tunnel volumes on CT scans shown on exemplary images at six months of follow-up. The cross sectional area of the femoral and
tibial bone tunnel with button (A, B) or screw fixation (C, D) was marked on axial CT slices.
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2.3. Tunnel volume measurement

2.3.1. CT evaluation
Multidetector CT scanning (GE Discovery CT 750 HD; GE Healthcare, Chicago, Illinois, USA) was performed on the operated knee.

The slice thickness was 0.625 mm (512 × 512 voxels). Images were acquired at 100 kV and 120–400 mAs, with a noise index of 25.
The bone tunnel volume was measured on the axial slices (Figure 1). In the group with interference screw fixation, the screw

volume was included in the measurement. The cross-sectional area of the bone tunnel was added up and multiplied to calculate
the total volume on every third slice (AW Server 2.0; GE Healthcare).

2.3.2. MRI evaluation
Magnetic resonance imaging was performed on a 1.5-T whole-body MR system (Magnetom Avanto; Siemens Healthcare Ltd.,

Erlangen, Germany) together with a 15-channel extremity coil. Turbo spin echo (TSE) T1 axial slices with a thickness of 3.0 mm
were used to measure the volume of the bone tunnel. The cross-sectional area was marked on every axial slice (Figure 2). The bone
tunnel volume was calculated in the same way as described above.

Measurements were performed by three observers (R.M., A.R., C.K.). Changes in the tunnel volume between the two time points
were defined as tunnel widening and expressed in cubic millimeters and percentages. The mean values from all three observers
were used in the analyses.

2.4. Tunnel diameter measurement

CT images were used for tunnel diameter measurements. Images were orientated along the longitudinal axis of the femoral
and tibial tunnel. The maximal tunnel diameter of the tunnel was measured.

2.5. Sample size assessment

An effect size of 1.0 when comparing changes in tunnel volume between the two fixation groups was deemed relevant. To achieve
this with a power of 80% using a two-group t-test with a two-sided significance level of P b 0.05, a sample size of 17 in each treatment
group is required. The groupwith screwfixation consisted of 16 patients, but the impact on the statistical power should be negligible, as
the effect sizes were mostly greater than originally assumed.
Figure 2. Measurement method of bone tunnel volumes on MRI shown at six months of follow-up of the same patients (Figure 1). The cross sectional area of the
femoral and tibial bone tunnel with button (A, B) or screw fixation (C, D) was marked on axial MRI slices.
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2.6. Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics for Windows, version 23.0 (IBM Corporation, Armonk, New York,
USA). Parametric data are presented as means with standard deviation (SD). The Kolmogorov–Smirnov test was used to check
whether the data were normally distributed. Changes in tunnel volume and diameter are presented in percentages as mean
with SD. Changes in the tunnel volume were compared between the two study groups using Student's t-test. Changes in the tun-
nel volume measured for the two modalities (CT and MRI) were compared using two-way analysis of variance (ANOVA) with re-
peated measures. To account for possible sphericity violation among states, the P values were corrected in accordance with the
Greenhouse–Geisser method [19].

To assess the reliability of the assessments, interrater correlation coefficients (ICCs) for two-way mixed measures were calculated.
Reliability was classified, in accordance with Landis and Koch [20], as: 0.0–0.2 poor, 0.21–0.40 fair, 0.41–0.60 moderate, 0.61–0.80
substantial, and 0.81–1.00 almost perfect. The significance level was set at P b 0.05.

3. Results

There was no significant difference between the two groups for mean age at time of operation (P = 0.207), body mass index
(BMI) (P = 0.915), Tegner score (P = 0.593) and sex ratio (P = 1.000) (Table 1).

3.1. Screw vs. button fixation: tunnel volumes

3.1.1. CT scan
In the groupwith screwfixation, the bone tunnel enlarged to 113.9± 10.3% on the tibial side and 119.8± 19.2% on the femoral side.

In the group with button fixation, the bone tunnel enlarged to 117.7 ± 24.1% on the tibial side and 143.2 ± 34.4% on the femoral side.
The differences in tibial tunnel enlargement were not significant (P = 0.565). The differences in femoral tunnel enlargement were
significant (P = 0.023) (Table 2).

3.1.2. MRI scan
In the group with screw fixation, the bone tunnel enlarged to 108.0 ± 14.9% on the tibial side and 110.9 ± 20.7% on the fem-

oral side. In the group with button fixation, the bone tunnel changed to 96.4 ± 19.0% on the tibial side and 154.3 ± 38.0% on the
femoral side. The differences between the two groups with regard to tibial tunnel enlargement were not significant (P = 0.06).
The differences in femoral tunnel enlargement were significant (P b 0.001) (Table 2).

No significant differences in the femoral tunnel volume changes were noted when tunnels were drilled using the medial portal
drilling or outside-in technique for the group with button fixation (CT: 156.2 ± 35.5% vs. 134.1 ± 34.2%, P = 0.201; MRI:
155.7 ± 45.3% vs. 134.1 ± 34.2%, P = 0.903). However, it should be noted that this statistical analysis is underpowered.

3.2. Screw vs. button fixation: tunnel diameter

The maximal diameter of the tibial tunnel was significantly larger in the group with screw fixation at time zero and after six
months (P b 0.001). The femoral tunnel was significantly larger in the group with screw fixation at time zero, however, after six
months femoral tunnel diameters were comparable between the two groups (P= 0.755) (Table 3). In the group with screw fixation,
the bone tunnel enlarged to 111.1 ± 10.8% on the tibial side and 121.3 ± 17.6% on the femoral side. In the group with button fixation,
the bone tunnel enlarged to 122.4± 9.3% on the tibial side and 143.0± 24.2% on the femoral side. The differences in tibial and femoral
tunnel widening were significant (P= 0.003, P = 0.006) (Table 3).

3.3. CT vs. MRI

Table 4 shows the interrater reliability data for the single measurements.
Table 1
Baseline data for a prospective collective of patients with ACL reconstructionwith interference screwfixation or all-inside reconstruction using cortical button fixationa.

Screw fixation (n = 16) Button fixation (n = 17) P-value

Age (y) 29 ± 7 26 ± 6 0.207
Sex (m,f)

Female 4 (25%) 5 (30%) 1.000
Male 12 (75%) 12 (70%)

BMI 24.1 ± 2.0 24.2 ± 4.5 0.915
Tegner 6.8 ± 1.0 6.9 ± 1.0 0.593

a Data are shown as means with standard deviation, n (%). BMI, body mass index.



Table 2
Results for anterior cruciate ligament tunnel volume and volume changea.

Modality Group Tibial tunnel (mm3) Femoral tunnel (mm3) Tibial tunnel
change (%)

Femoral tunnel
change (%)

Postoperative 6 months Postoperative 6 months

CT Screw 2.57 ± 0.50 2.92 ± 0.64 1.17 ± 0.16 1.41 ± 0.35 113.9 ± 10.3 119.8 ± 19.2
Button 1.07 ± 0.26 1.27 ± 0.44 1.02 ± 0.33 1.43 ± 0.45 117.7 ± 24.1 143.2 ± 34.4
P b0.001 b0.001 0.120 0.933 0.565 0.023

MRI Screw 3.06 ± 0.62 3.33 ± 0.98 1.56 ± 0.28 1.73 ± 0.49 108.0 ± 14.9 110.9 ± 20.7
Button 1.73 ± 0.33 1.65 ± 0.41 1.30 ± 0.34 1.93 ± 0.45 96.4 ± 19.0 154.3 ± 38.0
P b0.001 b0.001 0.026 0.240 0.060 b0.001

a Data are shown as means with standard deviation. CT, computed tomography; MRI, magnetic resonance imaging.
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Tibial tunnel volume measurements with an interference screw resulted in almost perfect interrater reliability for both CT and
MRI. Femoral tunnel volume measurements showed almost perfect agreement with button fixation on CT scanning. All other
measurements showed substantial agreement.

The absolute values for tunnel volumewere higher on theMRImeasurements in comparison with CT scans in both fixation groups.
The tibial tunnel volumes showed a trend toward higher values with screw fixation and were significantly higher for the group with
button fixation (screw P = 0.068, button P b 0.001). On the femoral side, this difference was significant in both fixation groups
(screw P= 0.03, button P = 0.03).

The tunnel changes measured on the femoral and tibial sides were comparable for CT and MRI in the group with screw fixation
(P= 0.551, P= 0.610). In the group with button fixation, the tunnel changesmeasured onMRI showed a trend toward overestima-
tion on the femoral side and were significantly underestimated on the tibial side in comparison with tunnel changes on CT scanning
(P = 0.078, P = 0.018).
4. Discussion

In the present study, bone tunnel volumes were measured after conventional ACL reconstruction with interference screw fixation
and all-inside ACL reconstruction using cortical button fixation. The first hypothesis was accepted, as more femoral tunnel widening
was observed with button fixation than with screw fixation. The second hypothesis was partially accepted, as CT and MRI showed
comparable results for the group with screw fixation only.

Although most studies investigating TW have shown no correlation with the clinical results [1,5,7], some studies have reported in-
ferior stability results for patients inwhommore TWwas observed [14,21]. In revision surgery, enlarged tunnelsmay complicate tunnel
drilling, and several studies aimed at avoiding TWhave been performed. The etiology of TW appears to bemultifactorial, involvingme-
chanical factors, the immune response, and cell necrosis within the tunnel [6,22]. Graft fixation influences mechanical factors such as
micromotion between the graft and tunnel wall. Rodeo et al. [11], in a study measuring graft micromotion in a rabbit ACL reconstruc-
tion, found that graft–tunnel motion impaired graft incorporation, leading to femoral TW at the aperture. Graft–tunnel movements
might be reduced with aperture fixation using interference screws. However, the same levels of TW have been reported for metal
and biodegradable interference screws composed of poly L-lactic acid (PLLA) [23,24]. The addition of osteoconductive material such
as hydroxyapatite (HA) or β-tricalcium phosphate (β-TCP) is thought to enhance screw resorption and bone ingrowth. BioComposite
β-TCP/PLLA (30% β-TCP and 70% PLLA) screws were used in the present study. Ntagiopoulos et al. [25] recently reported that β-TCP/
PLLA screws were fully resorbed and osteointegrated within four years postoperatively.

In the present study, all-inside ACL reconstruction using cortical button fixationwas associated with significantlymore femoral TW
in comparison with ACL reconstruction using screw fixation. However, femoral tunnel volumes after six months were comparable
between the two groups (screw/button: 1.41 vs. 1.43 mm3). On the tibial side, TW was not significantly different between the two
groups. Tibial tunnels after six months were larger with screw fixation due to full tunnel drilling and screw insertion in this group
(screw/button: 2.92 vs. 1.27 mm3). In revision surgery, a comparable tunnel situation after screw or button fixation can be expected
on the femoral side, with larger tunnels on the tibial side after screw fixation.
Table 3
Results for anterior cruciate ligament maximum tunnel diameter and wideninga.

Modality Group Tibial tunnel (mm) Femoral tunnel (mm) Tibial tunnel
widening (%)

Femoral tunnel
widening (%)

Postoperative 6 months Postoperative 6 months

CT Screw 11.02 ± 0.83 12.23 ± 1.31 9.13 ± 0.69 11.00 ± 1.20 111.1 ± 10.8 121.3 ± 17.6
Button 8.29 ± 0.51 10.15 ± 0.94 7.92 ± 1.08 11.15 ± 1.46 122.4 ± 9.3 143.0 ± 24.2
P b0.001 b0.001 b0.001 0.755 0.003 0.006

a Data are shown as means with standard deviation. CT, computed tomography.



Table 4
Interrater reliability for single measures, expressed as ICCs (three observers).

Modality Group Tibial tunnel (mm3) Femoral tunnel (mm3)

Postoperative 6 months Postoperative 6 months

CT Screw 0.922 0.903 0.606 0.749
Button 0.762 0.782 0.894 0.902

MRI Screw 0.869 0.920 0.731 0.780
Button 0.656 0.796 0.714 0.690
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In a randomized controlled trial, Fauno and Kaalund [2] compared the development of TW after ACL reconstruction using
either close-to-the-joint fixation (transfemoral pin and tibial interference screw) or extracortical fixation (femoral button and tibial
bicortical screw and washer). They reported significantly more femoral and tibial TW in the group with fixation far from the joint.
Sabat et al. [4] observed significantly greater femoral TW with cortical button fixation in comparison with transfemoral pin fixation.
The results of the present study support the assumption that the site of graft fixation continues to be amajor factor in the development
of TW after ACL reconstruction.

Marchant et al. [17] assessed the interobserver and intraobserver reliability ofmeasurements of tunnel diameter and cross-sectional
area in enlarged bone tunnels on radiographs, CTs, andMRIs. Thewidest distances on the coronal and sagittal views weremeasured by
five investigators. Only CT scanning showed a high level of interobserver and intraobserver reliability. The authors state that MRI is not
reliable even for identifying the presence of a tunnel.

Recent studies have reported on TW using three-dimensional CT scans to calculate the tunnel volume [3,18]. Hwang et al. [3]
found no significant difference in femoral tunnel volume change after one year between hamstring grafts inserted in press-fit
technique (0.5 mm underdrilled tunnels) and conventional femoral technique (same-sized graft and tunnel) using transfemoral
pin fixation in both groups (165% vs. 171.5%). A possible explanation for the increased femoral tunnel volume change compared
with our findings (143.2% using the all-inside reconstruction technique) could be the transtibial drilling technique used by Hwang
et al. [3]. Araki et al. [18] analyzed bone tunnel volume change after hamstring double-bundle ACL reconstruction in 11 patients
using cortical button fixation at the femur and cancellous screw with washer fixation at the tibia. The femoral tunnel volume of
the AM and posterolateral (PL) bundle changed to 122.3 ± 31.8 and 112.5 ± 34.4% at the articular side. The tibial tunnel volume
of the AM and PL bundle changed to 108.6 ± 28.7 and 105.4 ± 22.6% at the articular side. The articular outlet of the femoral and
tibial tunnels moved in the direction that the grafts were pulled. Micro-motions and stress of the two bundles against the tunnel
wall during knee motion could lead to those transpositions of the centroids in each bone tunnel.

To the best of the present authors' knowledge, this is the first study inwhich tunnel volumemeasurements have been carried out on
MRI. The volumemeasurements showed a substantial and almost perfect level of interobserver reliability between the three observers
for CT andMRImeasurements of tibial and femoral tunnelswith andwithout interference screws. The tunnel volume changemeasured
on MRI was comparable with the volume change measured on CT scans for tunnels with interference screws. MRI volume measure-
ments therefore represent an appropriate modality for use in future research on tunnel widening when biodegradable interference
screws are used. In the present study, the tibial tunnel with button showed narrowing on MRI after six months (96%), while CT
scans showed tibial tunnel widening (118%). Tunnel volume changes measured on MRI therefore need to be interpreted cautiously if
an interference screw is not used, since contradictory results may even appear.

The present study has some limitations. It compared two ACL reconstruction techniques that differ with regard to graft preparation
andfixation. Differences in tunnel changes cannot be explained by the twofixation techniques alone, and other influencing factors have
to be taken into account. The all-inside graft preparation technique requiresmore suturematerial in the femoral and tibial tunnel,which
might inhibit tendon-to-bone healing [26,27]. The lengths of the tibial tunnel sizes differed between the two groups, as a full tunnelwas
drilled for screw fixation and a shorter socket was created for button fixation.

The femoral tunnel drilling techniques were not consistent in the present study. This might lead to a potential confounding
factor, with a different femoral tunnel angle and forces acting on the ACL. Angulation of the femoral tunnel has been reported
to affect femoral TW. Xu et al. [8] reported significantly more femoral TW with a more vertical and posterior tunnel position
drilled transtibially, in comparison with medial portal drilling. In the present study, outside-in femoral tunnel drilling was carried
out in 10 patients with button fixation. In all other patients, the femoral tunnels were created by medial portal drilling. The increased
femoral TW in the groupwith button fixation cannot be explained by the outside-in femoral tunnel drilling, as the latter was associated
with less femoral tunnel widening in this group.

In the present study, TW was assessed using the total volume change, and tunnel shapes were not analyzed. The location of
the main TW might provide additional information about the etiology of TW.

The follow-up periodwas sixmonths, and TW after that periodwas not reported. However, Fink et al. and Harris et al. reported that
most tunnel enlargement occurs within the first six weeks after surgery [1,28]. In a longitudinal MRI study, Webster et al. [5] reported
on TW with patellar tendon and hamstring grafts with interference screw fixation. The tunnels generally increased in size up to six
months postoperatively, and decreased slightly after one year. TW occurring after six months may be due to poor graft incorporation
and may affect knee stability and involve a risk of repeat rupture. As the clinical outcome was not reported, the influence of TW on
the clinical outcome is still unknown in the present study population.
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In summary, all-inside ACL reconstruction using adjustable-length loop cortical button fixation was found to be associated with
greater femoral tunnel volume enlargement in comparison with full tibial tunnel ACL reconstruction with biodegradable interference
screw fixation. Tibial tunnel volume was smaller after all-inside ACL reconstruction and tunnel volume enlargement was not different
between the two groups at the tibial side. The results of the present study support the use of MRI to quantify tunnel volume changes in
ACL tunnels with interference screws.
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