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Abstract
Objective Revision ACL reconstruction is becoming more
frequent because of a 10% rate of re-ruptures and insufficien-
cies. Currently, computed tomography (CT) represents the
gold standard in detecting and measuring the tunnels of the
initial ACL reconstruction. The purpose of this study was
to compare measurement results of CT and thin-sliced
MRI sequences, which were modified to a high soft
tissue-bone contrast.
Materials and methods Prior to an ACL revision surgery, 16
consecutive patients had an MRI in addition to the standard
CT scan. A dedicated 0.25-T Esaote G-Scan (Esaote
Biomedica, Cologne, Germany) with a Turbo 3D T1 sequence
was used for MRI. Tunnel diameters were measured at 11
defined points of interest. For the statistical evaluation, the
Mann-Whitney U test for connected samples was used.
Inter- and intraobserver reliability was additionally calculated.
Results All measured diameters showed significant to highly
significant correlations between both diagnostic tools
(r = 0.7–0.98). In addition, there was no significant difference
(p > 0.5) between the two techniques. Almost all diameters
showed nearly perfect intraobserver reliability (ICC 0.8–
0.97). Interobserver reliability showed an ICC of 0.91/0.92
for only one diameter in MRI and CT.

Conclusion Prior to ACL revision surgery, bone tunnel mea-
surements can be done using a 3D T1-MRI sequence in low-
field MRI. MRI measurements show the same accuracy as CT
scans. Preoperative radiation exposure in mainly young pa-
tients could be reduced. Also the costs of an additional CT
scan could be saved.
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Introduction

Although our knowledge of the anterior cruciate ligament
(ACL) has increased over the last years and surgical tech-
niques have advanced, there is still a graft failure rate of
3.6–10% [1]. For revision cases requiring repeated ACL re-
construction, meticulous preoperative planning is a necessity.
Apart from biomechanical and biological defects, one major
focus is surgical reasons, accounting for 22–79% of failures
[2–5]. The analysis of diameter, localization and orientation of
the initial bone tunnel is essential. Since computed tomogra-
phy (CT) showed more reliability in identifying and measur-
ing the existing bone tunnels compared to plain radiography,
several publications recommended this tool for preoperative
planning [6–11]. Furthermore, three-dimensional reconstruc-
tions of CT scans were announced to be the most reliable tool
to define the bone tunnels [6, 9, 12, 13]. Although MRI is
rarely mentioned in publications on tunnel diagnostics prior
to revision surgery [14], it is an essential tool to assess graft
failures and concomitant injuries. Only a few studies have
been published with a focus on MRI in tunnel analysis [11,
15–22]. These studies, however, were either done without
comparison to CT [18, 19] or the MRI sequences were not
described in detail [11]. Currently, MRI appears to be
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useful in tunnel analysis, but no correlation to CT scans has
been proven.

The purpose of this study was to assess ACL bone tunnels
using a special 3D T1-MRI sequence and compare the results
to CT scans. Our hypothesis was that bone tunnel evaluation
through MRI was as reliable as with CT scans.

Materials and methods

Sixteen consecutive patients (age 18–65 years) who
underwent ACL revision surgery after failed ACL reconstruc-
tion were prospectively included into this study. Before exam-
ination, the informed consent of each patient and IRB approv-
al were obtained. As is standard prior to surgery, a CT scan
with coronal and sagittal reconstructions was performed.
Positions and dimensions of the previous bone tunnels were
evaluated to decide whether one- or two-staged revision was
necessary.

Magnetic resonance imaging

In addition to the CT scan, an MRI was conducted in each
patient. A dedicated low-field MRI scanner with 0.25 T (G-
scan, Esaote Biomedica, Cologne, Germany) and a knee coil
was used for the examination. To evaluate the ligaments, me-
nisci and cartilage, a standard knee protocol was used. The
bone tunnels were assessed using a sequence especially devel-
oped for this research question. This turbo 3D T1 sequence
was designed to achieve a high soft tissue-bone contrast and
thin slices to allow comparison to the CT scan (Fig. 1). The
technical parameters of the sequence are summarized in
Table 1. Sagittal planes were aligned to the medial wall
of the lateral femoral condyle to achieve optimal condi-
tions when assessing the entrance of the femoral tunnel
(Fig. 1c). The same was done for the sagittal reconstruc-
tions of the CT images.

Image analysis

Two independent, blinded observers reviewed MRI and CT
images twice in randomized order to ensure inter- and
intraobserver reliability. In summary, 11 diameters were mea-
sured in the coronal and sagittal planes using Meddix-View
PRO. Measurements were taken for the slice showing the
greatest diameter. In the coronal views, the joint-near diameter
was measured in extension to the joint surface and perpendic-
ular to the tunnel’s axis. In addition, measurements were taken
perpendicularly at half the distance of the tunnel. The same
diameters were measured on the tibial side in the sagittal
plane. On the femoral side, the largest joint-near diameter
and the one perpendicular to it were measured in sagittal
views. The diameters are described in Figs. 2, 3, 4 and 5.

Statistical analysis

The Shapiro-Wilk test showed normal distribution of all data.
For calculation of intra- and interobserver reliability, intraclass
correlation (ICC) was used. Mean values of both measure-
ments of each observer were used to calculate interobserver

Fig. 1 Coronal (a) and sagittal (b) plane of a right knee prior to ACL revision surgery with remaining bone tunnels. Low-field MRI turbo 3D-T1
sequence. (c) Localizer with planned coronal and sagittal planes.

Table 1 Technical
parameters of the turbo
3D-T1 sequence used for
bone tunnel evaluation

Turbo 3D-T1 sequence

TE 16

TR 38

Flip angle 65

Stimulus 1

FOV 210 × 210

UVER 160

Time 5:44

3D FOVe 70

3D matrix 40

3D slice thickness 1.1

Slices 52

Skeletal Radiol



reliability. An ICC of >0.70 was considered reliable [23]. To
compare the data of both imaging techniques, the Mann-
Whitney U test for connected samples was used.
Significance was set at p < 0.05.

Results

The 16 patients consisted of 10 males and 6 females. Mean
age was 34 (range 19–60) at the time of ACL revision surgery.

Comparing MRI and CT scans, no significant difference
was found for the diameters in each localization. These differ-
ences ranged from 0.02 ± 0.96 mm up to 0.9 ± 0.95 mm
(Table 2). Correlation coefficients showed moderate to high
correlation. Intraobserver reliability showed good to excellent
ICC for MRI (0.71–0.97) and excellent ICC for CT (0.87–
0.98) (Table 3). Regarding interobserver reliability, both im-
aging tools showed good ICC at the tunnels’ midportion but
only low ICC near the joint, except for the femoral and tibial
coronal diameter on CT (Table 3).

Discussion

The most important finding of this study is that measurements
of ACL reconstruction bone tunnels can be done using a 3D
T1-MRI sequence protocol. Through adaption to a concise
bone-soft tissue contrast in low field MRI results are compa-
rable to CT scan measurements.

Nine of 11 diameters showed almost perfect correlation
between MRI and CT, while 2 showed substantial correlation.
These results are difficult to compare with the literature as this
is the first study directly comparingMRI and CT in measuring
bone tunnel diameters. The only other study investigating
MRI and CT for bone tunnel measurement just described
intra- and interobserver reliability. Marchant et al. showed
moderate to substantial agreement for intraobserver (MRI κ
0.37–0.6, CT κ 0.44–0.74) and interobserver (MRI κ 0.3–0.5,
CT κ −0.01-0.67) reliability for both diagnostic tools [11]. In
the present study, almost perfect intraobserver reliability was
shown for both MRI and CT. In contrast, interobserver reli-
ability was moderate to almost perfect in ten measurement

Fig. 2 Coronal planes of MRI (left and right) and CT (middle) with measured diameters. *Femoral coronal joint-near horizontal diameter (FCJH);
#femoral coronal joint-near perpendicular diameter (FCJP); §femoral coronal mid-tunnel perpendicular diameter (FCMP)

Fig. 3 Sagittal planes of MRI (left and right) and CT (middle) with measured diameters. *Tibial sagittal joint-near horizontal diameter (TSJH); #tibial
sagittal joint-near perpendicular diameter (TSJP); §tibial sagittal mid-tunnel diameter (TSMP); $femoral sagittal joint-near perpendicular diameter (FSJP)
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positions, while one was only fair in both MRI and CT. The
difference to Marchant et al. could be explained by the differ-
ence in MRI sequence protocols, which were not mentioned
explicitly. A slice thickness of 4 mm could also contribute to
the different results in their study.

Meuffels et al. investigated intra- and interobserver reliabil-
ity for visualization of bone tunnels with radiographs, CT and
3D virtual reality (VR). They also found substantial to almost
perfect intraobserver reliability and moderate to substantial
interobserver reliability for CT, while radiographs showed in-
ferior and 3D VR superior results [8].

Webster et al. were able to show a correlation of tunnel
diameter measurements between plain radiographs and CT
with an interobserver reliability of 0.81 (range 0.69–0.91)
[24]. However, the correlation of both imaging methods was
only moderate.

Multiple authors have published evaluations of bone
tunnels using MRI without comparing it to CT as the gold
standard [15–22].

Kiekara et al. found interobserver agreement inMRI tunnel
diameters, measuring coronal views (T1 weighted) on the
femoral side of 0.136–0.152 mm and 0.318–0.409 mm on
the tibial side. Measurements for the sagittal planes (PD
weighted) were 0.045–0.121 mm on the femoral and 0.197–
0.227 mm on the tibial side [15].

Suomalainen et al. used MRI to locate and measure diam-
eters at the tunnel entrance after ACL reconstruction using
coronal and sagittal T1-weighted sequences but without using
any references [16]. A similar study was performed by Fules
et al., who measured CSA in axial T1- and T2-weighted im-
ages after ACL reconstruction to identify tunnel enlargement
[18]. Since their imaging was performed a mean 6.5 months
after surgery, they were not able to use intraoperative drilling
as reference.

Fig. 4 Coronal planes of MRI with measured diameters. *Tibial coronal joint-near horizontal diameter (TCJH); #tibial coronal joint-near perpendicular
diameter (TCJP); §tibial coronal mid-tunnel perpendicular diameter (TCMP)

Table 2 Correlation of tunnel diameters of MRI and CT scans

Difference in mm p-value Correlation r

Tibial Sagittal

JH 0.02 ± 0.96 0.8357 0.928

JP 0.20 ± 0.83 0.8195 0.948

MP 0.22 ± 0.93 0.6792 0.936

Coronal

JH 0.42 ± 1.11 0.5203 0.846

JP 0.23 ± 0.92 0.74 0.906

MP 0.54 ± 1.79 0.7304 0.696

Femoral Sagittal

JG 0.90 ± 0.95 0.5962 0.979

JP 0.24 ± 1.18 0.977 0.892

Coronal

JH 0.03 ± 0.85 0.931 0.948

JP 0.25 ± 1.39 0.977 0.719

MP 0.44 ± 0.95 0.7055 0.949

JH joint-near horizontal, JP joint-near perpendicular,MPmid-tunnel per-
pendicular, JG joint-near greatest

Fig. 5 Sagittal plane of MRI with measured femoral diameters. §Femoral
sagittal greatest joint-near diameter (FSJG); $Femoral sagittal perpendicu-
lar to greatest joint-near diameter (FSJP)
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Silva et al. used coronal plane proton density-weighted
images with spectral fat saturation after intravenous gadolini-
um application to measure femoral bone tunnel diameters
1 day postoperatively [19]. In comparison to intraoperative
drilling diameters, no differences were found. These results
underline our findings that MRI is useful when measuring
bone tunnels after ACL reconstruction.

Another interesting approach using MRI in evaluating
bone tunnels was published by Hosseini et al. They described
a possible detection of the tunnel entrances and their course
with 3D computer modeling of MRI images [17]. However,
measurement of tunnel diameters was not described in this
technique.

The present study has several limitations. MRI cannot
be used in every patient. Metal artifacts, e.g., metallic in-
terference screws, avoid correct tunnel diameter measure-
ment. Also, low-field MRI was used for this study, which
is not standard in musculoskeletal imaging these days.
Further investigations are needed with adaption of the used
sequence to high-field MRI to make it useful in everyday
practice.

In conclusion, low-field MRI is a useful tool for identi-
fying and measuring bone tunnels prior to ACL revision
surgery when using a 3D T1-sequence with special adap-
tion to bone structures. Since the results were equal to CT,
preoperative radiation exposure in mainly young patients
could be reduced. Also the costs of an additional CT scan
could be prevented.
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