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Abstract

Purpose The quadrant method was described by Bernard et al. and it has been widely used for postoperative evaluation of
anterior cruciate ligament (ACL) reconstruction. The purpose of this research is to further develop the quadrant method
measuring four points, which we named four-point quadrant method, and to compare with the quadrant method.

Methods Three-dimensional computed tomography (3D-CT) analyses were performed in 25 patients who underwent double-
bundle ACL reconstruction using the outside-in technique. The four points in this study’s quadrant method were defined
as pointl—highest, point2—deepest, point3—Ilowest, and point4—shallowest, in femoral tunnel position. Value of depth
and height in each point was measured. Antero-medial (AM) tunnel is (depthl, height2) and postero-lateral (PL) tunnel is
(depth3, height4) in this four-point quadrant method. The 3D-CT images were evaluated independently by 2 orthopaedic
surgeons. A second measurement was performed by both observers after a 4-week interval. Intra- and inter-observer reli-
ability was calculated by means of intra-class correlation coefficient (ICC). Also, the accuracy of the method was evaluated
against the quadrant method.

Results Intra-observer reliability was almost perfect for both AM and PL tunnel (ICC > 0.81). Inter-observer reliability of
AM tunnel was substantial (ICC > 0.61) and that of PL tunnel was almost perfect ICC > 0.81). The AM tunnel position
was 0.13% deep, 0.58% high and PL tunnel position was 0.01% shallow, 0.13% low compared to quadrant method.
Conclusions The four-point quadrant method was found to have high intra- and inter-observer reliability and accuracy. This
method can evaluate the tunnel position regardless of the shape and morphology of the bone tunnel aperture for use of com-
parison and can provide measurement that can be compared with various reconstruction methods. The four-point quadrant
method of this study is considered to have clinical relevance in that it is a detailed and accurate tool for evaluating femoral
tunnel position after ACL reconstruction.

Level of Evidence Case series, Level IV.

Keywords Anterior cruciate ligament reconstruction - Quadrant method - 3-Dimensional computed tomography - Femoral
tunnel position

Introduction

Accurate and appropriate tunnel position in anterior cruciate
ligament (ACL) reconstruction plays an important role in
postoperative knee joint function [21, 31]. Tunnel position
influences tibial anterior translation and rotation and postop-
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after ACL reconstruction [1]. Specifically, the femoral tun-
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femoral tunnel position is a frequent cause of failed ACL
reconstruction [8]. Recently, more anatomical reconstruction
techniques have been developed in ACL reconstruction [20,
29, 31, 32]. Bernard et al. [2] developed the quadrant method
to distinguish the femoral tunnel position on a true lateral
plain radiographs using a quadrant consisting of a Blumen-
saat’s line as a roof and a lateral condyle. Since the quadrant
method is simple and easy to understand, it has been widely
used for postoperative evaluation of ACL reconstruction.
However, a true lateral plain radiograph is necessary for
accurate measurement. Tunnel location is often difficult
to evaluate on a plain radiograph and, therefore, computed
tomography (CT) is more commonly used to provide better
visualization of bony structure [5, 7]. Furthermore, three-
dimensional (3D) CT scans can provide an excellent per-
spective of the tunnel aperture and bony morphology after
ACL reconstruction, making it a preferred tool today [5,
12]. There are many reports using this quadrant method to
evaluate tunnel position reconstructed by different femoral
bone tunnel preparation method, but it is difficult to compare
between different groups of reconstruction method using
quadrant method as measurement [17, 22, 25, 26]. In this
study, quadrant method has been further developed which
measures four points to describe the femoral tunnel position
using 3DCT. We call it as four-point quadrant method. The
purpose of this study is to introduce this new method and
evaluate its intra- and inter-observer reliability against the
quadrant method to determine its accuracy. We hypothesized
that the four-point quadrant method is as highly reliable and
as accurate as the quadrant method.

Fig.1 The M-L view of the
lateral femoral condyle was
obtained from the 3DCT of

the distal femur in the strictly
lateral position, where both
condyles were superimposed.
3DCT of the medial-lateral
(M-L) view was applied to 4
by 4 grid based on the quadrant
method. M-L, medial-lateral
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Materials and methods

There were thirty seven knees in 37 patients who had under-
gone a double-bundle (DB) ACL reconstruction with ham-
strings at Toho University Ohashi Medical Center from April
2015 to December 2016. Twenty-five knees that excluded
single-bundle reconstruction, re-reconstruction and multi-
ligament injury were included in the current study. Com-
puted tomography analyses were performed in 25 patients
who underwent DB-ACL reconstruction using the outside-
in technique. Computed tomography analyses were done in
all knees. Multislice CT system Aquilion (Toshiba Medi-
cal Systems®) with 4-slice multidetector helical acquisition
in 1.25-mm sections and pitch 3.0 and spacing of 0.5 mm
was used. Initially, the distal femur model was positioned
horizontally in the true lateral position, where both femoral
condyles were superimposed as Bernard et al. [2] described
for the lateral radiograph of the knee. The image was then
rotated to a distal view, and the medial femoral condyle was
virtually removed at the highest point of the anterior aper-
ture of the intercondylar notch leaving the lateral femoral
condyle. Finally, the model was rotated back to the true lat-
eral position, which was confirmed by superimposing a full
distal femur model onto the lateral femoral condyle model.
The medial-lateral (M-L) view of the lateral femoral con-
dyle was applied to 4 by 4 grid in this lateral position (Fig. 1)
[11, 15]. The image of 3DCT was downloaded to a personal
computer and measured with Microsoft PowerPoint for Mac
software (Redmond, WA, USA). 2 orthopaedic surgeons
measured the central point of AM and PL tunnel by the
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quadrant method and measured the deepl, high2, deep3 and
high4 of the point1-4 by the four-point quadrant method.
The measurement was repeated after a 4-week interval by
both observers.

The four-point quadrant method

3DCT of the medial-lateral (M-L) view was applied to 4
by 4 grid based on the quadrant method. In case of DB-
ACL reconstruction, the central point of AM and PL tunnel
was measured in ratio to depth and height by the quadrant
method.

The four-point quadrant method in this study was defined
as pointl—highest, point2—deepest, point3—Ilowest, and
point4—shallowest, in femoral tunnel position.

Also, in this method, pointl was positioned above the
AM tunnel, point 2 was positioned behind the AM tunnel,
point 3 was positioned below the PL tunnel, and point 4 was
positioned in front of the PL tunnel on the 4 x4 grid. Value
of depth and height was measured in each point. To com-
pare with the quadrant method, AM tunnel was prescribed
as (depthl, height2) and PL tunnel as (depth3, height4) in
the four-point quadrant method (Fig. 2). This study was
approved by the Ethics Committee of Toho University
Ohashi medical Center (no. H16110).

Statistical analysis

Twenty-five patients’ CT after DB-ACL reconstruction was
used for analysis. Intra- and inter-observer reliability was
calculated by means of intra-class correlation coefficient
(ICC). Test-retest reliability was determined with the intra-
observer ICC of measurements obtained on two occasions
by each observer. Also, the accuracy was evaluated to cal-
culate the mean difference of tunnel position between the
four-point quadrant method and the quadrant method. The
average of the four measurements of each observer was used
for analysis. A post hoc power analysis was performed to
determine whether the sample size had sufficient power to
detect significant differences in femoral tunnel position. The
power was between 81.5 and 99.9% for a sample with 25

Fig.2 Measurements of femoral
tunnel positioning. a Four-point
quadrant method. b Quadrant
method
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cases in each method. The a-level was 0.05. The results of
the two methods were evaluated using paired ¢ test. Values of
P <0.05 were considered statistically significant. The value
of the ICC was in the range of 0—1 and was applied to the
criterion of Landis [13]. The reliability was considered to be
almost perfect if the ICC was greater than 0.81, substantial
between 0.61 and 0.80, moderate between 0.41 and 0.60, fair
between 0.21 and 0.40, and slight 0.0 and 0.20. All statistical
analyses were performed using SPSS software, version 24.0
(SPSS, Chicago, IL, USA).

Result

Intra-observer reliability by two orthopaedic surgeons
was almost perfect in both depth and height of AM and
PL tunnel position (observerl ICC: AM depth =0.990,
AM height=0.969, PL depth=0.995, PL height=0.979,
observer2 ICC: AM depth=0.968, AM height=0.988, PL
depth=0.995, PL height=0.990). Inter-observer reliabil-
ity of AM tunnel was substantial (ICC: AM depth =0.730,
AM height=0.729) and that of PL tunnel was almost per-
fect (ICC: PL depth=0.895, PL height=0.859) (Table 1).
There were no significant differences in both depth and
height of AM and PL tunnel position between the four-point

Table 1 Intra- and inter-observer reliability of the four-point quadrant
method

AM depth  AM height PL depth PL height
Observer 1
ICC(1,2)  0.990 0.969 0.995 0.979
CI(95%) 0.978-0.996 0.932-0.986 0.990-0.995 0.954-0.991
Observer 2
ICC(1,2) 0.968 0.988 0.995 0.990
CI(95%) 0.930-0.986 0.972-0.994 0.990-0.998 0.978-0.996
Inter-
observer
ICC (2,2) 0.730 0.729 0.895 0.859
CI(95%) 0.388-0.881 0.385-0.880 0.761-0.954 0.680-0.938

e

Depth (%)
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quadrant method and the quadrant method (P value: AM
depth=0.407, AM height=0.807, PL depth=0.917, PL
height=0.538). Mean difference was calculated as AM
depth1-AM depth, AM height2-AM height, PL depth3-PL
depth, PL height4-PL height. Compared with the quadrant
method, this study was 0.13% deep and 0.58% high in AM
tunnel, 0.01% shallow and 0.13% low in PL tunnel on aver-
age (Table 2).

Discussion

The most important finding of this study was that the
four-point quadrant method was as highly reliable and
as accurate as the quadrant method in the evaluation of
femoral tunnel position after anterior cruciate ligament
reconstruction. Furthermore, there were no significant
differences between the two groups in the AM and PL
tunnel position. Bernard et al. [2] developed the quad-
rant method to identify the femoral tunnel position on a
plain lateral radiograph using the quadrant consisting of
the Blumensaat’s line as the roof and the outlines of the
lateral femoral condyle as the other rectangular borders.
Kim et al. [11] described that the Blumensaat’s line is not
a single line with a clear boundary but rather a 3- to 5-mm-
thick line with blurred boundaries on a simple radiograph,
and that it is difficult to discern a reproducible superior
border of the lattice on a simple radiograph. Furthermore,
important osseous landmarks, such as the lateral intercon-
dylar ridge or the lateral bifurcate ridge, are not visible on
conventional radiographs [10]. Therefore, compared with a
simple radiograph, 3DCT provides more detailed osseous
landmarks, and there is an advantage to accurately visu-
alizing the center of the bone tunnel. Also, Iriuchishima
et al. [9] reported that Blumensaat’s line exhibited three
types; straight type, small hill type and large hill type. A
straight type was observed in only 37%. In this study, the
problem was addressed by defining the Blumensaat’s line
as the most anterior straight part of the distal femoral con-
dyle. Compared with the quadrant method, this study was
0.13% deep and 0.58% high in AM tunnel, 0.01% shallow
and 0.13% low in PL tunnel on average. This is because

there were some cases which the tunnel aperture was not a
circle but an oval. When the bone tunnel is oval, point] is
deeper, point2 is higher, point3 is shallower, and point4 is
lower than when the bone tunnel is circle. The center point
of the bone tunnel is measured in the quadrant method,
but the tunnel aperture is not always a circle but an oval
in some cases [4, 18, 27]. Since the four-point quadrant
method is an equivalent method that has no significant
differences and is as reliable as the quadrant method, it
can be compared with previous studies using the quadrant
method. In the previous studies using the quadrant method,
the average position of AM depth and height of femoral
tunnel were 23.1 and 22.7%, and that of PL depth and
height of femoral tunnel were 31.9 and 48.3% (Table 3)
[3, 5, 8, 14, 16, 23, 28, 30, 33]. When compared with
the previous studies, our AM and PL tunnel position was
placed deeper-lower.

In the four-point quadrant method, there is an advantage
that measurement can be taken regardless of the shape of
the bone tunnel. Although a demerit exists in that the four-
point quadrant method needs two more points of meas-
urement, the greatest merit of this method is that it can
provide measurement that can be compared with various
reconstruction methods such as single-bundle reconstruc-
tion, double-bundle reconstruction using hamstring and
single-bundle reconstruction using BTB. In particular,
comparison between the anatomical rectangular tunnel
double-bundle (DB) ACL reconstruction with bone—patel-
lar tendon—bone graft designed by Shino et al. [24] and
DB-ACL reconstruction using hamstring tendon will be
possible, since varying shapes of each bone tunnel would
no longer be problematic with this new method. The four-
point quadrant method of this study has clinical relevance
in that it is a detailed and accurate tool for evaluating fem-
oral tunnel position after ACL reconstruction.

This study had some limitations. Firstly, compared to
the quadrant method by Bernard et al. using standard lat-
eral radiographs, medical costs and radiation exposure will
be higher with this method since it uses CT. Secondly, this
study has not been compared with various reconstruction
methods such as single-bundle reconstruction, double-
bundle reconstruction using hamstring and single-bundle
reconstruction using BTB.

Table 2 The average of femoral

o Four-point quadrant  Quadrant method (%) P value Mean difference (%)
tunnel positions of each method method,%
and the accuracy of the four-
point quadrant method AM depth 16.0 £2.7 16.1 £2.9 0.407 -0.13+ 1.1
AM height 31.0+8.5 31.0 + 8.7 0.807 -058+1.7
PL depth 285+ 6.4 285+ 64 0.917 0.01 +£0.53
PL height 54.8+£9.2 547+9.0 0.538 0.13+1.5
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Table 3 Comparison of the femoral tunnel position in this study and previous studies using the quadrant method

Article (year) Center of AM tunnel Center of PL tunnel Method for measurement
depth X height (%) depth X height (%)

Yamamoto (2004) 25x 16 29 x 42 Lateral radiographs

Colombet (2006) 26.4 x25.3 323 x47.6 Lateral radiographs

Zantop (2008) 18.5x22.3 29.3 x53.6 Lateral radiographs

Tsukada (2008) 259x17.3 34.8 x42.1 Lateral radiographs

Lorenz (2009) 21 x22 27 x 45 CT

Forsythe (2010) 21.7x33.2 35.1 xX55.3 3DCT

Iriuchishima (2010) 15 %26 32 x52 Lateral radiographs

Pietrini (2011) 21.6 x 14.2 28.9x42.3 Lateral radiographs

Lee (2014) 33.5%x27.6 38.3x55.1 Lateral radiographs

Average 23.1 x22.7 31.9x46.3

Our study quadrant method 16.1 x 31.0 28.5x54.7

Our study four-point quadrant method 16.0x 31.0 28.5 X 54.8

Conclusion

The four-point quadrant method was found to have high
intra- and inter-observer reliability and accuracy. This
method can evaluate the tunnel position regardless of the
shape and morphology of the bone tunnel aperture for
use of comparison. This method is a postoperative evalu-
ation method applicable to various ACL reconstruction
methods.
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