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Background: The femoral-sided anatomic footprint of the anterior cruciate ligament (ACL) has been widely studied during the past
decades. Nonanatomic placement is an important cause of ACL reconstruction (ACLR) failure.

Purpose: To describe femoral tunnel placement in ACLR through use of a comprehensive 3-dimensional (3D) cylindrical coor-
dinate system combining both the traditional clockface technique and the quadrant method. Our objective was to validate this
technique and evaluate its reproducibility.

Study Design: Descriptive laboratory study.

Methods: The EOS Imaging System was used to make 3D models of the knee for 37 patients who had undergone ACLR. We
designed an automated cylindrical reference software program individualized to the distal femoral morphology of each patient.
Cylinder parameters were collected from 2 observers’ series of 3D models. Each independent observer also manually measured
the corresponding parameters using a lateral view of the 3D contours and a 2-dimensional stereoradiographic image for the
corresponding patient.

Results: The average cylinder produced from the first observer’s EOS 3D models had a 30.0° orientation (95% ClI, 28.4°-31.5°),
40.4 mm length (95% ClI, 39.3-41.4 mm), and 19.3 mm diameter (95% ClI, 18.6-20.0 mm). For the second observer, these mea-
surements were 29.7° (95% Cl, 28.1°-31.3°), 40.7 mm (95% Cl, 39.7-41.8 mm), and 19.7 mm (95% ClI, 18.8-20.6 mm), respectively.
Our method showed moderate intertest intraclass correlation among all 3 measuring techniques for both length (r = 0.68) and diameter
(r = 0.63) but poor correlation for orientation (r = 0.44). In terms of interobserver reproducibility of the automated EOS 3D method,
similar results were obtained: moderate to excellent correlations for length (- = 0.95; P < .001) and diameter (r = 0.66; P < .001) but
poor correlation for orientation (r = 0.29; P < .08). With this reference system, we were able to describe the placement of each
individual femoral tunnel aperture, averaging a difference of less than 10 mm from the historical anatomic description by Bernard et al.

Conclusion: This novel 3D cylindrical coordinate system using biplanar, stereoradiographic, low-irradiation imaging showed a
precision comparable with standard manual measurements for ACLR femoral tunnel placement. Our results also suggest that
automated cylinders issued from EOS 3D models show adequate accuracy and reproducibility.

Clinical Relevance: This technique will open multiple possibilities in ACLR femoral tunnel placement in terms of preoperative
planning, postoperative feedback, and even intraoperative guidance with augmented reality.
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The anterior cruciate ligament (ACL) is an important sta-
bilizer of the knee and is frequently injured. Epidemiologic
studies demonstrate that around 400,000 ACL reconstruc-
tions (ACLR) are performed each year worldwide.3°
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Malpositioning of the femoral tunnel has been identified
as the most common technical cause of ACLR failure, with
misplacement seen in 80% of revision surgeries.*?>2 Com-
mon errors can lead to a vertical graft, instability, and
impingement at the intercondylar notch. Furthermore,
anterior placement of the femoral tunnel can lead to restric-
tion and tightness of the graft in knee flexion. An additional
anteromedial portal has been preferred over the transtibial
technique for its trend toward anatomic placement, better
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Figure 1. EOS Imaging System.

resisting anterior tibial translation and rotational
forces. > %27

Of the many available techniques for tunnel positioning
in ACLR, the clockface system is still used even after con-
cerns were reported regarding its interobserver reliabil-
ity.1%2! Indeed, the use of a 2-dimensional reference in a
3-dimensional (3D) volume limits the applicability of the
clockface technique. The Bernard and Hertel quadrant
method has been widely used and standardized since its
initial description,?1%28 however, in the sagittal plane, the
grid coordinates are impossible to apply directly during a
knee arthroscopy without additional fluoroscopy.®1®
Encouraging developments include descriptions of new
anatomic landmarks for guiding arthroscopic tunnel place-
ment, such as the lateral intercondylar ridge, bifurcate
ridge, and apex of the deep cartilage, and efforts have been
made to prove their reproducibility.!** Newer computer-
assisted surgery techniques, either for navigation or for
active robotic surgery, still make use of the quadrant method,
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a two-dimensional method.?>?%2° Globally, few 3D descrip-
tions of femoral tunnel positioning have been proposed since
the quadrant method in 1997.

The EOS Imaging System, introduced commercially in
2007, is now being studied for a variety of orthopaedic con-
ditions, especially in spine surgery. This technology cap-
tures biplanar radiographic images of the patient in an
upright, physiologic position with a true 1:1 scale for both
size and volume. Based on work on particle detection by
Nobel prize-winning physicist Georges Charpak, this
imaging system emits lower doses of radiation than conven-
tional radiography'* (Figure 1). From these simultaneous
orthogonal views, the generation of a skeletal 3D model is
simplified. Our group previously compared reconstructions
using EOS and CT scanning; models from the biplanar
stereoradiographic images were efficient and precise, with
good interrater and intrarater reproducibility. At the femur,
we obtained a mean error of 1.0 mm (95% CI, 1.0-1.1 mm) for
the surface analysis between EOS models compared with CT
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reconstructions when using oblique projections. With the
same projections, an intertechnician reproducibility
study of EOS reconstructions found an absolute difference
of 1.2 mm (95% CI, 0.8-1.5 mm) (J. Montreuil et al, unpub-
lished data, November 2019).

In the current study, we describe femoral tunnel place-
ment in ACLR using a new, comprehensive, 3D cylindrical
reference that combines the benefits of both the traditional
clockface technique and the quadrant method. Our objective
was to validate this technique and evaluate its reproducibil-
ity. Considering other 3D studies, we expected that this
cylindrical template will correspond to the Bernard and Her-
tel grid within 5 mm in length in the deep-shallow axis and
2 mm in diameter for the mediolateral and high-low axes.>?2
Furthermore, we hypothesized that this method will aid in
evaluating postoperative tunnel positioning. We compared
actual femoral tunnel aperture position to a described target
that is within the range of the known anatomic 5th and 95th
percentiles.?® In the deep-shallow axis, this corresponds to
24% and 37%, respectively, whereas for the high-low axis,
the values correspond to 28% and 43%, respectively.”® We
believe that this method will allow for preoperative plan-
ning, intraoperative guidance, and postoperative feedback
on femoral tunnel placement in ACLR.

METHODS
Patients

A total of 37 patients were selected from a cohort (Prospec-
tive Collection of Clinical and Radiological Data in Knee
Patients) at the Centre Hospitalier de 'Université de Mon-
tréal in accordance with the ethics committee of that insti-
tution. Radiological data were collected for 25 men and 12
women (21 right knees and 16 left knees operated) with a
mean £ SD age 0of 31.8 + 3.0 years. The patients underwent
surgery between the years 2008 and 2011 by the same
surgeon (F.L.) using a homogeneous technique that entailed
the following: hamstring graft, single-bundle, constant graft
sizing method, anteromedial femoral portal drilling, “in and
out” technique, and Endobutton femoral fixation. The
research protocol included preoperative EOS (EOS Imaging)
biplanar image acquisition of the lower limbs with
anteroposterior-lateral and oblique (45°-45°) views. At 6
months after surgery, a second set of biplanar orthogonal
radiographic images was recorded using the same para-
meters as preoperatively.

3D Models Including Tunnels

The pre- and postoperative pairs of orthogonal radiographs
were processed through use of IdeFX software (LIO) to
regenerate the generic 3D models of the femur and tibia so
they were personalized to each patient. As proposed by our
previous study (J. Montreuil et al, unpublished data,
November 2019), we used the oblique views to create these
models because this process facilitated identification of ana-
tomic landmarks while minimizing superposition. Each
generic 3D model was modified and regenerated to match
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each patient’s morphology as accurately as possible. This was
based on the moving least squares optimization method,
which was followed until the projected contours on 2 radio-
graphic planes matched the boundaries of the bones on
orthogonal radiographs.®° Then, the femoral and tibial tun-
nels were identified on the postoperative acquisitions. To rep-
resent these tunnels, an adjustable truncated cone was
designed because the lateral portion of the tunnel was more
narrow due to integration and ossification at the time of the
postoperative EOS acquisition. This conical shape was added
to the IdeFX software and was fitted manually during
evaluation by one of 2 resident doctors (observer 1,
J.M.; observer 2, J.S.), who were blinded to any informa-
tion about the patients. Another set of EOS 3D models
was assessed to verify the interrater reproducibility of
the entire process. This regeneration sequence took less
than 10 minutes per model, as underlined in our first
validation study (J. Montreuil et al, unpublished data,
November 2019). A total of 74 postoperative 3D models
with tunnels were obtained (Figure 2).

Cylindrical Reference Conception

For the purpose of this study, arthroscopic terms are used to
describe the method (Figure 3). A cylindrical description of
the femoral tunnel position in the intercondylar notch allows
the combination of 2 known techniques, the clockface
method and the Bernard and Hertel quadrant method, in a
unique 3D fashion. We defined this cylindrical coordinate
system with a standard 3-axis system (X, Y, Z). Starting
from the origin, a radius (X), an angle (8), and a depth (Z)
coordinate allow for the description of any point on the cyl-
inder (Figure 4). Even if the radius is used in the cylinder
coordinate system, the diameter is used as a validation
parameter because it respects the initial quadrant method.
Measured directly from Blumensaat’s line to the posterior
condyles, it allows a better comparison between measure-
ments techniques. With this reference being fitted and fixed
in the intercondylar notch, the radius and the angle could be
given in a similar fashion to the clockface technique. The X-
axis (angle 0) would be parallel to the posterior condyle line
with the diameter individualized and representing high-low
and mediolateral limits of the cylinder. The deep-shallow
coordinate, along the long axis of the cylinder, would repro-
duce the quadrant method.

Cylindrical Reference Fixation

After deciding on the components of the coordinate system,
we proceeded with fixation of the reference within bound-
aries. The 3D models issued from EOS Imaging in
IdeFX software had predefined regions that included the
intercondylar notch. Thus, notch surface mapping of every
individual model (Figure 5) allowed for the creation of an
automatic and personalized fitted cylinder for every
patient. The diameter and orientation were obtained by
minimizing the distance between homologous points on a
generic cylinder against the intercondylar notch. In the
sagittal plane, in concordance with the initial quadrant
method description, this technique oriented the cylinder
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i) Anatomic landmarks identification
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iii) Femoral and tibial bony contours

Figure 2. EOS 3-dimensional (3D) modeling method.

Posterior

Figure 3. Lateral view of distal femur with knee arthroscopy
terminology compared to usual references (anterior-posterior).

as parallel as possible to the roof of the intercondylar notch
corresponding to the Blumensaat line. It also defined the
higher and lower borders of the cylindrical coordinate sys-
tem. The anterior and posterior edges of the lateral femoral
condyle served as borders to extend the Z-axis in the same
way as Bernard et al? described the deep and shallow
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Figure 4. Cylindrical coordinate system. Cynlindrical refer-
ence: from the origin, a radius (R), an angle (6), and a depth
(2) coordinate allow for the description of any point on the
cylinder.

parameters. The origin of the Z-axis was placed at the pos-
terior outlet of the notch at the deepest coordinate. Because
the ACL is located deep in the notch, extrapolation from a
shallow origin would lead to certain imprecisions.®

The 3D models issued from EOS also provided known
metrics such as the bicondylar axis and the posterior
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Figure 5. Intercondylar notch surface mapping with EOS Imaging System.

A

Figure 6. Automated tridimensional cylinder reference system fitted in the intercondylar notch on (A) frontal and (B) sagittal views.

condyle line. When the cylinders were viewed from a frontal
plane, the X-axis of the cylindrical reference was defined as
parallel to the posterior condyle line. The Y-axis was there-
fore at 90° and centered on the highest point of the notch
(Figure 6). As previously stated, the diameter was individ-
ualized and was indicated by the high-low and mediolateral

limits of the cylinder. These origins and boundaries of the
cylinder were computed, and 37 cylinders were automati-
cally created for the postoperative models of both observers.
All computations of the proposed methods were performed
with MatLab software (The MathWorks) in addition to the
standard functions using IdeFX.
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Figure 7. Manual validation measurements on 3-dimensional
contours.

Cylindrical Reference Validation

To validate this automated EOS 3D technique, the orienta-
tion, length, and diameter of the 74 cylinders were
extracted and compared with 2 other measurement techni-
ques: manual 3D measurement (manual EOS) and manual
radiographic (manual XR). As well, we executed an intert-
est reliability study between the 3 measurement techni-
ques. With respect to the manual EOS measures, the
projected contours of the 3D models from a perfectly lateral
view were obtained. These manipulations allowed for a
clear identification of the intercondylar notch roof corre-
sponding to the Blumensaat line as seen on a true lateral
stereoradiographic image. Using this stereoradiographic
image, the manual XR measurements were performed with
the quadrant method.? As discussed further, any small mal-
rotation on biplanar radiographs could not be adjusted from
the initial image acquisition.

The length and diameter were first compared among the
automated EOS, manual EOS, and manual XR measures. In
the sagittal plane, the cylinder length was measured from
the anterior to posterior edges of the lateral femoral condyle
along the Blumensaat line. The diameter of the cylinder was
measured at the lowest aspect of the lateral femoral condyle,
at 90° from the long axis of the cylinder. Finally, the cylin-
der’s orientation was calculated as the angle between the
distal femoral anatomic axis and the cylinder’s Z-axis on a
lateral view. This same angle was manually measured on
every 3D contour (Figure 7) and on the corresponding lateral
stereoradiographic image (Figure 8).

Statistical Analysis

A minimum sample size of 21 patients per group for this
study was calculated with an o of 5%, a B of 10%, and the
anticipated differences in length and diameter previously

Figure 8. Manual validation measurements on lateral stereo-
radiographic image with femoral condyles spacing suggest-
ing suboptimal rotation.

stated. Estimates for intraclass correlation coefficients
(ICCs) and their 95% CIs among the 3 measurement techni-
ques were calculated by use of SPSS (Version 25; IBM Corp)
based on a mean-rating (¢ = 3), absolute-agreement, 2-way
mixed-effects model. The same software was used to perform
paired ¢ tests with Pearson correlation for an interobserver
reliability study of the cylinder parameters. PRISM software
(GraphPad) was used for illustration of correlation matrices.
Reliability was considered poor for ICC <0.5, moderate for
ICC 0.5-0.75, good for ICC 0.75-0.90, and excellent for ICC
>0.90.41932

Anatomic Tunnel Placement Location

It is possible to describe and project any desired point based
on the coordinate system implemented. Most important, we
attempted to highlight the anatomic position of the femoral
tunnel aperture. Being on the cylinder’s surface, this target
has the individualized radius as the X-coordinate. Further-
more, the initial Bernard et al® study described the ana-
tomic femoral tunnel position as being at 28.5% in the
Y-axis (high-low). Using basic trigonometry, a 28.5% posi-
tion along the medial wall of the lateral femoral condyle
translates into 2 possible angles in our reference depending
on the side operated. These angles are 0.45 radians (=226°)
for the left knee and 2.69 radians (~2154°) for the right knee.
Not surprisingly, these 2 angles that were generated corre-
spond to the commonly described anatomic 2-o’clock (left)
and 10-o’clock (right) positions. With the final coordinate
being the depth along the Z-axis, we used Bernard et al’s
initial description to place our target position. This point
was placed at 24.8% from the posterior edge of the lateral
femoral condyle.

According to our 3D reference, the ideal point coordinate
(P) for a left ACL is then
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Figure 9. Three-dimensional location of anatomic femoral anterior cruciate ligament insertion.

Figure 10. Actual tunnel axis (green dots) compared with ana-
tomic (black dot) femoral anterior cruciate ligament insertion.

P (0.45 radians, 0.248 x length, 1.00 x notch radius).

This coordinate system can be adapted to guide the placement
of any single or double-bundle femoral tunnel (Figure 9).

Description of Postoperative
Tunnel Aperture Position

Postoperative tunnel identification for the 37 patients was
performed by both observers. We described the actual posi-
tioning of the femoral tunnel aperture in our cylindrical
coordinate system by intersecting the axis of the femoral
tunnel with the surface of the cylinder. We were able to

express every tunnel’s crossing point with the same coordi-
nate system (angle, length, diameter) (Figure 10). The
actual and ideal points both being on the cylinder, the
radius X-coordinate remains constant. However, differ-
ences were seen in terms of height (angle) and in the
deep-shallow position along the intercondylar notch. These
results were plotted as a modified grid.

RESULTS

Initially, cylinder parameters were collected automati-
cally from each observer’s series of EOS 3D models (auto-
mated EOS). Then, each independent observer manually
measured the same parameters on 3D contours (manual
EOS) and on the stereoradiographic images (manual XR).
For the metrics obtained by the automated method, the
first observer’s (J.M.) cylinder had a mean orientation of
30.0° (95% CI, 28.4°-31.5°), a length of 40.4 mm (95%
CI, 39.3-41.4 mm), and diameter of 19.3 mm (95%
CI, 18.6-20.0 mm). The same metrics for the second
observer’s (J.S.) series were 29.7° (95% CI, 28.1°-31.3°),
40.7 mm (95% CI, 39.7-41.8 mm), and 19.7 mm (95% CI,
18.8-20.6 mm), respectively (Table 1 and Figure 11).
According to paired ¢ test, the first observer’s automated
EOS 3D cylinder had an average orientation of 5.6° (95%
CI, 3.8° to 7.4°) less than the manual EOS technique. This
same measurement was 9.2° (95% CI, 7.6° to 10.8°) for the
second observer. When we compared the automated EOS
versus manual XR measurements, observer 1 had an ori-
entation absolute difference of 4.9° (95% CI, 3.0° to 6.7°)
and observer 2 had a difference of 7.7° (95% CI, 5.6° to
9.8°). Regarding length, the first observer’s automated
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TABLE 1
Overall Evaluation of Cylinder Parameters®
Parameter Modality Observer 1 Observer 2
Angle, deg Automated EOS 30.0 (28.4-31.5) 29.7 (28.1-31.3)

Manual EOS 35.6 (33.6-37.5) 38.8 (37.6-40.0)
Manual XR 34.8 (33.6-36.0) 37.4 (36.1-38.6)
Length, mm  Automated EOS 40.4 (39.3-41.4) 40.7 (39.7-41.8)
Manual EOS 45.8 (44.7-46.9) 42.3 (41.1-43.6)
Manual XR 44.7 (43.3-46.1) 40.4 (38.5-42.3)
Diameter, mm Automated EOS 19.3 (18.6-20.0) 19.7 (18.8-20.6)
Manual EOS 21.7 (20.9-22.4) 19.1(18.5-19.7)
Manual XR 21.7 (20.4-22.9) 20.3 (18.9-21.7)

“Values are expressed as mean (95% CI). n = 37; o = 5%. EOS,
EOS Imaging System; XR, stereoradiographic.

EOS cylinder was on average 5.5 mm (95% CI, 4.5 to
6.5 mm) shorter than manual EOS measures, whereas the
same parameter was 1.6 mm (95% CI, 0.8 to 2.5 mm) for
the second observer. Observer 1 obtained an automated
EOS length that was 4.3 mm (95% CI, 3.2 to 5.4 mm)
shorter than by manual XR, whereas observer 2’s mea-
surement was 0.3 mm (95% CI, —1.6 to 2.2 mm) longer.
Regarding diameter, the first observer’s automated EOS cyl-
inder was 2.4 mm (95% CI, 1.6 to 3.1 mm) smaller than with
manual EOS measures, whereas it was found to be 0.7 mm
(95% CI, —0.4 to 1.8 mm) larger for the second observer.
Observer 1 obtained an automated EOS diameter 2.4 mm
(95% CI, 1.2 to 3.5 mm) smaller than with radiographs,
whereas observer 2 obtained a diameter 0.5 mm (95% CI,
—2.1 to 1.1 mm) smaller (Tables 2 and 3).

For all 3 measuring modalities, intertest correlation (r)
was calculated independently, along with a global ICC for
every parameter of the cylinder. They all demonstrated
positive correlations (Figure 12). For orientation, the auto-
mated EOS versus manual EOS methods gave a moderate
correlation (r = 0.50; P < .001), whereas both the auto-
mated EOS versus manual XR and the manual EOS versus
manual XR gave poor correlations (r = 0.18; P = .28 and r =
0.13; P = .45, respectively). However, for the length, the
automated EOS versus both manual EOS and manual XR
measures gave moderate correlations (r = 0.60; P < .001
and r = 0.66; P < .001, respectively). Also, manual XR com-
pared with manual EOS measures showed a good correla-
tion (r = 0.76; P < .001). For the diameter, the automated
compared with manual EOS measures gave a poor correla-
tion (r = 0.40; P = .015), whereas the automated compared
with manual XR gave a moderate correlation (r = 0.50; P =
.002). The manual EOS versus manual XR also had a mod-
erate correlation (r = 0.56; P < .001). Overall, the global
intertest correlation gave a poor correlation for orientation
(r = 0.44; 95% CI, 0.08-0.68). However, the length and the
diameter showed moderate overall correlations of 0.68 (95%
CI, 0.15-0.87) and 0.63 (95% CI, 0.33-0.80), respectively
(Table 4).

For the interobserver reliability, the cylinders as mea-
sured via automated EOS, manual EOS, and manual XR
all showed poor interobserver correlation for orientation
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(r=029;P=.08,r=014;P = 41, and r = 0.48; P <
.001, respectively). For length, the automated method gave
an excellent correlation (r = 0.95; P < .001), whereas the
manual EOS and manual XR both had a moderate correla-
tion between observers (r = 0.66; P < .001 and r = 0.45;
P < .001, respectively). For diameter, the automated,
manual EOS and manual XR all gave a moderate correla-
tion between observers (r = 0.64; P < .001, r = 0.53; P <
.001, and r = 0.72; P < .001, respectively) (Table 5).

Finally, we displayed the coordinates of each patient’s
femoral tunnel aperture in the cylindrical coordinate sys-
tem for both observers’ series of reconstructions (Figure 13).
As stated earlier, the Y-axis high-low coordinate is given
by a sine ratio of its corresponding angle. The target point
was then placed according to the initial description by Ber-
nard et al®: 24.8% in the deep-shallow Z-axis and 28.5% in
the high-low Y-axis. The population 5th to 95th percentile
anatomic footprint, as studied by Parkar et al,?® was also
templated as limits. The mean coordinates at the center of
the femoral tunnel aperture for the first observer’s series
were 37.6° = 4.6° (or 0.66 *+ 0.08 radians) and 41.0% + 3.0%
in length. The same parameters for the second observer’s
series were 38.3° £ 5.7° (0.66 = 0.1 radians) and 42.0% *
3.0% in length. The average Euclidian distance between
the actual and anatomic tunnel position was 8.1 +
1.1 mm for the first observer’s series and 9.5 + 1.5 mm for
the second observer’s series.

DISCUSSION

This study successfully evaluated the validity and reliabil-
ity of a novel cylindrical coordinate system in the analysis
of ACLR femoral tunnel placement. This cylindrical refer-
ence was developed with the use of 3D models issued from
EOS biplanar radiographs, which provide a low-radiation,
highly efficient alternative to CT. We were able to validate
these automated cylinders with parameters that were
measured manually on corresponding 3D models as well
as on the initial radiograph images. This cylindrical coor-
dinate system allowed us to illustrate femoral tunnel
placement in a previously unseen 3D fashion. To define
coordinates of the anatomic placement in this 3D refer-
ence, we were able to execute mathematical conversions
and merge 2 previously studied approaches: the clockface
method and the Bernard-Hertel quadrant method.
Three-dimensional modeling demonstrates clear advan-
tages in ACLR tunnel placement. It is able to represent the
actual morphology of the intercondylar notch as seen by the
surgeon during an arthroscopic surgery. Recently, 3D mod-
eling using CT scans have gained popularity because of its
improved bony description. However, for ACLR, most
proposed techniques using 3D-CT actually produce a
2-dimensional analysis with the quadrant method on a
medial view of the lateral condyle. Few studies have actu-
ally described the ACLR femoral aperture with 3D coordi-
nates. To our knowledge, Luites et al,?® using well-designed
computer navigation software, are the only investigators
who also used a cylindrical reference in describing ACLR.
However, their method was based on real-time navigation



The Orthopaedic Journal of Sports Medicine

EOS Imaging in ACL Femoral Tunnel 3D Analysis 9

¥ e o e Observer 1
_ 231 T e Observer 2

< 4 3 £ + E
s L ; g i g 22 % .
- . . .
5 35 + s £ | 2 2
3 2 a2{ T £ T 1
5 T b )| = - N

301 i i + : + <+

]l ‘ 1947 | |L
5L— T r gl— : — B8l— = '
Automatized EOS Manual XR Manual Automatized EOS Manual XR Manual Automatized EOS Manual XR Manual
Modality Modality Modality

Figure 11. Column graph of intertest cylinder validation mean and 95% Cls. Automatized, automated EOS 3D system; XR,

stereoradiographic.

TABLE 2
Intertest Paired # Test for Observer 1¢

Parameter Modality Mean 95% CI
Angle, deg AvsE -5.59 —7.42 t0 -3.76

Avs XR —4.86 —6.71 to -3.00
Length, mm AvsE -5.46 —6.47 to —4.46

Avs XR —4.33 -5.43 to -3.23
Diameter, mm AvsE -2.37 -3.15 to —1.58

Avs XR -2.35 -3.46 to —1.23

“n = 37; o = 5%. A, automated EOS; E, manual EOS; XR,
manual stereoradiographic.

TABLE 3
Intertest Paired ¢ Test for Observer 2¢

Parameter Modality Mean 95% CI
Angle, deg AvsE -9.18 -10.75 to -7.60

Avs XR -7.71 -9.82 to -5.61
Length, mm AvsE -1.61 —2.46 to -0.75

AvsXR 0.33 -1.58 to 2.24
Diameter, mm Avs E 0.66 -0.44 to 1.75

AvsXR -0.54 -2.14 to 1.07

“n = 37; o= 5%. A, automated EOS; E, manual EOS; XR, man-
ual stereoradiographic.

with optoelectric cameras and dynamic reference bases.
Thus, the lack of availability and applicability of such a
perioperative digitization system as well as the inability
to produce preoperative planning are major limitations of
this technique. Because multiple groups at our research
center are focusing on deep machine learning and auto-
mated processes, we were able to design a cylindrical ref-
erence system that could be produced automatically from
an EOS 3D knee reconstruction. Although the present
study outlines the initial technique to fit a cylindrical ref-
erence in the intercondylar notch, we are aware that fur-
ther refinements could take into account that the notch
dimensions are often variable and that the Blumensaat line
is not always straight.!®2?° To our knowledge, we are the

first group to use biplanar stereoradiographic imaging to
describe femoral tunnel positioning in ACLR.

The parameters targeted for the validation of the cylin-
der were the orientation, length, and diameter. These
metrics were compared between the automated EOS
method, a manual measure on the EOS 3D contours, and
manual measures on lateral radiographs as initially
described by the quadrant method. Although the orienta-
tion of the intercondylar notch roof is not widely reported,
the reported deep-shallow length and high-low height in
the literature are consistent with our results,5 920,243
Of the 3 parameters, the angle between the cylinder’s long
axis and the anatomic distal femoral axis was undoubtedly
the one that accounted for the most variability among mea-
surement techniques. The natural bowing of the femur in
the sagittal plane, combined with subjective manual mea-
surements, could explain the variability between the mea-
suring modalities. For future studies, other landmarks
could be used for orientation. In contrast, the length and
diameter of the automated EOS cylinders were consistently
within the previously identified targets, being 5 mm for
length and 2 mm for diameter, when compared with the
standard manual measures on lateral radiographs.

Following the same tendency, our method showed ade-
quate intertest ICCs among all 3 measuring techniques for
both length and diameter, while giving a poor correlation
for orientation. In terms of interobserver reproducibility,
similar results were obtained, with moderate to excellent
correlations for length and diameter. Most important, our
results showed better reproducibility with the automated
process than the standard manual XR measurements. We
believe that overall, the cylinder’s length, which is also
influenced by its orientation within the distal femur, is the
most important parameter. Overall, our results support the
adequacy of the proposed method for length determination.
As well, we would like to refine the analysis for the diam-
eter even if acceptable results were obtained. Comparing a
3D technique with a monoplanar distance in the high-low
axis could explain the discrepancies obtained. Also, as pre-
viously stated, since the manual techniques (EOS contours
and stereoradiography) were exposed to human operator
errors in obtaining a perfect lateral image, malrotation
could contribute to the differences observed. In fact, both
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Figure 12. Intertest Pearson correlation matrices. Automatized, automated EOS 3D system; EOS, manual 3D; XR, manual stereo-

radiographic.
TABLE 4
Intertest Global Intraclass Correlations®
Parameter I1CC 95% CI
Angle 0.44 0.08-0.68
Length 0.68 0.15-0.87
Diameter 0.63 0.33-0.80
“ICC, intraclass correlation coefficient.
TABLE 5

Interobserver Correlations®
Parameter Modality ICC Significance
Angle Automated EOS 0.29 .08

Manual EOS 0.14 41

Manual XR 0.48 <.01
Length Automated EOS 0.95 <.01

Manual EOS 0.66 <.01

Manual XR 0.45 .01
Diameter Automated EOS 0.64 <.01

Manual EOS 0.53 <.01

Manual XR 0.72 <.01

“n = 37; o = 5%. EOS, EOS Imaging System; ICC, intraclass
correlation coefficient; XR, stereoradiographic.

observers needed to manually rotate the transparent 3D
model before proceeding with their measurements. Simi-
larly, as seen in Figure 8, some biplanar stereoradiographic
acquisitions did not display a perfect lateral image of the
operated knee. Although we are satisfied with the valida-
tion of this cylindrical coordinate system, we believe that
adjusting these factors could improve the overall precision
of our method.

Displaying the location of all apertures on a single graph
allowed us to analyze 3D femoral tunnel placement in a
novel fashion. Although acknowledging the discrepancies
in the literature concerning ideal femoral tunnel placement,
we opted to compare our reconstructions with an anatomic
placement as historically described by Bernard et al.2 We
also included the population anatomic 5th to 95th percentile

ACLR tunnel coordinates

Length (%)
1.0 0.8 0.6 0.4 0.2 0.

L 1 L 1-0
C w
L =]
C >
C 05
+ o r a
- o
- )
C 0.0

+ Anatomic 5 - 95% limits
© Anatomic position

- Actual tunnel O1

- Actual tunnel O2

Figure 13. Actual tunnel aperture placement with the cylindri-
cal reference in the intercondylar notch for both observers.
ACLR, anterior cruciate ligament reconstruction.

interval as shared by Parkar et al?® in their systematic
review. Compared with these targets, both observers’ series
displayed an average postoperative femoral tunnel placed in
a shallower and higher position in the intercondylar notch.
In fact, from a frontal perspective, the tunnels had an angu-
lar component of around 10° more than the ideal 2- and 10-
o’clock positions. The linear distance between the center of
the actual femoral tunnel aperture and the anatomic target
underlines the overall precision of the tunnel placement.
Both observers’ series showed a distance less than 10 mm.
Proportionally, the average reamer used for femoral tunnel
drilling in ACLR has a diameter of 8 mm. The impact of this
small difference in femoral tunnel placement on the biome-
chanics of the knee has not yet been determined.

This technique can open the door to multiple preopera-
tive, perioperative, and postoperative possibilities in ACLR
as well as in other knee surgeries. In our opinion, the effi-
ciency of the low-irradiation, biplanar, stereoradiographic
imaging combined with the recent progress in automation
and deep learning will allow for a tailored preoperative
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approach to ACLR. During surgery, this 3D reference could
also be used with augmented reality for navigation or to
customize a surgical guide in order to avoid grossly mis-
placed tunnels. In fact, previous studies have shown that
visual aids improve the precision and reliability of tunnel
placement in ACLR.'®3! Finally, postoperative 3D feed-
back on tunnel placement could also be beneficial as under-
lined by previous studies.>® However, the present method
entails certain limitations. As previously stated, our group
will need to improve some parameters in the conception of
the cylindrical reference, notably the orientation. Our tech-
nique will also need to consider that the notch dimensions
are often variable and the Blumensaat line is not always
straight. Furthermore, the accessibility of such a system is
limited, restricting our knowledge about reproducibility
among different centers. This reproducibility will need to
be established before our technique is scaled. Sharing data
among institutions using EOS will augment the sample size
while providing other surgeons with different surgical tech-
niques. This should improve the precision and generaliz-
ability of our method.

CONCLUSION

This novel 3D cylindrical coordinate system, using biplanar
stereoradiographic imaging and low-irradiation imaging,
showed a precision comparable with standard manual mea-
surements in ACLR femoral tunnel placement. Our results
also suggest that automated cylinders issued from EOS
show adequate accuracy and reproducibility. Even though
the results of this preliminary study are promising, we
strive to improve our methods by refining further
parameters to evaluate and revalidate the present method,
especially focusing on the spatial orientation. We also plan to
scale up the study to other centers using the EOS imaging
technology with different orthopaedic surgeons.
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