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Background: Nonanatomic graft placement is a frequent cause of anterior cruciate ligament reconstruction (ACLR) failure, and it
can be attributed to either tibial or femoral tunnel malposition. To describe tibial tunnel placement in ACLR, we used EOS, a low-
dose biplanar stereoradiographic imaging modality, to create a comprehensive grid that combines anteroposterior (AP) and
mediolateral (ML) coordinates.

Purpose: To (1) validate the automated grid generated from EOS imaging and (2) compare the results with optimal tibial tunnel
placement.

Study Design: Descriptive laboratory study.

Methods: Using EOS, 3-dimensional models were created of the knees of 37 patients who had undergone ACLR. From the most
medial, lateral, anterior, and posterior points on the tibial plateau of the EOS 3-dimensional model for each patient, an automated
and personalized grid was generated from 2 independent observers’ series of reconstructions. To validate this grid, each observer
also manually measured the ML and AP distances, the medial proximal tibial angle (MPTA), and the tibial slope for each patient. The
ideal tibial tunnel placement, as described in the literature, was compared with the actual tibial tunnel grid coordinates of each
patient.

Results: The automated grid metrics for observer 1 gave a mean (95% CI) AP depth of 54.7 mm (53.4-55.9), ML width of 75.0 mm
(73.3-76.6), MPTA of 84.9° (83.7-86.0), and slope of 7.2° (5.4-9.0). The differences with corresponding manual measurements were
means (95% Cls) of 2.4 mm (1.4-3.4 mm), 0.5 mm (-1.3 to 2.2 mm), 1.2° (-0.4° t0 2.9°), and -0.4° (-2.1° to 1.2°), respectively. The
correlation between automated and manual measurements was r = 0.78 for the AP depth, r = 0.68 for the ML width, r = 0.18 for the
MPTA, and r = 0.44 for the slope. The center of the actual tibial aperture on the plateau was a mean of 5.5 mm (95% Cl, 4.8-6.1 mm)
away from the referenced anatomic position, with a tendency toward more medial placement.

Conclusion: The automated grid created using biplanar stereoradiographic imaging provided a novel, precise, and reproducible
description of the tibial tunnel placement in ACLR.

Clinical Relevance: This technique can be used during preoperative planning, intraoperative guidance, and postoperative eval-
uation of tibial tunnel placement in ACLR.
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The anterior cruciate ligament (ACL) is an important
stabilizer of the knee that is frequently injured. Globally,
400,000 ACL reconstructions (ACLRs) are performed each
year.?? Tibial and femoral tunnel malposition are a common
cause of ACLR failure.?* Although there are an abundance
of studies describing the ideal femoral tunnel placement,
there is much less of a focus in the literature on defining the
optimal tibial tunnel positioning.>? Multiple reconstruction
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techniques target an anatomic placement of the tibial and
femoral tunnels.?519:23:25.31.34.35 minyia] tunnels placed too
far anteriorly may lead to increased graft obliquity and
subsequent impingement, whereas grafts placed too far
posteriorly may lead to increased anterior translational
laxity.236:1220.28 Seyeral studies have used 3-dimensional
(3D) computed tomography (CT) scans to examine anatomic
landmarks and to guide intraoperative tibial tunnel place-
ment.313%35 Other studies have focused on image-guided
techniques, such as radiographs and CT scans, to evaluate
tunnel placement on the tibial and femoral surfaces.* As
the tibial plateau can be viewed as a 2-dimensional surface
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Figure 1. Three-dimensional models issued from the EOS imaging system. Image used with permission from EOS imaging.

in the axial plane, a grid could be used to describe the
desired tunnel placement with 2 coordinates. For the ante-
roposterior (AP) direction, Amis and Jakob? were the orig-
inal authors to popularize the placement as a percentage
along a line of reference extending from the anterior por-
tion of the proximal tibia to the most posterior portion,
while being parallel to the tibial plateau.®®1%3* Other
methods have considered the tibial slope and used the tibial
articular surface to describe a given position with a per-
centage along the AP depth.® For the mediolateral (ML)
placement on an AP radiograph, few studies have described
the optimal location of tunnel placement.?%2734

EOS is a biplanar stereoradiographic imaging modality
(Figure 1) (EOS imaging, Paris, France). By capturing
simultaneous radiographic images in AP and lateral views,
the EOS system is able to generate 3D surface reconstruc-
tions. Capturing the images in an upright, load-bearing

position allows EOS to generate a true 1:1 scaled image
with respect to length. In addition, EOS technology gener-
ates these images at a 10 times lower radiation level when
compared with conventional films.'>'* A previous study by
our group demonstrated that, compared with 3D CT scan,
EOS 3D reconstruction is a precise and efficient technique
with good inter- and intraobserver reproducibility.??

In this study, we used the EOS imaging system to describe
the tibial tunnel aperture location in ACLR using an auto-
mated grid reference of the tibial plateau. We expected the
automated grid to correspond to manual measurements for
direction (AP and ML) and angulation (medial proximal tibial
angle [MPTA] and tibial slope in the sagittal plane).11%1525
We also expected the actual postoperative tibial tunnel aper-
ture position to be within proximity of the ideal tunnel loca-
tion, described in the literature at 40% in the AP axis and
51% in the ML axis from the medial origin.%%2°
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METHODS
Study Patients

After receiving ethics committee approval, we selected 37
study patients from the cohort “Prospective Collection of

Figure 2. Example of a 3-dimensional model reconstructed
using the EOS system.
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Clinical and Radiological Data in Knee Patients” at our
institution in Montréal, Canada. The sample size included
25 men and 12 women with a mean + SD age of 31.8 £ 3.0
years; there were 21 right knees and 16 left knees. All
patients had undergone ACLR by the same surgeon
(F.L.), between 2008 and 2011, using a single-bundle tech-
nique using a hamstring autograft, constant graft sizing
method, and a tibial guide set between 50° and 60° accord-
ing to the patient’s anatomy. The medial half of the tibial
eminence and the anterior horn of the lateral meniscus
were important landmarks used. All patients were judged
as having successful reconstructions and underwent post-
operative EOS imaging of their lower limbs 6 months after
surgery.

3D Models Issued From EOS Images

The 3D models were generated using a pair of EOS images
with orthogonal oblique views, (Figure 2); this method facil-
itated the identification of anatomic landmarks for each
patient because it limited the superposition of structures.
The images were processed using IdefX software (Labora-
toire de recherche en Imagerie et Orthopédie de 'ETS), and
3D reconstructions were generated for both the tibia and
the femur of each knee in the study. The process of 3D
reconstruction consisted of adjusting, for each bone, the
position and the shape of a generic 3D model to the stereo-
radiographic images of each study patient. A moving least
squares optimization technique allowed us to achieve fast
detail-preserving deformation to find the best alignment
between the 2 projected silhouettes of the 3D template
model and the boundaries of the patient’s bones. The recon-
structions benefited from an integrated reference system
(Figure 3). Tibial tunnels were also identified on postoper-
ative 3D reconstructions with the “conical shape” tool in
IdefX . With this tool, the tibial aperture is defined as a
circle around a central axis. Each 3D model was recon-
structed separately by 2 independent observers (observer

Figure 3. Generic reference system with 3-dimensional reconstructions of the proximal tibia before tibial tunnel segmentation.
(A) Sagittal view. (B) Axial view of tibia. Ant, anterior; Lat, lateral; Sup, superior.
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Figure 4. Automated region segmentation (red) from an EOS 3-dimensional model with medial (left image), anterior (middle), and

posterior (right) points.

Figure 5. Automated grid delimitation.

1, J.M.; observer 2, J.S.) in order to test interobserver
reliability.

Tibial Grid Conception

A rectangular grid was developed for each patient to
describe the tunnel placement on the tibial plateau. Each
of the 3D models issued from EOS had different regions
mapped, which were used to automatically identify the
most anterior, posterior, medial, and lateral points (Figure
4). A sagittal plane bisecting the plateau was defined and
used to calculate the most medial and lateral points. The
same technique with a coronal plane was used to identify
the most anterior and posterior points. We defined the auto-
mated grid using 2 lines: 1 that extended from the medial
and lateral points and 1, perpendicular, that extended from
the anterior point to the posterior point. This grid then
allowed us to describe any point on the tibial plateau as a
percentage of the AP axis along with a percentage of the ML
axis (Figure 5).

Figure 6. For automated grid validation, manual measure-
ments of the anteroposterior depth and mediolateral width
were obtained from 3-dimensional reconstructions for grid
validation. Ant, anterior; Lat, lateral; Med, medial; Post, pos-
terior.

Grid Validation

To validate our automated technique, the 2 observers man-
ually measured 4 parameters on the 3D models: the AP
depth, ML width, MPTA, and sagittal tibial slope. In order
to obtain the manual measurements, the appropriate par-
ticipant 3D reconstruction mesh was rotated to obtain opti-
mal views. First, the AP depth and the ML width of the
tibial plateau were measured on an axial view (Figure 6).
Second, the tibial slope was measured on a sagittal view.
Third, the MPTA was measured on the coronal view (Figure
7). The values obtained by each observer were compared
with the automated values that were generated.

Anatomic Tunnel Placement

Using our 2-dimensional grid referential, we were able to
define any point along the tibial plateau. The AP and ML
coordinates were converted to percentages from the most
anterior and lateral points, respectively. As described in the
literature, the anatomic location of the ACL insertion on
the tibial plateau was placed as 40% in the AP axis and
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Figure 7. Manual measurements of (A) tibial slope and (B)
medial proximal tibial angle for grid validation.

51% in the ML axis.®>®?° With this anatomic position, we
were able to compare the actual tibial tunnels in our models
to the ideal operating point. For this project, the central
axis of a best-fit circle in the tibial aperture was used. We
calculated the Euclidean distance, which is a linear dis-
tance connecting the ideal point to the actual tibial tunnel
aperture, for each patient.

Statistical Analysis

A minimum sample size of 25 patients for this study was
calculated with an alpha of 5%, a power of 90%, an accept-
able intraclass correlation coefficient (ICC) of 0.70, and an
expected ICC of 0.90.° Based on previous studies, the clin-
ically important differences were set for length (3 mm) and
angulation (4°).11%1525 Egtimates for ICCs and their 95%
Cls were calculated using GraphPad Prism Version 8. The
same software was used to perform paired Student ¢ tests
and Pearson correlation for the intertest correlation and
the interobserver reliability study for all parameters. Reli-
ability was determined as follows: ICC <0.5 indicated poor
reliability, 0.5 to 0.74 indicated moderate reliability, 0.75 to
0.9 indicated good reliability, and >0.90 indicated excellent
reliability.}”33
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TABLE 1
Tibial Grid Parameters From the 3-Dimensional
Reconstructions of the Study Knees (N = 37)¢

Observer 1 Observer 2

Mean 95% CI Mean 95% CI

AP depth, mm
Automated 54.7 53.4-55.9 53.9 52.6-55.2
Manual 52.3 50.8-53.8 52.1 50.5-53.7
ML width, mm
Automated 75.0 73.3-76.6 73.7 72.2-75.1
Manual 75.4 73.1-77.7 72.1 70.1-74.2
Tibial slope, deg
Automated 7.2 5.4-9.0 7.8 5.8-9.9
Manual 6.7 5.9-7.6 6.8 6.0-7.6
MPTA, deg
Automated 84.9 83.7-86.0 84.9 83.7-86.2
Manual 86.1 85.2-87.0 86.5 85.7-87.4

“AP, anteroposterior; ML, mediolateral; MPTA, medial proxi-
mal tibial angle.

RESULTS

The results of the EOS automated and manual measure-
ments for the AP depth, ML width, MPTA, and sagittal
tibial slope are shown in Table 1 and Figure 8. The grid
metrics obtained from the automated method for observer
1 indicated a mean AP depth of 54.7 mm, ML width of
75.0 mm, tibial slope of 7.2°, and MPTA of 84.9°. The cor-
responding metrics measured manually were 52.3 mm,
75.4 mm, 6.7°, and 86.1°, respectively. The automated mea-
sures for observer 2 were 53.9 mm, 73.7 mm, 7.8°, and
84.9°, respectively. The corresponding manual metrics for
observer 2 were 52.1 mm, 72.1 mm, 6.8°, and 86.5°, respec-
tively (Figure 8). Differences between measuring modali-
ties for all four tibial grid parameters are shown in Table 2.

Compared with the ideal anatomic position of the ACL,
which is 40% in AP depth and 51% in ML width, the 3D
reconstructions of observer 1 showed a mean tunnel posi-
tion of 40.2% of AP depth and 54.3% of ML width (Table 3).
The same metrics for the corresponding series of observer 2
were 41.4% for AP depth and 55.0% for ML width. For both
observers, the mean Euclidean distance to the ideal posi-
tion was 5.5 mm (Figure 9).

DISCUSSION

The purpose of this study was to describe the tibial tunnel
aperture in ACLR using a novel grid reference from a 3D
reconstruction of the proximal tibia, which was issued from
an EOS biplanar imaging system. This grid, created using
orthogonal lines through the most anterior, posterior,
medial, and lateral positions of the tibial plateau, allows
for the description of any desired point on the plateau. In
order to validate this grid, the AP depth, ML width, MPTA,
and sagittal slope were calculated both automatically and
manually by 2 independent observers’ series of 3D
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Figure 8. Validation of EOS automated grid parameters. AP, anteroposterior; ML, mediolateral.

reconstructions. The actual tibial apertures, identified by
each observer during the reconstructions, were compared
with the anatomic placement as described in the literature.
Previous studies have developed and tested coordinate sys-
tems of the tibia using CT scans in order to automatically
produce 3D reconstructions.'®2! Outlines using cross-
sectional images created an ellipse on the tibial plateau
with axes in both the AP and the ML directions.™'® To the
best of our knowledge, there have been no studies that have
evaluated an automatic grid reference using the EOS imag-
ing system. As previously stated, this biplanar stereoradio-
graphic system has the ability to create 3D reconstructions
in a true 1:1 scale for sizes, lengths, and angles while also
emitting significantly less radiation.'*

The 4 parameters chosen to validate our grid referen-
tial allowed us to conduct intertest analysis and interob-
server reproducibility studies and interpret the results
using equivalence tests. Dimensions and alignment of
the tibial plateau are known from numerous previously
conducted studies and helped establish equivalence
thresholds. Cadaveric studies have shown that the mean
dimensions were 50.5 £ 6.2 mm and 77.7 £ 5.9 mm for AP

depth and ML width of the tibial plateau, respectively.®
Imaging studies using CT scans have shown similar
results, with 54.4 £+ 5.2 mm and 74.4 + 5.5 mm for AP
depth and ML width, respectively.l® With respect to the
tibial slope, it has been described to be 7° to 10°, with
variability of 4.8° using planar imaging.}* Finally, for
the MPTA, 87.2° + 2.1° is the value described in the
literature.?*

In our study, when comparing both the manual and auto-
mated methods for the different parameters, the ML width
and both coronal (MPTA) and sagittal (slope) angulation all
showed no statistical difference while respecting our pre-
established equivalence threshold. These results underline
the overall validity of our automated method. Despite dis-
playing a good correlation, the automated AP depth showed
a significant difference compared with manual measure-
ments and slightly surpassed the equivalence threshold of
3 mm. Because of the limited programmed handles to
adjust the generic models, we believe that the posterior
aspect of the plateau is the source of the discrepancies,
especially at the posterolateral corner of the plateau. In
fact, some reconstructions displayed a nonanatomic
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TABLE 2
Intertest and Interobserver Analysis of Tibial Grid
Parameters®
Pearson
Paired ¢ Test Correlation
Difference  95% CI P r P
AP depth, mm
Automated; vs 2.4° 1.4 to0 3.4 <.0001 0.78 <.0001°
manual;
Automated; vs 0.8° 0.04 to 1.6 <.0001 0.81 <.0001°
automatedy
Manual; vs 0.2° -0.8to 1.2 .73 0.81 <.0001°¢
manuals
ML width, mm
Automated; vs 0.5° -13t02.2 .60 0.68 <.0001°
manual;
Automated; vs 1.3° 0.5t02.1 .004 0.87 <.0001°¢
automated,
Manual, vs 3.3 1.1to 5.5 .005 0.53 .004°
manuals
MPTA, deg
Automated; vs 1.2° —-04t029 .14 0.18 .14
manual;
Automated; vs -0.1° -1.0t0o 0.9 .87 0.70 <.0001°¢
automatedsy
Manual; vs -0.5° -13t00.4 .28 0.53 .0003°
manuals
Tibial slope, deg
Automated; vs -0.4° -21to1.2 .60 0.44 .003°
manual;
Automated; vs -0.7° -32t01.8 .60 020 .12
automateds,
Manual, vs -0.1° -0.9t00.8 .91 0.54 .0003°
manualy

“Subscript numbers indicate observer number. AP, anteropos-
terior; ML, mediolateral; MPTA, medial proximal tibial angle.
®Within clinically important difference for that variable.
Thresholds are stated in the Methods section.-1%15:25
“Statistically significant (P < .05).

prominence. In order to limit outliers, we excluded this
posterolateral surface when searching for the most poste-
rior point. A suboptimal definition of the posterior point
could therefore explain the variabilities seen on the AP
depth and sagittal angulation measures (slope). For the
MPTA, although there was only a 1.2° mean difference
between both the automated and manual measurements,
the correlation between both modalities was the weakest.
We believe this can most likely be attributed to the impre-
cision in the manual measurements compared with the
automated technique, which used fixed points in defining
the MPTA. This observation is supported by an overall
interobserver reproducibility that was superior in the auto-
mated method compared with manual measures.

In fact, by having both manual and automated measures
for both observers, we were able to compare the interob-
server reproducibility of the automated technique to that
of the manual technique. With respect to the AP depth, both
the automated and the manual measures were equivalent,
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TABLE 3
Tibial Tunnel Aperture Position®

A to Anatomic

AP Ratio, % ML Ratio, % Position, mm

Mean 95% CI Mean 95%CI Mean 95% CI

Observer 1 40.2 37.9-42.6 54.3 b53.2-554 55 4.8-6.1
Observer 2 414 39.4-43.3 55.0 54.2-55.9 5.5 4.8-6.1
I1CC 0.57 (P =.0002%) 0.52 (P =.009%) 0.49 (P = .002°)

“Ideal anteroposterior (AP) ratio = 40%, ideal mediolateral
(ML) ratio = 51%. ICC, intraclass correlation coefficient.
bStatistically significant (P < .05).
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Figure 9. Actual tibial tunnel position and coordinates from
observers 1 and 2.

displaying good correlation (» = 0.81; P < .0001). Most
importantly, to highlight the advantage of the automated
process, for the ML width and MPTA, the automated tech-
nique displayed greater reproducibility than did the man-
ual technique. The automated measures displayed good
correlation for both ML width and MPTA (r = 0.87, P <
.0001; and r = 0.70, P < .0001, respectively), whereas the
manual technique displayed moderate correlation for
both ML width and MPTA (r = 0.53, P = .0003; and r =
0.54, P = 0.003, respectively).

The final objective of this study was to describe the mean
Euclidean distance between the optimal tunnel position
and the actual apertures identified on our models (Figure
9). We used percentages along the AP depth and ML width
of the tibial plateau as coordinates. With respect to the cited
anatomic points of 40% in the AP direction and 51% in the
ML direction, the mean Euclidean distance was measured
with both observers obtaining 5.5 mm (95% CI, 4.8-
6.1),5%20 erring more medially. These results are compara-
ble with techniques using magnetic resonance imaging for
tibial tunnel positioning analysis.?® This precision on a sur-
gical level is also satisfying when considering the large
anatomic tibial footprints described in the literature.'®
Edwards et al.!! described the length of the footprint to
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be 18 £ 2 mm and the width 9 + 2 mm. Figure 9 illustrates
the tendency toward a more anteromedial placement of the
tibial tunnel. It places the posterolateral aspect of the tibial
aperture overlying the ideal position. Therefore, because
the graft sits in the posterolateral aspect of the tibial aper-
ture, this may become the ideal biomechanical position.2®
This eccentric tunnel aperture placement was noted by
Clancy et al.” Biomechanical and clinical effects of such
small differences have yet to be shown. Overall, this auto-
mated grid technique adequately described both the AP
depth and ML width coordinates of drilled tibial tunnels
in an ACLR.

Combining this tibial grid with the femoral reference
system described by our group could offer numerous possi-
bilities. Further studies could evaluate the effect of preop-
erative planning and the precision of individualized
surgical guides. Another avenue could be to overlay the
3D reconstructions and ideal targets on the actual arthros-
copy screen. This tool could also be used for postoperative
feedback in ACLR. We could compare tunnel placement
between surgeons or different placement techniques.
Finally, we aim to analyze clinical outcomes depending on
tunnel position.

Although promising results were obtained using this
novel grid reference, there are limitations to our study.
As each model was 3D reconstructed semimanually by
each observer, human operator imprecisions in the recon-
structions may have affected the results. Indeed, having
completely automated reconstructions would likely
improve the accuracy and reliability of the reconstruc-
tions while speeding up an already efficient process. As
discussed earlier, given the limited programmed handles
to adjust the generic models, the most posterior point on
the automated models was restricted to the posteromedial
region because of posterolateral inaccuracies seen in the
3D reconstructions, which were excluded. A suboptimal
definition of the posterior point could explain the variabil-
ities seen on the AP depth and sagittal angulation (slope)
measures. We suggest further refining of this posterolat-
eral region on the 3D models in future studies.

Another improvement could be to integrate an oval
shape as the intra-articular aperture. This would respect
the actual aperture shape, its effect on graft placement,
and considerations toward eccentric positioning. More-
over, our database consisted of patients who underwent
ACLR by a single surgeon using a single technique. While
this represents a limitation to our study with regard to its
external validity, it allowed us to limit confounding fac-
tors and evaluate its reliability. We also want to empha-
size the fact that the ideal location of tunnel drilling in
ACLR has yet to be found through clinical and biomechan-
ical studies. We are well aware that further studies could
support different placement than the one shared in
this paper.

Finally, the accessibility of such a system is limited,
restricting our knowledge about reproducibility among dif-
ferent centers. This reproducibility will need to be estab-
lished before our technique is scaled. Sharing data among
institutions using EOS will augment the sample size while
obtaining results from other surgeons with different
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surgical techniques. This should improve the precision and
generalizability of our method. Although it was not the aim
of the present radiologic descriptive study, evaluating the
clinical effect of the tunnel’s position in ACLR remains a
priority of our group.

CONCLUSION

This novel automated coordinate system using biplanar
stereoradiographic low-irradiation imaging showed a pre-
cision comparable with that of standard manual measure-
ments in ACLR tibial tunnel placement. Our results
suggest that the automated grid issued from EOS knee
reconstruction shows good accuracy and reproducibility.
Although the results of this preliminary study are promis-
ing, we strive to improve our method by refining further
parameters to evaluate and revalidate the present
technique.
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