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Positioning of the Tibial Tunnel After Single-Bundle ~®
ACL Primary Reconstruction on 3D CT scans: A New
Method

Paul Cremer, Ph.D., Adrien Peltier, Ph.D., Laurent Maubisson, Ph.D.,
Philippe Neyret, M.D., Ph.D., Sébastien Lustig, M.D., Ph.D., and Elvire Servien, M.D., Ph.D.

Purpose: To assess intra-articular tunnel aperture positioning after primary anterior cruciate ligament (ACL) recon-
struction with either the reference standard method or the intercondylar area method in a single center using 3-
dimensional (3D) computed tomography (CT) scans and to evaluate the intra-articular position of the tibial tunnel
relative to the ACL footprint. Methods: 3D CT scans were performed after 120 single-bundle primary ACL reconstruction
cases. The center of the tibial tunnel aperture and the center of the ACL footprint were referenced on axial views of the
tibial plateau in the anteroposterior (AP) and mediolateral (ML) planes according to a centimetric grid system including
the whole plateau (reference standard). This was compared with a grid system based on intercondylar area bony anatomy.
The posterior aspect of intertubercular fossa, anterior aspect of the tibial plateau, medial intercondylar ridge, and
crossing point between lateral intercondylar ridge and posterior margin were used as landmarks to define the grid.
Results: According to the reference standard method, the center of the tibial tunnel aperture was positioned 0.57 + 2.62
mm more posterior and 0.67 £ 1.55 mm more medial than the center of the footprint. According to the intercondylar area
method, the center of the tibial tunnel aperture was positioned 1.32 &+ 2.74 mm more posterior and 0.66 + 1.56 mm more
medial than the center of the footprint. The position difference between the center of the tunnel aperture and the center of
the footprint were statistically correlated for both grids, with r =—0.887, P < .001 for AP positioning and r = 0.615, P < .001
for ML positioning. Conclusion: This intercondylar area method using arthroscopic landmarks can be used to assess
tunnel placement on 3D CT scans after ACL reconstruction. Level of Evidence: III, retrospective comparative study.

During anterior cruciate ligament (ACL) recon-
struction, accurate positioning of bony tunnels is
highly correlated to stability control, and thus to clinical
outcome. Conversely, improper positioning is
associated with high rates of failure.'” A greater
understanding of the complex anatomy of the native
ACL has led to a greater emphasis on anatomic ACL
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reconstruction in lieu of isometric reconstruction.”
Single-bundle ACL reconstructions target the center of
the native ACL footprint for the aperture of the tibial
tunnel.””® The footprint has been described in detail in
anatomic’” and radiological'”"'" studies. It is located
on the anterior aspect of the tibial plateau on the
intercondylar area.

3-Dimensional (3D) computed tomography (CT) scan
is now commonly used to assess appropriate tunnel
position, and this frequent use leads to technical
improvement for individual surgeons.'” Its reliability is
better than that of standard radiography or magnetic
resonance imaging (MRI), and the effective radiation
dose is reported relatively low."’

Difficulties and pitfalls during ACL reconstruction are
due to the reproducibility of the native anatomy rather
than to the drilling of the tunnel itself. Therefore, the
surgeon must be able to accurately assess the positioning
of the drilled tunnels and compare it to the position of
the ACL footprint. Several grids described in the litera-
ture can be used to evaluate the anteroposterior (AP)
and mediolateral (ML) positioning of either the center of
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the tibial tunnel aperture or of the native footprint."*"’
Although, in these studies, the position of the tibial
footprint is expressed as a percentage of global tibial
plateau AP and ML length, the tibial insertion of the
ACL is located in the intercondylar area, and only
landmarks in this region are identifiable arthroscopi-
cally. Plateau depth and width remain unknown and of
low interest during the procedure. Thus it seems to be
interesting to pass over the lateral and medial plateau
and focus on the intercondylar area to assess the posi-
tioning of tibial tunnels after ACL single-bundle recon-
struction. For this purpose, and like previous studies
concerning femoral tunnel positioning,'®'® we estab-
lished a measuring grid based on identifiable landmarks
in the intercondylar region.

In this article, we assess intra-articular tunnel
aperture positioning after primary ACL reconstruction
with either the reference standard method or the
intercondylar area method in a single center using 3D
CT scans and to evaluate the intra-articular position of
the tibial tunnel relative to the ACL footprint. Our
hypothesis was that an intercondylar area method,
using margins visible on 3D CT scans and during
arthroscopic procedures, permits an assessment of the
position of the center of the tibial tunnel relative to the
center of the footprint.

Methods

As part of the standard practice in our university
department, CT scans were obtained within 6 weeks
postoperatively between January 2014 and July 2015
to evaluate tibial and femoral tunnel positioning after
primary single-bundle ACL reconstruction. CT scans of
120 primary ACL reconstructions were retrospectively
reviewed. Exclusion criteria were age <18 years (15),
secondary reconstructions (6), CT scan performed by
another imaging service (118), and multiligament
reconstructions (4). Age, sex, and all clinical data were
systematically listed during pre- and postoperative
clinical assessment and were available in patient files.

Each CT scan was performed by the same imaging
service. The scanner was a CR-Brilliance CT (cut
thickness, 0.67 mm; increment, 0.33 mm). The images
were processed using Centricity® software (GE Medical
Systems, Chicago, IL; 2006).

The ethics committee approved this study (CAL no.
2016-037). Our medical practice was not modified for
this study. No additional examinations have been
performed. CT scans have been performed routinely for
all patients with ACL reconstruction since 2012.

3D Reconstruction

The standardized 3D reconstruction protocol is
inspired by Amis and Jakob’s'* description of tibial
tunnel positioning and has been used in several
studies.'”"”'® A 3D bony reconstruction of the knee
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was obtained. It was visualized by its medial aspect, and
both femoral condyles were superimposed to obtain a
strict lateral view of the knee.'” Femur and patella were
manually erased. A line parallel to the medial articular
tibial surface and crossing the posterior angle of the
tibial plateau was drawn, and the whole tibia situated
underneath was also manually erased. The recon-
structed plateau was manually manipulated to obtain a
superior view. The center of the tibial tunnel was
marked with a dot.

Bony landmarks used to locate the ACL footprint
were the anterior ridge, the anterior border of the
intertubercular fossae, the medial intercondylar ridge,
and the medial border of the lateral groove (respec-
tively the anterior, the posterior, the medial, and the
lateral boundary).””?' An ellipse was drawn within
these landmarks to model the native ACL footprint. The
center of this ellipse was also marked with a dot,
corresponding to the aimed position for the center of
the tibial tunnel (Fig 1).

Reconstructions were all performed by a single
surgeon (PC).

Evaluation of the Tunnels

Reference Standard Technique

A rectangular grid was positioned in line with the
anterior, posterior, medial, and lateral cortices on
the axial view. Measurements included the size of the
plateau, the position of the center of the ACL footprint,
and the position of the center of the tunnel. The
measurements were performed in millimeters from the
anterior and from the medial border to the marked dot
(Fig 2).

Fig 1. 3-Dimensional computed tomography scan recon-
struction of a right tibial plateau axial view. Bony landmarks
for ACL footprint and its center (yellow circle and yellow dot)
are represented (a, anterior ridge; b, intertubercular fossae; c,
medial intercondylar ridge; d, medial border of the lateral
groove).
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Fig 2. 3-Dimensional computed tomography scan recon-
struction of a left tibial plateau axial view, with reference
standard grid superimposed. The position of the center of the
tunnel was measured from the anterior border and from the
medial border in millimeters (17 and 40 mm, respectively, in
this example), then expressed as a percentage of the total
anteroposterior and mediolateral dimension of the grid (53
and 76 mm, respectively; therefore 32% and 52% in this
example).

Intercondylar Area Method

A rectangular grid was positioned in line with the
posterior margin of the intertubercular fossa and with
the medial intercondylar ridge (Fig 3, A and B). Its
anterior and lateral boundary were aligned respectively
to the anterior tibial cortex, and with the intersection
point between the posterior margin and the lateral
intercondylar ridge (Fig 3, C and D). Measurements
included the size of the grid, the position of the center
of the ACL footprint, and the position of the center of
the tunnel. The measurements were performed in
millimeters from the posterior and from the medial
border to the marked dot.

Measurements were performed by a single observer
(P.C.), once on each grid.

Statistical Analysis

Pearson correlation coefficients were calculated using
the AP depth and ML width of each grid as independent
values, with the different measurements from the ideal
and drilled tunnel as dependent values. These correla-
tions were taken to be statistically significant for
P < .05.

In a secondary analysis, the drilled tunnel was
compared to the ideal tunnel according to both
methods. This analysis was carried out independently
for AP, ML and both AP and ML measurements. A
value <2 mm between the center of the ideal tunnel
compared to the drilled tunnel was considered accurate.
Accuracy rate was compared between the 2 methods
using chi-squared test.
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Results
We included 120 3D CT scans reconstructions. Patient
characteristics are summarized in Table 1.

Measurements With Reference Standard Method

The mean AP and ML length of the grid (meaning the
true AP and ML length of the plateau) were 53.9 £+ 4.0
and 77.5 £ 5.7 mm, respectively. The center of the
aperture of the tunnel was located 21.1 + 3.8 mm from
the anterior margin (39.1% of AP length) and 36.4
=+ 3.5 mm from the medial margin of the grid (47.0% of
ML length). The center of the footprint was located
20.5 £+ 2.4 mm from the anterior margin (38% of AP
length) and 37.1 + 3.4 mm from the medial margin of
the grid (47.9% of ML length). Thus the center of the
aperture of the tunnel was located 0.57 + 2.62 mm
more posterior and 0.67 £ 1.55 mm more medial than
the center of the footprint (Table 2).

Measurements With the Intercondylar Area Method

The mean AP and ML length of the grid were
29.5 + 3.0 and 9.4 £ 2.1 mm, respectively. The center
of the aperture of the tunnel was located 8.8 + 3.2 mm
from the posterior margin (29.8% of posteroanterior
[PA] length) and 3.4 + 1.8 mm from the medial margin
of the grid (36.1% of ML length). The center of the
footprint was located 10.1 4+ 1.5 mm from the posterior
margin (34.2% of PA length) and 4.1 £ 0.63 mm from
the medial margin of the grid (46.6% of ML length).
Thus the center of the aperture of the tunnel was
located 1.32 4+ 2.74 mm more posterior and 0.66 + 1.56
mm more medial than the center of the footprint
(Table 3).

The position differences between the center of the
tunnel aperture and the center of the footprint were
statistically correlated for both grids, with r = —0.887, P
< .001 for AP positioning and r = 0.615, P < .001 for
ML positioning.

Accuracy of Tunnel Positioning (Secondary
Analysis)

Table 4 shows the accuracy of the tunnel positioning
relative to the ACL footprint according to both
methods. For the reference standard and for the
intercondylar area method, respectively, the tunnel was
considered accurate in 77 (62.2%) versus 61 (50.8%)
cases in the AP plane (P < .001), 104 (86.7%) versus 97
(80.8%) cases in the ML plane (P < .001), and 66
(55%) versus 47 (39.2%) in both planes (P < .001).

Discussion
Our results confirm that an intercondylar area
method, using margins visible on 3D CT scans and
during arthroscopic procedures, permits an assessment



€618

P. CREMER ET AL.

Fig 3. Measurement according to the intercondylar area method on a left knee. (A) Bony landmarks for grid placement (a,
lateral intercondylar ridge; b, intertubercular fossa; ¢, medial intercondylar ridge. (B) Materializing the boundaries of the rect-
angular grid, aligned on the medial intercondylar ridge, the posterior border of the intertubercular fossa, the anterior tibial cortex,
and the intersection point between the posterior margin of the grid and the lateral intercondylar ridge. (C) Center of the ACL

footprint. (D) Center of the tunnel.

of the position of the center of tibial tunnel relative to
the center of the footprint.

Our results regarding the location of the ACL footprint
are in agreement with previous studies that used the
same measurement technique. Parkinson et al."'® found
on 3D CT scans of tibial plateau that the center of the
footprint was located 39% AP and 48% ML. Sadoghi
et al.”” found in a cadaveric study that the center of the
footprint was located 41% AP and 49% ML. Kong-
charoensombat et al.” found that the center of the
footprint was located 40.3% AP in another cadaveric
study. Our estimate of the position of the footprint on 3D
CT scans using the bony landmarks located in the
intercondylar area, which can be made difficult by the
presence of the tunnel, therefore seems reliable.

Concerning the intercondylar area method, we
decided to measure the distance from posterior to
anterior in the AP axis, in contrast to the reference
standard method, which measures from anterior to

posterior, because bony landmarks that are visible on
3D CT scans and also during arthroscopy, particularly
the intercondylar ridge, are posterior. The anterior

Table 1. Patient and surgical data

Item Value
Right/left 65/55
Male/female 75145
Age at surgery (y) 33.33 (13.6 to 60.0)
Graft

Hamstring 15
Patellar tendon 103
Quadriceps tendon 2
Tunnel diameter (mm)

6 1
7

8 10
9 98
10

11 1

Data are n or median (range).
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Table 2. Comparison of position (in millimeters) between the
center of tunnel and the center of the footprint according to
reference standard method

Standard

Position Mean Deviation Range
Grid (plateau) AP length 53.9 4.0 44.5 to 61.5
Grid (plateau) ML width 77.5 5.7 62.5 to 90.0
Center of tunnel, AP 21.1 3.8 12 to 30
Center of tunnel, ML 36.4 3.5 28 to 45
Center of footprint, AP 20.5 2.4 15.5 to 28
Center of footprint, ML 37.1 34 28 to 45
Tunnel AP gap 0.57 2.6 —10to 6.5
Tunnel ML gap -0.67 1.6 =510 4

Distances measured from anterior to posterior and from medial to
lateral.
Abbreviations: AP, anteroposterior; ML, mediolateral.

aspect of the tibial plateau is variable in anatomy;
therefore it is less reliable.

The intercondylar area method has several
advantages over the reference standard technique.
First, the reconstruction technique is easier to perform:
reconstruct the knee in 3D, subtract the femur and the
patella, get a superior view, and add the measurement
grid. There is no need to erase a part of the tibia.

Our secondary analysis shows that the positioning
accuracy of the tunnels is different between the 2
methods. This is not surprising, since the grids are not
necessarily oriented in the same direction. The posi-
tioning accuracy according to the intercondylar area
method could better reflect reality, since it uses
anatomic landmarks located in the intercondylar area
visible during arthroscopy. The surgeon is more likely
to adjust the tunnel positioning along these landmarks
that allow building the intercondylar area grid rather
than along the AP and ML axis of the reference stan-
dard grid. Indeed, the limits of the tibial plateau, which
allow for the construction of the reference standard
grid, are neither visible nor estimable during arthros-
copy. The interest of the intercondylar area method is
that it focuses on bony landmarks which are visible
during arthroscopy and on 3D CT scans,”” allowing the
surgeon to assess the positioning of tunnels in relation
to concrete anatomic landmarks seen during the
procedure.

Some studies have attempted to use 2D CT scans to
evaluate the positioning of the tibial tunnel, but the
tibial plateau is not completely flat, and the anatomic
bony landmarks are not visible in the same plane and on
a single cut of a CT scan. This geometry explains the
limit of 2D CT imaging and the interest for 3D CT
scans.' **?” Grasso et al.”® proposed an MRI protocol
for routine quantitative assessment of tunnel position in
ACL reconstruction, but MRI is not easily accessible.

Although the ACL remnant is key in positioning the
tibial tunnel,” several arthroscopic landmarks have been
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described in the literature to help to place the tibial
tunnel in a reproducible manner whether a remnant is
visible or not (during secondary reconstruction for
example). The lateral border of the medial tibial
eminence (described as “lateral border of medial tibial
spine”*” or “ridge at the lateral border of the medial tibial
condyle”?") forms the medial limit of the native ACL
footprint.”*'*” The center of the footprint is located
5.7 + 1.1 mm before” and 5.0 + 1 mm lateral to the
medial tibial spine.”” Both of these structures are easily
visible during arthroscopy and are, in our opinion, reli-
able landmarks for AP but also ML positioning.

The retro-eminence ridge (also called “over-the-back
ridge”””*” or “eminentia intercondylaris””), converging
point between the medial and the lateral intercondylar
ridge is sometimes considered the posterior limit of the
ACL footprint.””' But the studies of Hara et al.”® and
Tensho et al.”’ tend to prove that there is a ligament-
free zone behind the ACL footprint, located right
before the retro-eminence ridge corresponding to the
intertubercular fossa.

In this study we chose to use the posterior aspect of
the intertubercular fossa rather than the retro-
eminence ridge as the posterior limit of our grid, since
the exact summit of the ridge was difficult to evaluate
precisely on axial views on the CT scan. Additional
studies are necessary to assess the anatomic relationship
between the retro-eminence ridge and the inter-
tubercular fossa to be able to localize it precisely during
arthroscopy.

The retro-eminence ridge, located right in front of the
posterior cruciate ligament (PCL) tibial insertion, can be
palpated with a probe during an arthroscopic proced-
ure. The posterior margin of the tibial footprint and the
center of the footprint are located 10°”*” and 13 to
1527 mm, respectively before it. The anterior ridge, or
Parson’s knob, a bony prominence located at the
anterior aspect of the intercondylar area, is a common
insertion of the anterior horn of the medial meniscus

Table 3. Comparison of position (in millimeters) between the
center of tunnel and the center of the footprint according to
intercondylar area method

Standard
Mean Deviation Range
Grid AP length 29.5 3.0 16.2 to 36.7
Grid ML length 9.4 2.1 3.3t013.8
Center of tunnel, AP 8.8 3.2 1to17.2
Center of tunnel, ML 3.4 1.8 —2.6t074
Center of footprint, PA 10.1 1.5 6.2 t0 13.8
Center of footprint, ML 4.1 0.63 2.51t05.9
Tunnel AP gap —1.32 2.7 —94t07
Tunnels ML gap —0.66 1.56 —6.8t02.3

Distances measured from posterior to anterior and from medial to
lateral.
Abbreviations: AP, anteroposterior; ML, mediolateral.
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Table 4. Accuracy of the tunnel positioning relative to the anterior cruciate ligament footprint according to both methods

Anteroposterior Mediolateral Anteroposterior and Mediolateral
n % % n %

Not correct (>2 mm)

Reference standard 43 35.8 13.3 54 45.0

Intercondylar area 59 49.2 19.2 73 60.8
Correct (<2 mm)

Reference standard 77 64.2 104 86.7 66 55.0

Intercondylar area 61 50.8 80.8 47 39.2
Chi-squared test 36.47 22.38 14.56
P value <.001 <.001 <.001
Total 120 100.0 120 100.0 120 100.0
and of the most anteromedial fibers of the ACL. It is a Limitations

reliable arthroscopic landmark.”">"*?

The intermeniscal ligament (transverse ligament)
coincides with the most anterior edge of the tibial
footprint.”* The center of the footprint is located 9.1
+ 1.5 mm behind it.” Its arthroscopic visualization is
inconstant but facilitated by experience and a axial
(bird’s-eye) view of the intercondylar area.”’

The use of the anterior root of the lateral meniscus is
controversial. According to Ziegler et al.,’” the center of
the tunnel must be located 7.5 mm medially and 10.2
mm behind the anterior aspect of it. However, Ferreti
et al.” and Hutchinson and Bae’* did not find any
constant correlation between the center of the footprint
and the anterior and the posterior aspect of it. Tensho
et al.”’’ described the anterior horn of the lateral
meniscus as a reliable landmark for the lateral limit of
the footprint suitable for tunnel placement. The
anterior root of the medial meniscus is constantly
anterior to the ACL footprint.”

The PCL is also described as a landmark. In a cadav-
eric study, Hutchinson et al.”* found that the anterior
margin of the PCL was 10.9 posterior to the center of
the footprint in the sagittal plane. This is not consistent
with previously cited findings concerning the retro-
eminence ridge. Moreover, its use is unreliable
because it is covered with fat and synovium, whose
thickness is not assessable.””’

In summary, arthroscopic landmarks must be easily
visible and constant and must allow reproducible
placement of the tibial tunnel. The most reliable land-
marks seem to be the bony ones in the intercondylar
area, since they are visible or palpable. They also have
the advantage to be visible on 3D CT scans and to allow
the surgeon to easily compare arthroscopic positioning
and the 3D control. Soft tissue landmarks, such as the
ACL remnant, can also be used, but the surgeon must
be aware of their limits and should combine their use
with bony landmarks. Some recent surgical techniques
are based on this fine anatomy of the intercondylar

area.’>>°

There are several limitations in our study. Single-
observer and single measurements did not allow for
assessment of inter- or intra-observer reliability. In
addition, tunnel severe malpositioning makes use of the
intercondylar method difficult, because of destruction
of the normal anatomic landmarks. In such cases, po-
sitions had to be extrapolated from the remaining
anatomy of the intercondylar area. Moreover, the oval-
shaped tunnel that we drill during ACL reconstruction
does not correspond necessarily to a native ACL foot-
print, since 22% to 50% of them are triangular with an
anterior base. There may be a mistake in the postulate
that the aimed position for the center of the tunnel is
the center of the ACL footprint.””” In addition, we do
not practice double-bundle reconstructions, for which
most of the studies cited in the discussion were made.
Finally, this is a retrospective study, and we did not
evaluate clinical results in combination with our
radiological findings.

Conclusion

This intercondylar area method using arthroscopic
landmarks can be used to assess tunnel placement on
3D CT scans after ACL reconstruction.
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