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Background: A deeper understanding of the anatomy of the intercondylar notch of the femur may help reduce technical errors
during anatomic anterior cruciate ligament (ACL) reconstruction.

Purposes: To classify the number of ridges on the lateral intercondylar wall, identify factors influencing the number of ridges, and
define the relationship between the area of denser bone on the lateral intercondylar wall and the lateral intercondylar ridge.

Study Design: Descriptive laboratory study.

Methods: Included were 89 patients with computed tomography (CT) images of the knee joint. On full lateral view of the lateral
femoral condyle, the authors evaluated for the presence of a lateral intercondylar ridge. The height and area of the lateral inter-
condylar wall (notch height and lateral notch area) and the length of Blumensaat line were calculated. Notch outlet length, axial
notch area, notch width index, and transepicondylar length were also calculated using 3-dimensional CT. Maximum intensity
projection was used to identify the area of denser bone on the femoral lateral intercondylar wall, and the relationship between this
area and the lateral intercondylar ridge was investigated.

Results: The lateral intercondylar ridge exhibited 3 types of morphological variations. The invisible type (no ridge) was observed in
20 knees (22.5%); the ridge type (1 ridge), in 23 knees (25.8%); and the plateau type (2 ridges), in 46 knees (51.7%). There were
significant differences in notch height, lateral notch area, Blumensaat line length, and denser bone area among the ridge types (P <
.031 for all). The locations of the anterior ridge of the plateau type and of all 23 ridges of the ridge type corresponded to the anterior
margin line of the area of denser bone.

Conclusion: Significant differences were seen in the 3 types of lateral intercondylar ridges. The anterior margin line of the denser
bone area on the lateral intercondylar wall was found to correspond to the anterior border of the plateau type and the ridge type.

Clinical Relevance: The variations in the lateral intercondylar ridge may affect measurement accuracy during evaluation of ACL
tunnel position while using the ridge as a landmark. The plateau-type ridge and the area of denser bone on the lateral intercondylar
wall may provide a new way for surgeons to determine the femoral tunnel.
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Over the past several decades, reconstruction of the ante-
rior cruciate ligament (ACL) has been considered the stan-
dard for treatment of ACL rupture.® In 1996, Laboureau
and Marnat-Perrichet!® placed the graft in the “over-the-
top” position close to the proximal aspect of the ACL foot-
print to minimize the change in ligament length over the
normal range of knee motion. Subsequent biomechanical
research has shown that the ACL is not isometric and thus
needs adequate tension at an appropriate angle during
knee motion instead of supporting the same tension at all
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angles.® The anteromedial bundle of the ACL becomes taut
at 90° of flexion, and the posterolateral bundle becomes
tight as the knee approaches full extension.*11:23.36

As the anatomy and biomechanics of the ACL have
become better understood, an anatomic approach to ACL
reconstruction has been increasingly applied. However,
this has led to a higher graft failure rate, and some
patients have developed knee joint dysfunction after incor-
rect femoral tunnel placement during “anatomic” ACL
reconstruction.'®2?%28 Deeper understanding of the anat-
omy of the intercondylar notch of the femur may help
reduce technical errors while performing anatomic ACL
reconstruction.
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The use of the lateral intercondylar ridge as a landmark
to guide accurate femoral tunnel placement during ana-
tomic ACL reconstruction is recognized by many
surgeons. 192134 This ridge is situated three-fourths of the
way back on the lateral roof of the intercondylar notch and
the lateral intercondylar wall. Iwahashi et al'” performed
histological analyses and identified distinct direct and indi-
rect femoral ACL insertional anatomy. Ferretti et al®
reported that there is an absence of ACL attachment ante-
rior to the lateral intercondylar ridge. Formation of the
lateral intercondylar ridge is thought to occur via the fol-
lowing mechanism: when the bones are loaded in different
ways and directions, the bones produce certain stress to
counter external stimulus and their morphological struc-
ture changes in an adaptive manner, in accordance with
Wolff’s law.3* The bones also become denser and thicker in
the area corresponding to the functional footprint of the
ACL, where they are subjected to a higher level of stress.>°

Norman et al?? identified an area with cortical thicken-
ing on the lateral wall of the intercondylar notch, which
was consistent with the functional ACL footprint. In some
patients, the thickened area was located anterior to the
lateral intercondylar ridge, which did not match the com-
monly believed functional footprint of the ACL. We believe
that the area with increased bone density is more appropri-
ate for the functional footprint of the ACL.

Ferretti et al® showed that the direct fiber of the ACL
insertion carries more force than the indirect fiber carries.
If this is true, another ridge could form between the direct
and indirect femoral ACL insertion from different forces.
Only 1 previous study has identified 2 lateral intercondylar
ridges on the lateral intercondylar wall among femoral
specimens.?! In that study, 2 ridges were observed in
3.3% of the 299 femurs with a visible lateral intercondylar
ridge. However, we have personally observed during
arthroscopic surgery that a high proportion of femurs have
2 lateral intercondylar ridges.

The purpose of the current study was to classify the lat-
eral intercondylar ridge according to the number of ridges.
We used 3-dimensional (3D) computed tomography (CT), as
it can show and allow measurement of the lateral intercon-
dylar ridge.® We further aimed to identify factors influenc-
ing the morphology of the lateral intercondylar ridge and to
define the relationship between the area of denser bone on
the lateral intercondylar wall and the lateral intercondylar
ridge. The hypothesis was that the number of ridges on the
lateral intercondylar notch would vary and that the bone
below the femoral ACL insertion would be denser than
other areas on the lateral intercondylar notch. We also
hypothesized that differences in patient and bony
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morphological characteristics may lead to differences in the
number of ridges.

METHODS
Patient Selection

This study included patients who underwent 3D CT exam-
ination of the knee joint at our institution between May
2020 and December 2020. Patients were excluded if they
met any of the following criteria: (1) history of ACL rupture
and/or previous history of ACL reconstruction, (2) severe
osteoarthritis rendering bony landmarks on the lateral
intercondylar notch undetectable, or (3) history of fracture
to the lateral femoral condyle. Ultimately, 89 patients were
enrolled in this study. We obtained 3D CT data and char-
acteristics for all patients.

The experimental protocol was established according to
the ethical guidelines of the Helsinki Declaration, and the
study was approved by the human ethics committee of
Peking University, China. All participants gave written
informed consent.

3D CT Imaging

Scanning of all knees was performed at a slice thickness of
0.8 mm using a CT scanner (SOMATOM Definition Flash;
Siemens Medical Solutions). The CT data were recon-
structed using the RadiAnt DICOM Viewer (Medixant) for
image analysis, and reconstruction of the 3D images of the
lateral intercondylar wall was performed using CT data
using a 3D volume-rendering technique. Based on the
method described by Lertwanich et al,'® the distal femoral
model was first placed horizontally in the strictly lateral
position, in which superimposition of both femoral condyles
was achieved. Then, the model was rotated to a distal view,
and the medial femoral condyle was virtually deleted at the
highest point of the anterior aperture of the intercondylar
notch, leaving behind the lateral femoral condyle. There-
fore, a full lateral 3D CT view of the lateral femoral condyle
was obtained, and the presence of ridges was evaluated
from multiple orientations (Figure 1). Variations in the
number of lateral intercondylar ridges were noted and
classified.

Femoral Condyle Measurement on 3D CT

On the full lateral 3D CT view of the lateral femoral con-
dyle, we calculated the height and area of the lateral inter-
condylar wall (notch height and notch area) as well as the
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Figure 1. The medial femoral condyle was virtually deleted at the highest point of the anterior aperture of the intercondylar notch to
obtain a full lateral 3-dimensional computed tomography view of the lateral femoral condyle. (A) The notch height, notch area, and
Blumensaat line length on the lateral wall of the femoral intercondylar notch were outlined and calculated. (B) If 2 ridges were
detected, the maximum distance between the ridges (green line) was measured.

length of the Blumensaat line on the lateral wall of the
femoral intercondylar notch (Figure 1A). In cases in which
2 lateral intercondylar ridges were identified, the maximum
distance between the ridges was measured (Figure 1B). The
CT image slice that showed the maximum length between
the medial and lateral femoral epicondyles (transepicondy-
lar length [TEL]) was applied. We measured the TEL, notch
outlet length, and length of the posterior condyle (Figure 2).
The notch width index (NWI) was measured as follows:
length of the notch outlet/length of the medial and lateral
posterior condyles x 100%. The axial notch area was
assessed using the same slice of the CT image. The notch
was delineated, and the posterior border of the notch was
determined as the line between the inner aspects of the
medial and lateral femoral condyles, which showed a rapid
change in slope, as described by Iriuchishima et al.!® All CT
measurements were obtained using a picture archiving and
communication system.

Area of Denser Bone on the Lateral Intercondylar
Wall

Maximum intensity projection (MIP) was used to obtain a
visual representation of the area of denser bone on the
lateral intercondylar wall. Reformatting of the MIP images
was performed by projecting the voxel having the maximum
value in a selected volume of the image onto a 2-dimensional
image.2 We used the “MIP B/W [bones/water] inverse” image
setting on the RadiAnt DICOM Viewer to compare differ-
ences in bone density (as measured via Hounsfield unit'*
[HU]) in the lateral intercondylar wall. On this setting, the
denser bone area is shown as a darker signal.

Farrow et al” recommended a standard of 700 HU for
accurate cortical bone segmentation in a CT image. Thus,
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Figure 2. The transepicondylar length, area of the axial notch,
notch outlet length, and notch width index (notch outlet
length/posterior condylar length) were measured on the same
axial slice on the computed tomography image.

through use of a window width of 400 HU and a level of 700
HU (which starts at 500 HU and enhances to complete
darkness at 900 HU), a voxel showing an attenuation value
<400 HU would be bright and would be allocated 0% bone, a
voxel showing an attenuation value of 700 HU would be
gray and would be allocated 50% bone ([700-500 HU]/400
HU = 50%), and a voxel showing an attenuation value >900
HU would be allocated 100% bone. We then measured the
dark area on the lateral intercondylar wall, which
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Area of denser bone

Figure 3. Area of denser bone (dashed red line) as observed
on the lateral wall of the intercondylar notch on a maximum
intensity projection image with “MIP B/W inverse” setting.
B/W, bones/water; MIP, maximum intensity projection.

represents the denser bone area (Figure 3). The lateral
intercondylar ridges were outlined, and the positional rela-
tionship between the ridges was analyzed.

Statistical Analysis

Two authors (Z.L., S.R.) independently performed observa-
tions and obtained measurements. The data were mea-
sured 3 times, and the average value was considered as
the result. If there was a discrepancy in the classification
of the intercondylar ridge, the images were evaluated by a
third experienced reviewer (W.Z.), and the classification
was decided among the 3 researchers.

The study variables included patient characteristics
(age, sex, height, and weight), femoral condyle measure-
ments (TEL, notch outlet length, NWI, axial notch area,
length of Blumensaat line, notch height, and lateral notch
area), and the area of denser bone on the lateral intercon-
dylar wall. For each variable, the mean value was deter-
mined and acted as the cutoff for equally dividing the
patients into 2 groups, and we utilized chi-square analysis
to evaluate the differences in each categorical variable
among the intercondylar ridge types. In addition, we used
the Pearson correlation coefficient (r) to evaluate the asso-
ciation of the study variables to the maximum distance
between 2 lateral intercondylar ridges. Statistical analyses
were conducted using SPSS Version 19.0 IBM Corp). P < .05
was considered to indicate statistical significance.

RESULTS

Among the 89 patients included in this study, there were
48 men and 41 women. The mean patient age, height,
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and weight were 35 + 16 years, 167 =+ 9 ¢cm, and 68 +
16 kg, respectively.

Morphological Variations in the Lateral
Intercondylar Ridge

The lateral intercondylar ridge was identified in 69 of
the 89 femurs, whereas invisible ridges were detected in
the remaining 20 knees (22.5%) (Figure 4, A-C). Among the
69 femurs with a lateral intercondylar ridge, a single ridge
was visible in 23 femurs (33.3%) (Figure 4, D-F), and
2 ridges were identified in 46 femurs (66.7%) (Figure 4,
G-I). In cases with 2 lateral intercondylar ridges, a
“plateau” could be seen on the lateral intercondylar wall.
The lateral intercondylar ridge was thus classified into the
following 3 types: invisible, ridge, and plateau.

Femoral Condyle Measurements

The average TEL, NWI, notch outlet length, and axial notch
area were 78.4 + 6.4 mm, 30.1% + 3.8%, 20.2 + 3.1 mm, and
230 + 47.8 mm?, respectively. The notch height, lateral
notch area, and Blumensaat line length were 16.2 + 2.0 mm,
320.4 + 73.1 mm?, and 26.9 + 2.4 mm, respectively. In
the plateau-type lateral intercondylar ridge, the mean maxi-
mum distance between the 2 ridges was 4.5 £ 0.5 mm.

Relationship of Lateral Intercondylar Ridge to Area
of Denser Bone

In 87 of the 89 femoral samples (97.8%), a dark, ellipse-
shaped area could be fitted onto the denser bone area of the
lateral intercondylar wall. The mean area of denser bone on
the lateral intercondylar wall was 77.41 + 28.6 mm?.
Among all 46 lateral intercondylar ridges of the plateau
type (100%), the anterior ridge of the lateral intercondylar
ridge matched the anterior margin line of the denser bone
area; however, the relationship of the denser bone area
with the posterior ridge of the lateral intercondylar plateau
was variable (Figure 5, A and B). All 23 ridges of the ridge-
type matched the anterior margin line of the denser bone
area (Figure 5C).

Lateral Intercondylar Ridge Types According to
Study Variables

There were no significant differences among the ridge types
according to patient characteristics. Regarding femoral
condyle characteristics, significant differences were seen
in Blumensaat line length, notch height, and lateral notch
area (P = .031, .005, and .003, respectively). Significant
differences by ridge type were also seen in the area of
denser bone (P = .008) (Table 1).

Association of Maximum Distance Between Ridges
With Patient and Femoral Condylar Characteristics

The maximum distance between 2 lateral condylar ridges
was significantly negatively correlated with patient age
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Figure 4. The lateral intercondylar ridge as seen on 3-dimensional computed tomography images was classified into the following

3 types: (A-C) invisible, (D-F) ridge, and (G-I) plateau.

(r =-0.337; P = .022) and significantly positively correlated
with area of the lateral intercondylar wall (r = 0.364;
P = .013). The other variables were not significantly corre-
lated with maximum distance between ridges (Table 2 and
Figure 6).

DISCUSSION

The main finding noted in this study was that the lateral
intercondylar ridge morphology and the number of ridges
exhibited variations. In 46 of the 89 femurs (51.7%), we
identified 2 ridges with a plateau between them. A second
finding was that the lateral notch area, notch height, and
Blumensaat line length were significantly different among
lateral intercondylar ridge types. The presence of such var-
iations may affect measurement accuracy during evalua-
tion of ACL tunnel position while using the lateral
intercondylar ridge as a landmark during anatomic ACL
reconstruction. A final finding was that an area of denser
bone was formed on the lateral intercondylar wall in 87 of
89 femurs (97.8%). The anterior ridge on the plateau type

and the ridge seen on the ridge type were located on the
anterior margin of the denser bone area.

Currently, many surgical techniques are used to achieve
an ideal anatomical femoral tunnel position. The
“clockface” reference has been used to refer to the coronal
position of the site of insertion of the ACL and placement of
the graft.?%2426 However, the position of the clockface is
strongly influenced when there is knee movement from
extension to flexion, and a 2-dimensional template may not
be appropriate for orientation in the shallow-deep direc-
tion.'®35 The other guiding technique works via the femoral
ACL remnants, but the femoral ACL remnants are not
likely to be visible in chronic cases. Furthermore, the center
of the femoral remnants is not a useful center for the fem-
oral footprint.32 Therefore, the lateral intercondylar ridge
is still one of the best options to locate the femoral tunnel.

Many studies have been conducted regarding the
lateral intercondylar ridge. Hutchinson and Ash!® per-
formed an anatomic study and found a distinctive ridge in
9 of the 10 human cadaveric specimens and a change in slope
situated approximately 75% posteriorly on the roof and lat-
eral wall of the intercondylar notch of the knee. Farrow et al”
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Figure 5. Relationship between the location of the lateral
intercondylar ridges (dashed red lines) on 3-dimensional
computed tomography images (left) and the area of denser
bone on maximum intensity projection images (right). For
plateau-type lateral intercondylar ridges, the anterior ridge
corresponded to the anterior margin line of the denser bone
area, but the relationship between the posterior ridge and
denser bone area was variable: the posterior ridge was
located either (A) anterior or (B) posterior to the posterior
margin line of the denser bone area. (C) All 23 lateral inter-
condylar ridges of the ridge type corresponded to an anterior
margin line of the denser bone area.

studied 200 human femoral specimens and found the resi-
dent’s ridge (renamed the lateral intercondylar ridge) in 194
femoral specimens. The authors classified the lateral inter-
condylar ridge into 2 types: (1) defined and (2) smooth. Tsu-
kada et al,3! in a cadaveric study, reported large positional
and dimensional variations in the lateral intercondylar
ridge; the lateral intercondylar ridge was found in 94.0% of
348 human femoral specimens. Iriuchishima et al'® reported
that 29 of 34 cadaveric knees showed the presence of a lat-
eral intercondylar ridge, and the ridge was located at 61.8%
+ 4.6% from the posterior condylar line. The lateral inter-
condylar ridge runs from a point defined by multiplying Blu-
mensaat line length by 0.79 at a 75.5° angle with regard to
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TABLE 1
Comparison of Lateral Intercondylar Ridge Types by
Patient and Femoral Condylar Characteristics (N = 89)*

Intercondylar Ridge Type

Invisible Ridge Plateau

Variable® =20 n=23) (n=46) P
Age 35+ 16y) .079
<35y 15 9 28
>35y 5 14 18
Weight (68 + 16 kg) 755
<68 kg 12 13 22
>68 kg 8 10 24
Height (167 £ 9.0 cm) 471
<167 cm 13 13 22
>167 cm 7 10 24
TEL (78.4 £ 6.4 mm) .249
<78 mm 8 14 19
>78 mm 12 9 27
Notch outlet length (20.2 + 373
3.1 mm)
<20.2 mm 8 9 26
>20.2 mm 12 14 20
NWI (30.1% + 3.8%) 192
<30.1% 9 9 28
>30.1% 11 14 18
Axial notch area (230 * .943
47.8 mm?)
<230 mm? 9 11 20
>230 mm? 11 12 26
Blumensaat line length (26.9 + .031
2.4 mm)
<26.9 mm 15 13 17
>26.9 mm 5 10 29
Notch height (16.2 £ 2.0 mm) .005
<16.2 mm 16 12 15
>16.2 mm 4 11 31
Lateral notch area (320.4 + .003
73.1 mm?)
<320.4 mm? 15 15 15
>320.4 mm?> 5 8 31
Area of denser bone (77.41 + .008
28.6 mm?)
<77.41 mm? 16 8 21
>77.41 mm? 4 15 25

“Values are presented as No. NWI, notch width index; TEL,
transepicondylar length.
®Data in parentheses indicate mean + SD.

Blumensaat line, as described by Farrow et al.® van Eck
et al®* found that there was no difference in the presence
of the lateral intercondylar ridge between patients with
acute and chronic ACL injuries. In our study, we classified
the morphology of the lateral intercondylar ridge into the
following 3 types: (1) invisible, (2) ridge, and (3) plateau. The
incidence of the lateral intercondylar ridge in our study
population was 77.5%, which was close to that in the above-
mentioned studies.

On the basis of our study results, we believe that the
plateau type of lateral intercondylar ridge can represent
the direct femoral ACL insertion. According to Sasaki
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et al,2” the width of the direct insertion is 5.3 + 1.1 mm. In
this study, the maximum distance between the 2 ridges of
the plateau type was 4.5 £ 0.5 mm. These values are rela-
tively close. The lateral intercondylar ridge has been found
to correspond with the anterior margin line of the direct
femoral ACL insertion.®®!” Suruga et al?® performed a
cadaveric study and noted that the area of the axial notch
and length of the notch outlet showed a significant correla-
tion with the area of direct insertion. In a cadaveric study
by van Eck et al,® the size and shape of the femoral inter-
condylar notch were correlated with the ACL size. Iriu-
chishima et al'® reported that large knees possessed large
ACLs. In our study, age was significantly negatively corre-
lated and lateral notch area was significantly positively
correlated with the maximum distance between the ridges.
However, we found that younger patients had a larger lat-
eral notch area. Therefore, the maximum distance of the
lateral intercondylar ridge of the plateau type could only
be related to the lateral notch area.

TABLE 2
Association of Maximum Distance Between Ridges of the
Plateau Type (n = 46) With Patient and Femoral Condylar

Characteristics®

Characteristic r P

Age -0.337 .022
Weight 0.018 NS
Height 0.202 NS
TEL 0.128 NS
Notch outlet length 0.121 NS
NWI 0.118 NS
Axial notch area 0.191 NS
Blumensaat line length 0.013 NS
Notch height 0.124 NS
Lateral notch area 0.364 .013
Area of denser bone 0.027 NS

“NS, not significant; NWI, notch width index; TEL, transepi-
condylar length.

r=-0.337
P=.022
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Successful femoral tunnel localization is the key to ACL
reconstruction. Ideal knee mechanics are reestablished by
placement of the graft inside the anatomical ACL foot-
print. We observed that patients who had a larger lateral
notch area, notch height, Blumensaat line length, and
denser bone area were more likely to have the plateau-
type lateral intercondylar ridge. Thus, for patients with
the plateau-type variation, the use of the posterior ridge
as the leading edge of the tunnel may result in a more
backward tunnel position. We speculate that the place-
ment of the tunnel in the center of the 2 ridges would be
a better option.

This is the first study to identify an area of denser bone
on the lateral intercondylar wall at a frequency of 97.8%,
which is higher than that of the appearance of a lateral
intercondylar ridge (77.5%). We found that the anterior
ridge of the plateau type and the single ridge of the ridge
type are located on the anterior margin of the denser bone
area. In the invisible type of lateral intercondylar ridge, we
may be able to use the anterior margin of the denser bone
area as the anterior margin line of direct femoral insertion
of the ACL. We believe that this area is consistent with that
in recent studies,?? indicating that it represents the func-
tional footprint of the ACL. However, this hypothesis needs
further investigation. To verify whether this association is
feasible, we plan to analyze the relationship between the
reduction ratio of the denser bone area after ACL recon-
struction and successful clinical outcomes.

Limitations

The major limitations of this study are as follows.
(1) Cadaveric specimens were not included in this study;
thus, the lateral intercondylar ridge type could not be
observed directly. (2) The accuracy of CT in measuring the
maximum distance between the 2 ridges of the plateau type
may be lower than that of micro-CT. (3) Only Chinese
patients were enrolled in this study; therefore, ethnicity
may be an influencing factor and should be considered in
further studies.

150 I I I 1 !
30 35 40 45 50 55

Maximum distance between ridges, mm

Figure 6. Scatterplot showing significant association of maximum distance between ridges with (A) age and (B) lateral notch area.
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CONCLUSION

In this study, we identified the following 3 types of lateral
intercondylar ridge via CT scans: invisible, ridge, and pla-
teau. The lateral notch area, notch height, and Blumensaat
line length were significantly different among lateral inter-
condylar ridge types. We also identified a denser bone area
on the lateral intercondylar wall, and the anterior margin
conformed to the anterior ridge of the plateau type and the
ridge type. This study improves our understanding of the
bony landmarks on the lateral intercondylar wall and
the bony morphology of the lateral intercondylar notch,
which may help improve the anatomic ACL reconstruction
technique.
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