
Bone Density Distribution Pattern
in the Lateral Wall of the Femoral
Intercondylar Notch

Implications for the Direct Insertion
of the Femoral ACL Attachment

Yutaro Sugawara,* MD, Koji Iwasaki,yz MD, PhD, Yuki Suzuki,* MD, PhD,
Ryosuke Hishimura,* MD, PhD, Shinji Matsubara,* MD, PhD,
Masatake Matsuoka,* MD, PhD, Tomohiro Onodera,* MD, PhD,
Eiji Kondo,§ MD, PhD, and Norimasa Iwasaki,* MD, PhD
Investigation performed at Hokkaido University Hospital, Sapporo, Japan

Background: The ideal position of the femoral bone tunnel in the anterior cruciate ligament (ACL) is controversial. The func-
tional importance of the ACL fiber varies depending on where it is attached to the femur. Functionally important fibers can
cause high mechanical stress on the bone, and the Wolff law predicts that bone mineral density will increase at high mechanical
stress sites.

Purpose/Hypothesis: The purpose of this study was to use computed tomography imaging to determine the distribution pattern
of bone density in the lateral intercondylar wall. It was hypothesized that the high-density area (HDA) of the lateral intercondylar
wall would reflect the functional insertion of the ACL as reported in previous anatomic studies.

Study Design: Descriptive epidemiology study.

Methods: Data from 39 knees without ACL injuries were retrospectively collected. The HDA of the lateral intercondylar wall was
defined as the region containing the top 10% of the radiodensity values. The shape of the HDA was approximated as an ellipse,
and the quadrant method was used to determine the center of the ellipse. The association between the ratio of the minor axis to
the major axis of the ellipse and background characteristics was investigated.

Results: According to the quadrant method, the center of the HDA ellipse was 33.6% in the deep-shallow direction and
23.4% in the high-low direction. The center of the ellipse was comparable to the anatomic center of the ACL footprint, as pre-
viously reported. The ratio of the minor axis to the major axis of the ellipse was 0.58 (95% CI, 0.54-0.62). There was a significant
negative correlation between the ratio of the minor axis to the major axis of the HDA ellipse and the posterior tibial slope
(r = 20.38, P = .02).

Conclusion: The center of the HDA ellipse was found to be similar to the anatomic center of the ACL footprint. Considering the
mechanical stress responses in bone, the HDA of the lateral intercondylar wall has the potential to represent the ACL insertion,
especially functional insertion.
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One of the ultimate goals of anterior cruciate ligament
(ACL) reconstruction (ACLR) is to restore normal knee
function and stability in all patients. The single-bundle
ACLR (SB-ACLR) procedure has long been used to recon-
struct an injured ACL. However, biomechanical studies
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have found that traditional SB-ACLR cannot restore nor-
mal anterior translation or rotatory laxity.21,22,25,45 As
a result, techniques in which the ACL graft attachment
is spread further across the anatomic attachment area
have been used. These include anatomic reconstruction of
the anteromedial and posterolateral bundles47 (ie, double-
bundle [DB] ACLR) as well as anatomic (ie, placed cen-
trally in the ACL femoral attachment) SB-ACLR
procedures.21,42

The precise location of the femoral bone tunnel is criti-
cal in ACLR. Therefore, it is important to comprehend
the anatomy of the ACL attachment on the femur. How-
ever, there has been some debate in previous anatomic
studies about the size and location of the femoral attach-
ment of the ACL. According to some studies, the ACL is
attached to a relatively narrow oval area on the lateral con-
dyle.8,13,38,47 Other studies have reported that the ACL is
attached to a broad area on the lateral condyle, causing
the posterior attachment margin to come into contact
with the articular cartilage margin.9,14,33,34,48 According
to Mochizuki et al,27 the femoral attachment of the ACL
has a dense, direct insertion of the ACL midsubstance
fibers as well as a thin, indirect insertion of the fibers
that spread out on the posterior condyle, referred to as
‘‘fan-like extension fibers.’’ Iwahashi et al16 discovered
that the direct insertion of the ACL was located in the
depression between the resident’s ridge and the articular
cartilage margin on the lateral femoral condyle, whereas
Sasaki et al37 reported that the direct insertion was located
at the anterior narrow part of the whole ACL insertion.
According to biomechanical studies, the direct insertion
was important in resisting tibial anterior drawer and rota-
tion.19,36 A biomechanical study by Pathare et al36

concluded that femoral tunnel positioning for anatomic
ACLR was preferable in order to mimic the direct
insertion.

It is understood that bones will adapt to the demands
placed on them, a concept known as the Wolff law. This
law states that bone strength increases in areas of high
stress. There are 2 possible physiological responses to
bone strengthening: thickening and increasing the bone
density.28,43 As a result, the pattern of thickness and den-
sity of cortical bone can define areas of high stress in the
lateral intercondylar wall of the distal femur, allowing
a functional footprint of the ACL to be defined. Norman
et al32 used micro–computed tomography (CT) to reveal
the cortical bone thickness of the lateral intercondylar
wall of the distal femur and estimated the functional

insertion of the ACL based on the pattern of cortical bone
thickness of the lateral intercondylar wall.

The purpose of the current study was to use CT imaging
to determine the distribution pattern of bone density in the
lateral intercondylar wall. We hypothesized that the high-
density area (HDA) of the lateral intercondylar wall would
reflect the functional insertion of the ACL.

METHODS

The protocol for this retrospective study was approved by
our institutional review board. The hospital records of
320 consecutive patients who underwent knee surgery at
our institution between 2018 and 2020 were reviewed. In
our facility, it is protocol to perform imaging on both the
injured knee and the contralateral uninjured knee for com-
parison purposes when taking a CT scan in patients under-
going knee surgery. The study inclusion criteria were (1)
patients aged 18 to 40 years at the time of CT scanning
and (2) patients who had CT scans of bilateral knees.
Excluded were patients with (1) a history of knee surgery
or an intra-articular knee fracture, (2) radiographic evi-
dence of degenerative arthritis on the uninjured side, (3)
a history of inflammatory disease such as rheumatoid
arthritis, and (4) other pathologies that may alter the den-
sity of the bone, such as a congenital or acquired skeletal
dysplasia.

Of 85 knees that met the inclusion criteria, 46 knees
were excluded, leaving 39 knees for the study. The injuries
that led to surgery were ACL rupture in 21 patients and
other trauma in 16 patients. In all cases, we used the CT
images of the contralateral uninjured knees for this study.
Figure 1 shows the patient inclusion process.

Radiological Evaluation

Full-length anteroposterior radiographs of the whole lower
limb with the knee fully extended, as well as lateral radio-
graphs of the knee, were obtained from the patient records.
We measured the hip-knee-ankle angle, mechanical lateral
distal femoral angle (mLDFA), and mechanical medial
proximal tibial angle (mMPTA) on anteroposterior radio-
graphs of the whole lower limb in the single-leg standing
position. The angle between a line perpendicular to the
mid-diaphysis of the tibia and the posterior inclination of
the medial tibial plateau on the lateral view was used to
calculate the posterior tibial slope (PTS).
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HDA of the Lateral Intercondylar Wall
of the Distal Femur

To obtain axial images of the knee, a high-resolution heli-
cal CT scanner (Aquilion One/ViSION Edition; Toshiba
Medical Systems) was used. The thickness and interval
of the slices were both set to 0.5 mm. CT data were
obtained and transferred to a personal computer. Axial sli-
ces were reconstructed at 0.5-mm intervals using commer-
cial software (Ziocube; Ziosoft Inc) so that slices were
parallel to the surgical epicondylar axis2 in the coronal
plane and vertical to the axis of the distal third of the
femur in the sagittal plane. The bone density of the lateral
intercondylar wall was measured using noncommercial
software (OsteoDens 4.0) developed at our institution
(Figure 2A).11,17,18,31

The area under the roof of the intercondylar notch was
defined as the intercondylar wall. The maximum incre-
ment point from the surface was selected as the starting
point of the region of interest (ROI), and the maximum
point was selected automatically in the 2.5-mm ROI from
the starting point.17 We calculated the radiodensity (in
Hounsfield units) of the identified lateral intercondylar
wall at each coordinate point at 0.5-mm intervals. By
stacking axial slices, a 2-dimensional image that mapped
the distribution of bone density on the lateral intercondy-
lar wall was obtained. The differences between the maxi-
mum and minimum radiodensity values on the mapping
images were divided into 9 grades, and a surface mapping
image was generated using these grades to produce a color
scale in which red and violet indicated the greatest and
lowest bone densities, respectively (Figure 2, B and C).

For the quantitative analysis of HDA, the area under
the roof of the intercondylar notch was defined as the
ROI (Figure 3A). The quantitative analysis of the obtained
mapping data focused on the location of the HDA of the lat-
eral intercondylar wall. A previous anatomic study
reported that the area of ACL insertion was approximately
17.8% of the lateral intercondylar wall when excluding the
cartilage portion.15 Additionally, in our preliminary inves-
tigation, we examined the proportion of the lateral wall
area excluding the cartilage portion to the total area of
the lateral wall including the cartilage portion in a lateral
distal femoral image reconstructed from 3-dimensional CT;
this proportion was found to be 59.1% 6 4.9%. Therefore,
considering that the ACL attachment to the ROI was
approximately 10% of the lateral wall including the carti-
lage portion, we set the HDA to the region containing the
top 10% of radiodensity values within the ROI (Figure 3B).

The shape of the HDA was approximated to an ellipse
using ImageJ (National Institutes of Health) (Figure 3C).
The size of the ellipse was set to be .50% of the HDA
because it was found that 50% was the value that approx-
imated the HDA to an ellipse in all cases. The size of the
ellipse in relation to the HDA was a mean of 82%. Then,
the grid system used in the quadrant method by Bernard
et al3 was used to determine the location of the center of

Figure 2. (A) Using our proprietary software, the lateral wall of the distal femoral intercondylar notch (yellow line) was automat-
ically identified. In each axial slice, the radiodensity of the identified region (in Hounsfield units [HU]) was measured at each coor-
dinate point at 0.5-mm intervals. (B) The bone density distribution was determined by stacking the data from axial slices, including
the radiodensity value at each coordinate point.

Figure 1. Flowchart of patient inclusion. CT, computed
tomography.
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the ellipse on the lateral intercondylar wall (Figure 3D).
The terminology used in the quadrant method for locating
the center of the ellipse on the grid was based on the
arthroscopic terminology used in the original quadrant
method.3 The center of ellipse, the length of the major
axis (M), and the length of the minor axis (m) were calcu-
lated by ImageJ. We also calculated the ratio of the minor
axis to the major axis (m/M in Figure 3E) and the angle of
the major axis of the ellipse to the Blumensaat line (u in
Figure 3F).32,41

Statistical Analysis

Statistical analyses were performed using JMP Pro Ver-
sion 14.0 (SAS Institute Inc). The level of significance
was set at P \ .05. Using Pearson correlation analysis,
we investigated the relationship between the ratio of the
minor axis to the major axis of the HDA ellipse and other
parameters.

Post hoc power analysis revealed that for an alpha value
of .05 and power of 0.72, a sample size of 35 knees was
needed for the correlation between the ratio of the minor
axis to the major axis of the HDA ellipse and PTS.

RESULTS

The 39 knees that were evaluated were from 16 male and
23 female patients, with a mean age of 29.6 years (95%

CI, 25.4-33.9 years). Details regarding patient characteris-
tics and leg alignment are shown in Table 1.

According to the quadrant method, the center of the
HDA ellipse was 34.3% (95% CI, 33.4%-35.2%) in the
deep-shallow direction and 24.9% (95% CI, 22.7%-27.1%)
in the high-low direction. The normal range of the center
of the ACL attachment site was reported to be 24% to
37% in the deep-shallow direction and 28% to 43% in the
high-low direction in a previous study.35 When overlaying
these 2 locations, we found the center of the HDA ellipse to

Figure 3. Finding the center of the high-density area (HDA) of the lateral intercondylar wall. (A) The area below the Blumensaat
line (black line) was set as the region of interest (ROI) (dark gray area). (B) The HDA was defined as the top 10% of bone density
within the ROI (red shaded area). (C) Automatic approximation of the red shaded area to an ellipse using ImageJ software. (D) The
center of the HDA ellipse was measured using the grid system of the quadrant method. The center of the HDA (blue circle) is
located 34% in the deep-shallow direction and 34% in the high-low direction. (E) The ratio of the minor axis, m, to the major
axis, M, of the ellipse (m/M) and (F) the angle of the major axis of the ellipse to the Blumensaat line (u) were measured.

TABLE 1
Patient Characteristics and Leg Alignmenta

Variable Value

Sex, male/female, n 16/23
Age, y 29.6 (25.4 to 33.9)
Height, cm 163.0 (160.1 to 165.9)
Weight, kg 62.0 (57.4 to 66.5)
HKA angle, deg 0.5 (20.4 to 0.5)
mLDFA, deg 86.4 (85.7 to 87.2)
mMPTA, deg 87.1 (86.5 to 87.6)
PTS, deg 9.7 (8.8 to 10.6)

aData are reported as mean (95% CI) unless otherwise indi-
cated. HKA, hip-knee-ankle; mLDFA, mechanical lateral distal
femoral angle; mMPTA, mechanical medial proximal tibial angle;
PTS, posterior tibial slope.
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be comparable to the anatomic center of the ACL footprint,
as previously reported35 (Figure 4).

Representative images of the HDA and its correspond-
ing ellipse are shown in Figure 5. The overall ratio of the
minor axis to the major axis of the ellipse was 0.58 (95%
CI, 0.54-0.62). The angle between the major axis of the
ellipse and the Blumensaat line was 55.4� (95% CI, 44.6�-
66.8�). There was a significant negative correlation
between the ratio of the minor to the major axis of the
ellipse and the PTS (r = 20.38, P = .02) (Table 2).

DISCUSSION

The most important finding of this study was that the cen-
ter of the HDA at the lateral intercondylar wall of the dis-
tal femur when approximated to an ellipse was 33.6% in
the deep-shallow direction and 23.4% in the high-low direc-
tion according to the quadrant method, and that this loca-
tion was comparable to the previously reported anatomic
center position of the ACL footprint.35 Moreover, a signifi-
cant negative correlation was observed between the ratio of
the minor axis to the major axis of the HDA ellipse and the
PTS (r = 20.38, P = .02).

The bone remodels in response to mechanical stresses.44

Responses to loading stress include cortical bone thicken-
ing and an increase in bone mineral density in trabecular
bone.6 Norman et al32 speculated that a thickened area
in the lateral intercondylar wall of the distal femur was

a potential ACL attachment site due to traction stress of
the ACL, based on these mechanical stress responses in
bone. Their study showed that the location of the center
of the thickened area by the quadrant method was 31%
in the deep-shallow direction and 23.5% in the high-low
direction.32 The ratio of the minor axis and major axis
was about 2. The center and ratio of the HDA ellipse
were similar to those of cortical bone thickness. A recent
biomechanical study reported that cortical bone density
was another response to impact loading reported.28 Consid-
ering the similarity in the location of the center and shape
of the HDA and the thickened area,32 it may be reasonable
to consider the region of HDA and the thickened part of the
cortical bone in the lateral intercondylar wall of distal
femur as almost the same. However, the study by Norman
et al32 requires the use of micro-CT, which is not typically
available in regular clinical practice. In contrast, our
method allows bone density evaluation using conventional
CT imaging, which provides the advantage of being able to
perform surgical planning based on the preoperative HDA
morphology.

Figure 4. The location of the mean center of the high-density
area (HDA) on the grid of the quadrant method in the current
study and the normal range of centers of anterior cruciate lig-
ament (ACL) insertion reported in a previous systematic
review.35 (A) The mean center of the ellipse by which the
HDA was approximated (blue circle) was 33.6% in the
deep-shallow direction and 23.4% in the high-low direction.
The normal range of the center of the ACL attachment site
(red rectangle) was previously reported to be 24% to 37%
in the deep-shallow direction and 28% to 43% in the high-
low direction.35

Figure 5. Two representative images of the high-density
area (red shading) and its corresponding ellipse. (A) The ratio
of the minor axis to the major axis of the ellipse was 0.70. (B)
The ratio of the minor axis to the major axis of the ellipse was
0.29.

TABLE 2
Correlation Between the Ratio of the Minor Axis

to the Major Axis of the Ellipse and Patient
Characteristics and Leg Alignmenta

r P

Male sex 20.02 .89
Age 0.16 .34
Height 0.07 .64
Weight 20.02 .92
HKA angle 20.08 .60
mLDFA 0.04 .83
mMPTA 0.07 .67
PTS 20.38 .02

aBoldface P value indicates statistical significance (P \ .05).
HKA, hip-knee-ankle; mLDFA, mechanical lateral distal femoral
angle; mMPTA, mechanical medial proximal tibial angle; PTS,
posterior tibial slope.
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A previous systematic review of the quadrant method to
evaluate the location of the ACL insertion site in the lat-
eral intercondylar wall of the distal femur reported that
the normal range of the center of the attachment site
was 24% to 37% in the deep-shallow direction and 28% to
43% in the high-low direction.35 When comparing the loca-
tions reported by previous studies to our results, the center
of the ellipse by which the HDA was approximated was
similar to the location of the ACL insertion (Figure 4), sup-
porting the idea that the HDA in the lateral intercondylar
wall of the distal femur could reflect the ACL insertion as
well as cortical bone thickness.

There are 2 types of ACL insertions: direct and indirect.
Direct insertion is known to be more functional for anterior
translation than indirect insertion.29 According to Sasaki
et al,37 the anterior ACL insertion was the direct insertion,
and the posterior ACL insertion was the indirect insertion
in the total insertion area. In comparison to previous stud-
ies, the location of HDA was shallower,7,10,19,39 suggesting
that it has the potential to represent the ACL insertion,
especially direct insertion. The location of the HDA could
provide information about the functional insertion of the
ACL for the purposes of reconstruction surgery.

We found that there was a significant negative correla-
tion between the ratio of the minor axis to major axis of the
HDA ellipse and PTS, and that the angle between the Blu-
mensaat line and the major axis of the ellipse was 52�, indi-
cating that the functional attachment of ACL fibers was
more round as the tibial slope became steeper. Conversely,
the distribution pattern of the functional attachment of
ACL fiber was band-like in the posterodistal direction as
the tibial slope became flat. A recent study found that
DB-ACLR was biomechanically superior to SB-ACLR in
rotatory stability.30 It is widely accepted that anterior-
posterior stability is mainly provided by the anteromedial
bundle with mild flexion or more.12,20 Additionally, it was
reported that a steep PTS increased the tension on ACL.4

Considering these results, the following scenarios are pos-
sible: When there is a steep posterior slope, the tension on
the ACL increases, placing a greater burden on the antero-
medial bundle while relatively reducing the burden on the
posterolateral bundle. Conversely, when the posterior
slope is flat, the burden on the anteromedial bundle
decreases, which is thought to result in a relative increase
on the posterolateral bundle. The relationship between the
distribution pattern of HDA and PTS might support this
scenario. Based on the above, SB-ACLR was thought to
be adequate for patients with a steep PTS. In contrast,
DB-ACLR was required in cases with a flat PTS.

Because the main ACL fiber has 2 bundles,1,13 it was
thought that DB-ACLR was a more anatomic procedure
than SB-ACLR. A recent study found that DB-ACLR was
biomechanically superior to SB-ACLR in rotatory stabil-
ity.30 However, systematic reviews comparing clinical out-
comes of SB-ACLR and DB-ACLR concluded that whether
DB-ACLR restores rotatory stability compared to SB-
ACLR remains inconclusive. Previous systematic reviews
have concluded that DB-ACLR was superior to SB-ACLR
in terms of knee stability but not in function,23,26,46

whereas a recent review concluded that there was no

difference in function or knee stability.24 The present
study found that the morphology of HDA was not distrib-
uted in a band-like pattern in half of the cases, suggesting
that the functional femoral insertion site was close to an
SB in half of the cases, and furthermore, in these cases,
there was a possibility that there was no difference in
knee stability regardless of whether the reconstruction
technique was SB-ACLR or DB-ACLR. The distribution
pattern of functional insertion might cause no significant
difference in function or knee stability between SB-ACLR
and DB-ACLR.

Limitations

The current study has several limitations that should be
considered. The first and major limitation was that the
association between HDA and the anatomic insertion of
ACL was not established. To prove the association between
HDA and the anatomic insertion of ACL, additional scien-
tific data are needed. However, there were the similarities
in the location of the HDA and ACL attachment site
reported by previous anatomic studies, supporting the
idea that the HDA reflected the ACL attachment site. Sec-
ond, we investigated the HDA in non–ACL-injured knees,
so our findings may differ from the HDA distribution found
in ACL-injured knees. It has been reported that bone min-
eral density at the footprint of the rotator cuff decreased
after rotator cuff tear.5,40 Thus, it is unclear whether and
when HDA changed after ACL rupture. Further research
is planned into the difference in HDA between
ACL-injured knees and contralateral ACL-intact knees or
the changes in HDA during the waiting period from injury
to surgery. However, this is the first study to posit a link
between the distribution of bone density in the lateral
intercondylar wall of the distal femur and the ACL attach-
ment site. We believe that the findings of this study can
form the foundation of further studies on the functional
attachment site of the ACL.

CONCLUSION

We investigated the distribution pattern of bone density of
the lateral wall of the intercondylar notch using conven-
tional CT. The center of the HDA ellipse in the lateral
intercondylar wall was found to be consistent with previ-
ous anatomic studies. Considering the mechanical stress
responses in bone, the HDA has the potential to represent
the functional insertion site of the ACL. Additionally, the
correlation between the HDA’s roundness and PTS sug-
gests that SB-ACLR may be appropriate for cases with
a steep slope. Preoperative assessment of the HDA distri-
bution in the lateral intercondylar wall can provide valu-
able information for surgeons planning ACLR.
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