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Cortical Bony Thickening
of the Lateral Intercondylar Wall

The Functional Attachment
of the Anterior Cruciate Ligament

Daniel Norman,*t MEng, Andrew J. Metcalfe,* PhD, FRCS(Tr&Orth), Timothy Barlow,* BSc,
MBChB, MSc, Charles E. Hutchinson,” MD, Peter J.M. Thompson,* MbChB, FRCS(Orth),
Timothy J.W. Spalding,* FRCS(Orth), and Mark A. Williams," BEng, MSc, PhD, CEng, FIMechE
Investigation performed at the University of Warwick, West Midlands, UK

Background: The anatomy of the anterior cruciate ligament (ACL) has become the subject of much debate. There has been
extensive study into attachment points of the native ligament, especially regarding the femoral attachment. Some of these studies
have suggested that fibers in the ACL are of differing functional importance. Fibers with higher functional importance would be
expected to exert larger mechanical stress on the bone. According to Wolff's law, cortical thickening would be expected in these
areas.

Purpose: To examine cortical thickening in the region of the ACL footprint (ie, the functional footprint of the ACL).
Study Design: Descriptive laboratory study.

Methods: Using micro-computed tomography with resolutions ranging from 71 to 91 wm, the cortical thickness of the lateral wall
of the intercondylar notch in 17 cadaveric knees was examined, along with surface topography. After image processing, the rela-
tionship between the cortical thickening and surface topology was visually compared.

Results: A pattern of cortical thickening consistent with the functional footprint of the ACL was found. On average, this area was 3
times thicker than the surrounding bone and significantly thicker than the remaining lateral wall (P < .0001). This thickening was
roughly elliptical in shape (with a mean centroid at 23.5 h:31 t on a Bernard and Hertel grid) and had areas higher on the wall
where greater thickness was present. The relationship to previously reported osseous landmarks was variable, although the pat-
terns were broadly consistent with those reported in previous studies describing direct and indirect fibers of the ACL.

Conclusion: The findings of this study are consistent with those of recent studies describing fibers in the ACL of differing func-
tional importance. The area in which the thickening was found has been defined and is likely to represent the functional footprint
of the ACL.

Clinical Relevance: This information is of value to surgeons when determining the optimal place to position the femoral attach-
ment site of the reconstructed ACL.

Keywords: anterior cruciate ligament; attachment site; micro-CT measurement; ACL anatomy

The anatomy of the anterior cruciate ligament (ACL) has
become the subject of much debate. Concerns about the
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between the ligament and bone to transmit mechanical load
to the joint.” The “ribbon” concept of the ACL has also been
described recently,?* emphasizing the fact that not all of
the fibers of the ACL are equally functional.

While numerous surface landmarks have been identi-
fied to help guide the surgeon in placing a graft, the intra-
operative identification of these landmarks is not always
straightforward.®? In previous work at our institution,?2°
we used micro—computed tomography (micro-CT) to a reso-
lution of ~60 pm to assess bony landmarks described by
Fu and Karlsson,” demonstrating that the osseous land-
marks were variable.>?° However, while examining the
surfaces of the femoral condyles, we noted a thickening of
the cortical bone in the region of the ACL attachment
that warranted further investigation.

It is well recognized that bone is highly adaptive to the
mechanical stresses placed on it, originally described as
Wolffs law.3° Bone is thicker in areas of high stress, and
therefore the pattern of cortical thickness is able to define
the areas of high stress in the lateral intercondylar wall,
allowing us to define a functional footprint for the liga-
ment. This will also potentially identify the most mechan-
ically active part of the footprint, as opposed to its entire
soft tissue attachment.'?® The aim of this study is there-
fore to examine the functional footprint of the ACL using
micro-CT with a view to defining its anatomy and location
on the lateral wall of the intercondylar notch.

METHODS

Samples and Imaging Technique

Seventeen cadaveric knees donated by 13 individuals were
included, of which 7 were included from a previous study.2°
Cadavers from 4 females and 9 males (4 left/right matched
pairs) aged between 63 and 82 years were donated for this
study. Knees were sourced after approval by our hospital’s
research and development department but did not require
further ethics approval. All specimens were micro-CT
scanned using a Nikon XTH320LC micro-CT scanner with
parameters 255 kV, 18 W, 1l-second exposure, with a
1-mm copper filter resulting in resolutions ranging from
71 to 91 pm. All knees underwent arthroscopic evaluation
by a highly experienced ACL surgeon using arthroscopic
instruments. In the first 10 knees, the micro-CT scans
were performed before the arthroscopy; in the subsequent
7 knees that were included from the previous study, the
scans were performed after the arthroscopy.

Cortical Thickness Mapping

To visually represent cortical bony thickness on both the
lateral intercondylar wall and medial intercondylar wall,
Imaged open source image processing software (National
Institutes of Health) was used. Imaged is frequently used
in biomedical research?®® and contains open source plugins
that implement published algorithms for image processing.
In this study, the plugin BoneJ was used to “define the
thickness at a point as the diameter of the greatest sphere
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that fits within the structure that contains the point.”>*®
This algorithm allows the thickness of a 3-dimensional
(3D) shape to be colored at every point depending on the
structure’s thickness at that point.'® The cortical bone
thickness of the distal 10 cm of the femur was mapped in
3 dimensions. To ensure that the patterns observed were
not structural features of the intercondylar notch and
were representative of ligament attachments, both the
medial and lateral walls were examined. Sagittal views
of the lateral and medial walls (with the femur cut in its
midsagittal plane) were extracted with the femoral shaft
aligned horizontal to and the plane of view directly perpen-
dicular to the surface of the wall. Furthermore, as part of
the cortical thickening algorithm, Boned provides the ratio
of bone volume to trabecular volume (BV/TV), typically
used as a measure of bone density for each femur.

While these maps provide the primary data on cortical
thickness, it was decided that some form of measurement
was required to map the anatomy in a way that could be
related to other work in the literature. Therefore, to describe
these regions in terms of relative location, width, and length,
an appropriate shape had to be fitted to the visually thicker
cortical region. An ellipse was determined as the simplest
and most appropriate fit to model the observed shapes, allow-
ing width, length, and orientation to be defined. This was
performed by the author trained in image processing techni-
ques (D.N.) and allowed for a best-fit approximation typically
required when modeling complex shapes. The Bernard and
Hertel® grid method was used to define the coordinates of
the centroid of the ellipse. This technique projects a grid
onto the lateral plane of the lateral intercondylar wall, with
distance ¢ being the sagittal diameter of the lateral condyle
measured along the Blumensaat line and distance 2 being
the maximal height of the notch. In addition, measures of
the width and height of the area were taken as well as the
angle of the ellipse to the Blumensaat line (8) (see Figure
5A).2" The thickness of the area was defined as the mean
(£SD) thickness within the fitted ellipse and was compared
with the thickness of the remainder of the lateral wall. A
nondirectional paired-samples ¢ test was conducted across
all samples to compare the thickness within the ellipse
against that of the remaining part of the lateral wall.

These ellipses could then be combined to produce a dia-
gram depicting where thickening occurred in our complete
sample. By scaling, transforming, and aligning all sagittal
views of the lateral wall, overlaying of all regions of thick-
ness was possible. The ellipses approximating the cortical
thickened region were colored red at 90% transparency to
allow the reader to appreciate the typical region of thick-
ness, including its full variation within this sample. The
same process was followed to allow identification of areas
within the ellipse that were even thicker, approximating
the very thick regions as a 90% transparent yellow ellipse
overlaid onto the typical region of thickness.

Surface Topology

In an attempt to objectively highlight any osseous land-
marks present on the lateral wall, high-resolution relief
maps of the surface topology were created using a previously
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Figure 1. Micro-computed tomography (top) and cortical thickening maps (bottom) of the femoral head digitally sectioned per-
pendicular to, and 50% across, the lateral wall, resulting in a frontal-plane view of the lateral wall.

published process.?’ These topological maps color the sur-
face features based on height above a baseline surface,
thereby revealing any landmarks present. Just as with
the identification of osseous landmarks, interpretation of
these relief maps can require experience; therefore, for the
readers’ guidance, a further process was performed in which
the ridge was defined as an ellipse (or a line at which a
single-step cutoff was identified) by one of the authors
(D.N.), who was trained in image analysis techniques.

RESULTS

Seventeen cadavers were used for this study and were
examined arthroscopically after or before (postoperative
femurs only) micro-CT scanning. During this, femurs 1
and 8 were noted to have advanced osteoarthritis, with
all other femurs having no other anatomic abnormalities
with regard to either the lateral intercondylar wall or
ACL bundles. The mean BV/TV for all femurs was 20%,
with only femur 1 (16%) falling below 1 SD (+3.5%) of
the mean. Analyzing the complex interactions between
BV/TV, age, and osteoporosis was outside the remit of
this study; however, it is noted that the mean BV/TVs
here were within the range of nonosteoporotic reported val-
ues (19%-26%), particularly when accounting for the age of
our samples.®1%16:19

Figure 1 provides a visual example of the micro-CT data
before and after the thickness mapping process. The mod-
els have then been sectioned to allow the reader to appre-
ciate the context of Figures 2 and 3. Figure 2 gives the
cortical thickness maps of the lateral femoral condyle for
each sample. It is apparent from Figures 1 and 2 that
the roof of the notch showed substantial thickening, as
expected, due to the structural stress-bearing nature of
that region. To demonstrate that the thickening was not
responsible for the thickening seen on the lateral wall, it
was decided to include a figure showing the medial wall

as well. Figure 3 gives the equivalent maps for the medial
femoral condyle and has been included to visually demon-
strate that the cortical thickening on both walls was not
symmetrical due to the macro bony structure of the femur
and, consequently, not simply a continuation of thickening
originating from the roof of the notch. This therefore sup-
ports the hypothesis that the pattern is indeed from the
function of the ligament attachment. A future study ana-
lyzing the medial wall is planned. The areas of cortical
thickness can be seen on both walls, but those areas were
in different locations on the medial and lateral walls,
with the area of thickening much more anterior on the
medial wall compared with the area of thickening on the
lateral wall, consistent with the known attachments of
the posterior and anterior cruciate ligaments, respectively.

An ellipse could be fitted to a thicker area of the cortex in
15 of the 17 samples. In femurs 1 and 8, no area could be
identified, although both of these cases were noted to have
advanced degrees of osteoarthritis upon arthroscopic exam-
ination, as discussed above. Table 1 gives the details of the
size, position, orientation, and location of the centroid of the
fitted ellipses that were used to describe the areas of cortical
thickening. The mean centroid was at 31% * 3.4% depth
and 23% * 5.7% height from the proximal-anterior corner
of the grid. The thickness of the identified areas is docu-
mented in Figure 4, demonstrating that the thicker regions
were typically around 3 times thicker than the surrounding
cortex of the intercondylar notch. A paired-samples ¢ test to
compare the lateral wall thickness (mean = SD, 0.32 =
0.06 mm) with the ellipse thickness (0.94 = 0.15 mm) across
the 16 femurs gave #(15) = 15.2, P < .0001, demonstrating
a highly statistically significant difference in thickness.
The absolute cortical thickness found in this study for the
ACL footprint and remaining lateral wall is comparable
with that reported by Sasaki et al.2?

The ellipses approximating the cortical thickened
region were then colored red at 90% transparency to allow
the reader to appreciate the typical region of thickness,
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Figure 2. Cortical bone thickness maps with color scale of the lateral intercondylar wall for femurs in this study, with asterisks

indicating whether femurs were arthritic.
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Figure 3. Cortical bone thickness maps with color scale of the medial intercondylar wall for femurs in this study, with asterisks
indicating whether femurs were arthritic.

including its full variation within this sample (Figure 5B). the more proximal end of the areas of cortical thickness.
Furthermore, within some of the thicker regions, there A visual representation of these regions, mapped as
sometimes existed an even thicker area. Those areas a 90% transparent yellow ellipse overlaid onto Figure 5B,
were asymmetrically placed and most often occurred in is presented in Figure 5C.
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TABLE 1
Properties of the Cortical Thickening on the Lateral Intercondylar Wall as Approximated as an Ellipse

Ellipse Centroid on
Bernard and Hertel Grid, %“

Ellipse Size

Cortical Thickening,

. mm, mean * SD
Blumensaat Line ’

Femur No.  Length, mm Width, mm Area, mm? h t Angle (0), deg Ellipse Lateral Wall®
2 16.5 5.8 75.2 33 32 64 0.80 = 0.17 0.31 = 0.12
3 15.8 6.4 79.7 24 31 77 1.17 = 0.24  0.36 = 0.22
4 11.7 6.1 56.6 26 34 79 0.89 = 0.17 0.27 = 0.10
5 12.2 8.2 79.3 20 33 91 0.66 = 0.47 0.27 = 0.11
6 13.5 6.2 66.3 30 33 54 097 £ 0.17 0.44 = 0.17
7 11.2 7.1 62.2 16 26 100 1.05 = 0.08  0.27 = 0.08
9 14.6 54 61.3 26 26 65 1.04 = 0.24 0.37 = 0.11
10 13.2 5.9 61.6 17 30 71 1.24 = 0.19 0.34 = 0.08
11 19.7 6.0 93.3 30 32 68 0.71 £ 0.15 0.42 = 0.19
12 13.7 7.6 82.1 26 32 59 1.01 = 0.16  0.29 = 0.07
13 16.6 7.5 97.3 24 35 54 0.78 £ 0.13  0.31 = 0.03
14 14.8 7.7 89.5 25 37 48 0.88 £ 0.25 0.35 = 0.13
15 15.7 5.6 68.6 25 32 60 1.01 = 0.03  0.22 = 0.06
16 13.8 6.3 68.7 15 26 69 0.93 +0.14 0.29 + 0.09
17 11.5 5.7 51.0 15 27 61 0.95 +0.08 0.30 = 0.14
Mean += SD 14 = 2.3 7+0.9 73 + 13.8 23.5 £ 5.7 3134 68 = 14.1 094 £ 0.18 0.32 = 0.12

% and h are the percentage distances of the ellipse centroid with reference to the Bernard and Hertel® grid.

®Not including cortical ellipse area.

The high-resolution surface topology maps show the
intercondylar ridge in all femurs to be present yet variable
in its location, magnitude, and orientation, with no clear
lateral bifurcate visible. Despite the objectiveness of the
surface topology maps, colored based on relief (Figure 6),
identifying the exact location of the lateral intercondylar
ridge can be difficult and requires experience with this
form of analysis.2® Therefore, in Figure 7, we diagrammat-
ically represent the location of the lateral intercondylar
ridge (sometimes raised areas colored blue, sometimes
step changes in height) to allow a clearer visual compari-
son between the surface topology and the regions of cortical
thickening.

DISCUSSION

In this study, we have identified areas of cortical thicken-
ing in the lateral femoral condyle consistent with the
attachment of the ACL, which are on average 3 times
thicker than the surrounding bone. The thickening found
was similar in magnitude to that found in the histological
study by Sasaki et al?2 of the bone layer at the ACL inser-
tion point. A different pattern was seen on the medial fem-
oral condyle with cortical thickening seen much more
anteriorly, consistent with the attachment of the posterior
cruciate ligament. This indicates that the thickening is not
simply a structural continuation of the thickening of the
notch roof seen throughout in Figures 2 and 3 but rather
due to the ligament attachments.

It has long been known that bone is highly responsive
to the stresses placed upon it.1"3° Recent studies have
demonstrated that there is a linear response between
local stress, bone mass, and cortical thickness.>?®

X Cortical Thickening Area

14 1 7 T O Lateral Intercondylar Wall
12 4 j i
X - . T
E 11 i [ R 7
T L - . ¥
£ i I L
c ] :
0.8 : H i i
g : X
2 + i
< i
= L O
= 06 B - i
= 1
t .
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© 04 -
| % ) % % @ % %
024 1 ] 1 | %, 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Femur No.

Figure 4. Mean and SD of cortical thickness in millimeters
within both the cortical thickening ellipse and the remaining
lateral intercondylar wall outside that boundary.

Osteoblasts respond to the stress placed upon them on
a microscopic level, and therefore adaptations to bone
mass and thickness occur at localized sites of high stress
and only at the specific location of that stress.'»?° Given
that bone is so responsive to the forces placed upon it, it
is highly likely that the patterns observed in our study
are due to the stresses on the bone resulting from the lig-
amentous attachments.?® The areas of thickness can
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Figure 5. Overview diagram of each cortical thickening region as represented by a translucent ellipse, normalized and overlaid to
provide a visual representation of where cortical thickening occurs. (A) Diagrammatic view of how the length (red), width (yellow),
position (yellow/red intersection) of the ellipse (dashed blue line), and the Blumensaat line angle 6 were measured from the Ber-
nard and Hertel' grid shown; t and h are the percentage distances of the ellipse centroid, and 1-4/a-d are grid areas with refer-
ence to the Bernard and Hertel grid. (B and C) The dashed black line represents the average ellipse determined from all the ellipse
geometric properties. (B) Only the significantly thicker regions compared with the rest of the lateral wall are shown; also shown is
the mean centroid of all thickening ellipses (white X at 23.5 h:31 t) compared with the anatomic footprint of the ACL as reported in
a recent systematic review®' (white dot 28.5 h:32.5 1). As well as the thicker region on the lateral wall, (C) highlights (yellow shad-
ing) the areas within this thick region that were again significantly thicker than the red region.

therefore be considered representative of the mechani-
cally important components of the femoral footprint of
the ligaments.?!

The patterns observed are not the same as the total foot-
print of the ACL, which has been well described elsewhere,
and clearly not all of the fibers of the ACL had a functional
effect in these individuals. However, the distribution does
appear to be consistent with emerging theories about the
functional anatomy of the ACL, particularly the work of
Iwahashi et al** demonstrating that the ACL has “direct”
and “indirect” fibers, as well as the ribbon concept popular-
ized by Smigielski et al.2?* Both of these concepts describe
a group of more important fibers in a similar region as the
area of cortical thickness described in the current study,
and our data support the observation that the ACL soft tis-
sue footprint is not universally loaded as indicated by the
thickened regions in Figures 2 and 5.

The shapes observed in Figure 5 were defined by fitting
an ellipse to the outline of the area of cortical thickening.
While it is accepted that this method has its flaws in defin-
ing complex shapes, we believe it allowed a sufficient fit to
the areas of thickening to define their size and location.
The position, size, and orientation of the areas were there-
fore able to be documented and described on a Bernard and
Hertel grid, allowing comparative data to be made to other
studies before this, as well as in the future. The areas were,
on average, 14 mm in length and 7 mm in width, with their
mean centroid in a position of 23.5A: 31 ¢t on the Bernard
and Hertel grid (Figure 5B, white X), as opposed to the
28.5h: 32.5 ¢ mean position identified in a recent system-
atic review for the anatomic footprint of the fibers®! (Fig-
ure 5B, white dot). In fact, the distribution of bone
thickness within this region was not even, and thicker
areas were generally seen higher up in the notch (proximal
and posterior), implying that stresses in the ACL are
greater in that region (Figure 5, B and C).

The ideal location for reconstruction of the femoral tun-
nel of the ACL remains under debate. Over the past 18
months, our technique has changed to position the tunnel
closer to the soft tissue attachment of the anteromedial
bundle. This study corroborates that approach, as the
thickest areas of bone were seen at the most proximal
end of the ellipse (Figure 5C), although the “perfect” posi-
tion of the femoral tunnel is likely to vary from case to case
and may require future research to individualize tunnel
position to the functional anatomy of the patient.

By defining these areas, we are not attempting to suggest
an ideal location for a drill tip to establish a femoral tunnel,
however. It may be that the ideal shape to reconstruct the
ACL is not circular at all or that the center of a tunnel
should not overlie the most functional area, but that its
leading edge is more functionally important. While more
work is required to define the answers to those questions,
it is clear that the functional footprint of the ACL can be
defined, and work to optimize reconstructions to reproduce
that anatomy in reconstructed patients would be recommen-
ded. It may be that identification of cortical thickness either
preoperatively with CT or perioperatively using ultrasound
would allow reconstructions to be tailored to the functional
anatomy of the patient.’® Overall, a better understanding of
the functionally important areas of the ACL is likely to lead
to improvements in rupture rates, clinical outcomes, and
knee biomechanics after reconstruction.'®

We originally set out to examine the surface topography
of the lateral femoral condyle to examine the use of surgi-
cal landmarks as reference points for the ACL, which have
been found to be highly variable.?° There does appear to be
a relationship between the intercondylar ridge and the
underlying areas of bone sclerosis, following on from previ-
ous descriptions of the ridge being part of the attachment
point of the “direct” (or most functional) fibers of the
ACL. However, that relationship is not entirely consistent;
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Figure 6. Relief surface topology maps of the lateral intercondylar wall overlaid with cortical thickening (represented by a dotted
outline) for femurs in this study, with asterisks indicating whether femurs were arthritic.
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Figure 7. Diagram comparing our interpretation of the lateral intercondylar ridge on each femur (blue or red) against cortical
thickening locations for each femur in this study, with asterisks indicating whether femurs were arthritic.
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in some patients, the thickest parts were just anterior to the
ridge, and in others it was posterior to the ridge (Figures 6
and 7). We therefore cannot recommend the intercondylar
ridge as a landmark to guide ACL reconstruction, as the
ridge does not correlate well enough with the functional
attachment of the ligament to be correct for all patients.

The study has weaknesses that should be discussed.
Because of the small sample size of this study, along with
some of the samples belonging to matched pairs, the statis-
tical power of this study is limited. While the sample size is
relatively small, a consistent pattern could be observed
throughout the 17 cases. There were 2 cases where an
area of thickness could not be observed; however, these
knees were both observed (independently assessed by
a highly experienced ACL surgeon) to have significant
macroscopic changes of osteoarthritis, which was not
observed in the other 15 knees. It may be that the strain
on the ACL reduces in osteoarthritis cases, resulting in
the change of bony architecture in these knees compared
with the rest of the group. Also, the samples were from
older cadavers, and therefore the results in this study
could in theory differ from the region of thickening found
in younger or more active adults. While the stress-bone
response is preserved in older adults, the overall bone
mass may have reduced, or the usage of the knee may
have changed slightly, and further work is planned to
repeat this study in younger individuals. However, the
anatomy of the ACL footprint is not considered to change
throughout life and neither should its relative stress dur-
ing activities of daily living. It is therefore highly likely
that the findings from this study can be generalized to
the wider population.

We had hoped to examine the soft tissue attachment of
the ACL in relation to the bony anatomy and had included
the use of magnetic resonance imaging (MRI) in this proto-
col. However, in practice, the resolution of MRI is far too
low to match the degree of accuracy achieved using
micro-CT, and other histological methods may be required
in future studies. While concerns may be raised about the
accuracy of CT in measuring cortical thickness, this is
unlikely to be a problem in this study. Unlike a standard
clinical scanner, our micro-CT system is able to achieve
a resolution in the range of 70 to 90 pm, far below the sen-
sitivity required to accurately identify and measure the
thickness of the cortex in this region. The findings are
therefore highly unlikely to represent a measurement
error or artifact, although whether these areas could be
identified using a clinical scanner or an intraoperative
tool remains under investigation.

CONCLUSION

Overall, in this study we have identified a pattern of corti-
cal thickening on the lateral wall of the intercondylar
notch using high-resolution micro-CT, considered to repre-
sent the functional footprint of the ACL. This area is con-
sistent with recent studies describing certain groups of
fibers in the ACL that have differing functional impor-
tance. The area in which the thickening was found has
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been defined, but the relationship to the surface anatomy
is variable. By looking at the subchondral microstructure,
this study increases our understanding of the functional
anatomy of the ACL and will help guide improvements in
ACL reconstruction in the future.
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