Morphological size evaluation of the mid-substance
insertion areas and the fan-like extension fibers in the

femoral ACL footprint
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Abstract

Purpose The purpose of this study was to evaluate the
detailed anatomy of the femoral anterior cruciate ligament
(ACL) insertion site, with special attention given to the
morphology of the mid-substance insertion areas and the
fan-like extension fibers.

Methods Twenty-three non-paired human cadaver knees
were used (7 Males, 16 Females, median age 83, range
69-96). All soft tissues around the knee were resected
except the ligaments. The ACL was divided into antero-
medial (AM) and postero-lateral (PL) bundles according to
the difference in macroscopic tension patterns. The ACL
was carefully dissected and two outlines were made of the
periphery of each bundle insertion site: those which
included and those which excluded the fan-like extension
fibers. An accurate lateral view of the femoral condyle was
photographed with a digital camera, and the images were
downloaded to a personal computer. The area of each
bundle, including and excluding the fan-like extension
fibers, was measured with Image J software (National
Institution of Health). The width and length of the mid-
substance insertion sites were also evaluated using same
image.
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Results The femoral ACL footprint was divided into four
regions (mid-substance insertion sites of the AM and PL
bundles, and fan-like extensions of the AM and PL bun-
dles). The measured areas of the mid-substance insertion
sites of the AM and PL bundles were 35.5 & 12.5, and
32.4 + 13.8 mm?, respectively. Whole width and length of
the mid-substance insertion sites were 5.3 & 1.4, and
15.5 £ 2.9 mm, respectively. The measured areas of the
fan-like extensions of the AM and PL bundles were
27 £ 11.5, and 29.5 + 12.4 mm®, respectively.
Conclusion The femoral ACL footprint was divided into
quarters of approximately equal size (mid-substance
insertion sites of the AM and PL bundles, and fan-like
extensions of the AM and PL bundles). For clinical rele-
vance, to perform highly reproducible anatomical ACL
reconstruction, the presence of the fan-like extension fibers
should be taken into consideration.

Keywords Anterior cruciate ligament - Anatomy -
Femoral - Fan-like extension - Mid-substance

Abbreviations

ACL Anterior cruciate ligament
AM  Antero-medial bundle

PL Postero-lateral bundle

Introduction

Although anatomical anterior cruciate ligament (ACL)
reconstruction has been performed widely in the past
decade [1-7], reports vary as to the exact anatomy of the
ACL [8-19], and the optimal placement of anatomical
tunnels in anatomical ACL reconstruction remains unclear.
It has been reported that in order to reproduce native ACL
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kinematics, femoral tunnel placement is one of the critical
points of the surgery [2-5, 20]. However, reports on
femoral ACL footprint morphology and tunnel position
vary according to the measurement methods used
[3, 8-15, 18, 19, 21-23]. One possible explanation for this
variation in femoral ACL footprint measurement is the
inclusion or exclusion of the fan-like extension fibers
[9, 14, 15]. In previously reported anatomical studies of the
ACL, some authors included the fan-like extension fibers
within the femoral ACL footprint [8, 10, 12, 24], and others
did not [11, 17, 25]. One of the final purposes of anatomical
ACL reconstruction is the restoration of native anatomy
[24, 26, 29, 30]. Recently, Smigielski et al. reported that
the mid-substance insertion site of the ACL footprint has a
narrow and thin structure when compared with previously
reported ACL morphology [25]. However, they did not
provide the accurate area of the mid-substance insertion
site. It is essential to establish in detail the anatomy of the
femoral ACL footprint, especially the morphology of the
mid-substance insertion site and fan-like extension fibers.

The purpose of this study was to establish the accurate
morphology of the mid-substance insertion site and the fan-
like extension fibers in the femoral ACL footprint.

The hypothesis of this study was that a characteristic
morphology of the femoral ACL footprint would be
revealed in measurements which included the fan-like
extension fibers.

Materials and methods

This study was approved by the ethics committee of Nihon
University school of medicine (IRB number 20-14).
Twenty-three (23) non-paired formalin fixed Japanese
cadaveric knees were used (7 Males, 16 Females, median
age 83, range 69-96). Knees with severe osteoarthritic
changes were not included in this study.

Evaluation of the ACL insertion site

All surrounding muscles, and other soft tissues around the
knee were resected before ACL dissection. Knees were cut at
approximately 200 mm proximal to the femur and distal
tibia. All soft tissues were carefully dissected. AM and PL
bundles were identified according to the difference in tension
patterns during complete knee range of motion. With the
knee at 90° of flexion, relaxed fibers of the ACL were
regarded as the PL bundle [29-31]. After identification of
each bundle, particular care was taken to ensure that the
posterior structures were carefully resected in order to sim-
ulate accurate ACL dissection: the posterior joint capsule,
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menisco-femoral ligaments, posterior cruciate ligament
(PCL) and synovial tissues. When the surrounded synovial
tissues were dissected carefully, fibers of the ACL could be
revealed. After soft tissue resection, the ACL was cut into
half. On the femoral side, the femur was split along the
sagittal plane through the most superior point of the anterior
outlet of the intercondylar notch with an oscillating saw to
expose the femoral attachment of the ACL. The outline of the
whole femoral ACL footprint was marked first with colored
ink, and the mid-substance insertion site of the femoral ACL
footprint was then marked [11]. As reported by Mochizuki
et al. [15], there existed a fold between the mid-substance
insertion site and the fan-like extension fibers, and the fold
could be detected macroscopically. Following the identifi-
cation of the AM and PL bundle mid-substance fibers, the
mid-substance insertion site and the fan-like extensions were
divided according to AM and PL bundles and marked
[14, 15]. Referring to the mid-substance tissue of the ACL,
the border between the mid-substance insertion and the fan-
like extension fibers was clearly distinguished [11, 14, 15].
An accurate lateral view of the femoral condyle was pho-
tographed with a digital camera (Casio, Co. Ltd., Tokyo,
Japan) [11]. The images were downloaded to a personal
computer, and the footprint area was calculated after
adjusting the computer images to the actual knee size using
Image J software (National Institute of Health) [32, 33]. The
accuracy of the area measurement was less than 0.1 mm?
(Fig. 1). The following areas were calculated: the whole
ACL area, the whole mid-substance insertion area, the fan-
like extension area, the whole AM area, the mid-substance
insertion area of the AM bundle, the whole PL area, and the
mid-substance insertion area of the PL bundle.

The center position of each bundle was calculated
automatically by the image J software. The length of the
ACL footprint was calculated as an orientation line through
the centers of the AM and PL bundles (whole, mid-sub-
stance, and fan-like extension fibers). The width of each
bundle’s insertion site was calculated as the greatest length
of line perpendicular to the ACL length line.

Statistical analysis

Data are presented as mean and standard deviation. Con-
sidering the mean and standard deviations in the width of the
ACL footprint, the sample size of 22 could address the
question with power 0.90. Comparison of each bundle’s area
both including and excluding the fan-like extension fibers,
was performed using Mann—Whitney’s U test. It was
assumed that there was statistical significance when
P < 0.05. All statistical data were calculated with SPSS 19.0
(SPSS Inc., Chicago, IL, USA).
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ondylar notch |

Fan-like extension fibers (Attaches at deep and low in the notch)

Fig. 1 Mid-substance insertion sites and fan-like extension fibers of
the femoral ACL footprint. In all knees, the femoral insertion site of
the ACL was divided into mid-substance insertion site and fan-like

Results
ACL footprint size and area

In all knees, the mid-substance insertion site and the fan-
like extensions were successfully divided. Fan-like exten-
sion fibers existed at the low and deep lesion of the medial
wall of the lateral femoral condyle, and the mid-substance
of the ACL was attached relatively high in the notch
(Fig. 1). ACL mid-substance was divided into AM and PL
bundles according to the difference in tension patterns, and
the femoral ACL footprint was divided into four regions
(mid-substance insertion sites of the AM and PL bundles,
and the fan-like extensions of the AM and PL bundles)
(Fig. 2).

The measured areas of the whole femoral ACL foot-
print, the mid-substance insertion site, and the fan-like
extension were 125 + 47, 67 + 21, and 59 + 31 mm?,
respectively. Mid-substance insertion site was significantly
smaller than the whole femoral ACL footprint (P < 0.05).
Each area of divided femoral ACL footprint was described
in Table 1.

The length and width of the ACL femoral footprint

The length and width of each lesion of the femoral ACL
footprint (Fig. 3) was described in Table 2.

extension fibers (a, b). When extracted the lateral wall of inter-
condylar notch, the correlation between mid-substance of the ACL
and the lateral wall was looked like “T” shape

Discussion

The most important finding of this study was that when the
ACL footprint was evaluated according to AM and PL
bundles and taking into account the presence of the fan-like
extension fibers, the femoral ACL footprint could be
divided into four parts, the area, length, and width of which
were approximately the same.

Anatomical ACL reconstruction has become the favored
method over non-anatomical isometric reconstruction, and
many anatomical studies have been conducted concerning
ACL morphology [8-11, 13-19, 32]. However, a great
variation exists among these studies regarding the position
and the size of the ACL insertion site [8—11, 13-19, 34]. In
particular, the morphology of the femoral insertion site of
the ACL remains unclear. Some authors have reported that
the femoral ACL insertion site attaches very low in the
notch [8, 12, 17, 23, 24]. The resident’s ridge is often
thought to be the upper limit of the femoral ACL insertion
site in the notch [23]. However, other authors have reported
that the center position of the femoral ACL footprint is
relatively high in the notch [3, 9, 11, 14, 15]. Mochizuki
et al. reported that the ACL attaches high in the notch
beyond the residents’ ridge [15]. One possible explanation
for this variation in the ACL femoral insertion site con-
cerns the presence of fan-like extension fibers. Mochizuki
et al. [14, 15], and Hara et al. [9] reported that the femoral
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Fig. 2 The femoral ACL
footprint is divided into four
parts. According to the
difference in tension patterns,
the ACL was divided into
antero-medial (AM) and
postero-lateral (PL) bundles.
The femoral ACL footprint was
divided into four parts (mid-
substance insertion sites of the
AM and PL bundles, and fan-
like extensions of the AM and
PL bundles)

Fan-like extension of AM bundle

Table 1 Measurement of the femoral ACL footprint area

Whole femoral footprint area 125 + 47 mm?
Whole mid-substance insertion area 67 + 21 mm?
Whole fan-like extension area 59 + 31 mm?

Whole AM footprint area 64 + 23 mm>
Mid-substance insertion area of AM 35 + 12 mm?
Fan-like extension area of AM 29 + 18 mm?

Whole PL footprint area 63 4 25 mm?®
Mid-substance insertion area of PL 32 + 14 mm?
Fan-like extension area of PL 30 £+ 13 mm?

ACL footprint consists of two different structures. One is
the relatively narrow direct insertion area of the ACL mid-
substance fibers, and the other is the fiber that adhere to the
intercondylar notch. They termed these adhered fibers
“fan-like extension fibers”. As shown in the Fig. 1, when
the medial wall of the lateral femoral condyle was
extracted, the correlation of ACL mid-substance and the
medial wall of the lateral femoral condyle appeared as a
“T” shape (Fig. 1). If the ACL mid-substance was attached
deep and low in the notch and the fan-like extension fibers
did not exist, the correlation would appear as an “L” shape.
In previous anatomical studies of ACL morphology,
because the presence of the fan-like extension fibers had
yet to be established, some authors included the fibers
within the femoral ACL footprint [8, 10, 12, 24], and others
did not [6, 9, 11, 14, 15, 25], which may account for such a
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Mid-substance insertion of PL bundle

Fan-like extension of PL bundle

Fig. 3 The length and width measurement of mid-substance insertion
and fan-like extension fibers. The length of the ACL footprint was
calculated as an orientation line through the centers of the AM and PL
bundles (Whole, mid-substance, and fan-like extension fibers). The
width of each bundle’s insertion site was calculated as the greatest
length of line perpendicular to the ACL length line
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Table 2 Measurement of the
femoral ACL footprint length
and width

Whole fan-like extension length and width
Whole AM footprint length and width
Mid-substance insertion length and width of AM
Fan-like extension length and width of AM
Whole PL footprint length and width
Mid-substance insertion length and width of PL
Fan-like extension length and width of PL

Whole femoral footprint length and width

Whole mid-substance insertion length and width

15 + 3/10 £ 2 mm
15 £3/5+ 1 mm
13 £ 3/5 £ 2 mm
8 +2/9 £ 2 mm
7+ 2/5+ 2 mm
7+ 2/4 £ 1 mm
7+ 2/9 £ 2 mm
7+2/5+1mm
7+ 2/4+1mm

wide variation in the reports of femoral ACL footprint size.
As recently described by Mochizuki et al. [15] and
Smigielski et al. [25] and confirmed in this study, the
insertion site of ACL mid-substance fibers is narrow, and
the area is small. Likewise, in the present study, the entire
mid-substance femoral insertion area of the ACL was only
67 mmz, and the mid-substance width was only 5 mm.
Although Mochizuki et al. described the femoral ACL
footprint in detail, they did not report the area, length or
width. They also did not evaluate AM and PL bundle
morphology. Smigielski et al. reported the narrow and thin
structure of the ACL mid-substance insertion site [25].
They evaluated the ACL area and width 2 mm from the
femoral insertion site, and therefore, their results
(56.6 mm? area and 3.54 mm width) were smaller than the
results of this study. However, the area and width mea-
surements of this study were similar to the results of
Smigielski et al. [25]. Revealing the correct size of the
ACL footprint is critical to the reproduction of accurate
anatomy in ACL reconstruction [27, 28]. This study
revealed a significant distinction between the ACL mid-
substance insertion site and the fan-like extension fibers. In
the authors’ opinion, anatomical ACL reconstruction is
better suited to the reproduction of the mid-substance
insertion site of the ACL. If the femoral ACL tunnels are
placed deeper and lower in the femoral inter condylar notch
than the mid-substance insertion, then the ACL recon-
struction reproduces the fan-like extension fibers (Fig. 4).
Recently, Kawaguchi et al. reported that among ACL
fibers, those attached close to the AM bundle mid-sub-
stance insertion resisted to 66-84% of anterior tibial
drawer force, and the posterior lesion those close to the
fan-like extension fibers had minimal role to stabilize the
knee [32]. The function of the fan-like extension fibers
should be revealed in the future plans.

The main limitations of this study were (1) the ACL
dissection was performed only by macroscopic evaluation.
Although the dissection was made by experienced sur-
geons, this might allow for human error and bias. Although
the border between the mid-substance insertion and fan-
like extension fibers of the ACL could be determined

Fig. 4 Femoral ACL tunnels position reproducing mid-substance
insertion, center of the whole ACL footprint, and the fan-like
extension fibers. When reproducing the mid-substance insertion in the
ACL reconstruction, femoral tunnels position would be like blue
circles. When reproducing the center of the whole ACL insertion, the
tunnels position would be like pink circles. When reproducing the
fan-like extension fibers, the tunnels position would be like yellow
circles

clearly by macroscopic evaluation, and the significant
correlation between the macroscopic border and the his-
tological border has been previously reported [4], more
detailed histological evaluation should be performed in
future plans. (2) Only Japanese subjects were included in
this study. Ethnicity might be a potential influence and
should be taken into consideration in future studies. (3) The
average age of the cadavers used was significantly older
than the average age of patients that undergo ACL recon-
struction. Even though no specimens had severe osteoar-
thritic changes, the ages of the specimens should be
considered in such an anatomical study. (4) Our sample
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size was not large (n = 23) but was similar to previous
studies [11, 15, 29]. However, due to anatomical variation
and in order to accurately define the ACL anatomy, a study
with a larger sample size is needed. (5) The ACL footprint
was only evaluated using a two-dimensional technique.
The ACL is attached three-dimensionally to the bone [24]
and might be better evaluated three-dimensionally. (6) The
ACL morphology including fan-like extension fibers might
be influenced by the formalin fixation. The studies using
fresh cadavers should be performed in the future plans.

For clinical relevance, the knowledge of the detailed
morphology of the femoral ACL footprint taking into
consideration the presence of the fan-like extension fibers
makes it possible for surgeons to perform more accurate
reproducible anatomical ACL reconstruction.

Conclusion

In conclusion, the femoral ACL footprint was accurately
divided into mid-substance insertion areas and fan-like
extensions. Taking into consideration the presence of the
fan-like extension fibers, the mid-substance insertion site of
the ACL is relatively narrow and thin in structure.
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