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ABSTRACT

The role of the sub-bundles in the anterior cruciate ligament (ACL) has been defined,
such'that the anterior-medial bundle directly resists anterior tibial translation while the posterior
lateral bundle is involved in rotational stability. With regards to this biomechanical function,
much of the previous work on bundle-specific morphology has been carried out on the macro-
scale, with much less attention given to the micro-to-ultrastructural scalar levels. This is
especially true of the enthesis and its microstructure, a biomechanically significant region that
has been largely neglected in the published literature dealing with ACL sub-bundle anatomy. In
this study, the human ACL tibial enthesis was investigated at multiple scalar levels using
differential interference contrast (DIC) and scanning electron microscopies with the aim of
determining whether the sub-bundle ligament structure, and its known macro-scale function, is
consistent with its micro-architecture at the ligament-bone junction. The investigation found that
different ligament insertion morphologies exist between the two bundles, where the AM bundle
has more intense interdigitation with the bone matrix than that of the PL bundle. The results
suggest that such structure-function relationships, especially across scalar-levels, provide new

insight into the significance of the sub-bundle anatomy of the ACL.
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INTRODUCTION

The anterior cruciate ligament (ACL) can be divided into two functional bundles, the
anteromedial (AM) and posterolateral (PL), where these have been found to be most involved in
anterior tibial translation and rotation respectively (Amis, 2012). The double-bundle structure is
arguably the most frequently discussed anatomical feature relevant to ACL reconstruction
techniques and its related biomechanics (Zantop et al., 2007; Amis, 2012). It has been proposed
that reproducing the double-bundle anatomy of the ACL is important for restoring the normal
kinematics of the knee post-surgery (Fu and Lin, 2013). However, a recent review of different
ACL reconstruction techniques indicates that kinematics is still not returned to normal levels
even with restoration of the double bundle configuration (Gadikota et al., 2015). The discrepancy
in the outcomes reported in different studies may be due to the still undefined anatomical
understanding of the ACL structure and hence provides much motivation for those that still
believe the key to post-operation outcome improvement is based on an anatomic ACL
reconstruction (Kato et al., 2010; Yasuda et al., 2010; Dai, 2012; Hofbauer et al., 2013).
Therefore, the quest to gain further insight into the native ACL functional anatomy continues,
and we argue that one crucial aspect that requires further understanding, is how the insertion of
the ACL into bone is achieved.

Interestingly, while the AM and PL bundles are so-called, based on their insertion
positions.in the tibial plateau, very little is known of the entheses in relation to these bundles.
Most:studies of the bundle entheses have defined their macro-level and topography-related
morphology features (Harner et al., 1999; Ferretti et al., 2007; Ferretti et al., 2012). Some have
investigated down to the microscale (Steineman et al., 2016) but still have not distinguished

between bundles, nor explored further into the sub-micro scalar levels. Fewer studies have
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provided rigorous structural detail, rather mostly focussing on compositional changes along the
gradual transition of soft-to-hard tissue (Moffat et al., 2008; Beaulieu et al., 2015; Dai et al.,
2015). These studies have shown that the femoral attachment has more fibrocartilage than the
tibial (Beaulieu et al., 2015), and regional fibrocartilage variations in the tibia suggest a
biomechanical rationale for greater load transfer on the medial aspect (Dai et al., 2015). Despite
the current literature on the subject, there is still a significant gap in our understanding of the
multi-scalar structural anatomy of the ACL entheses with regards to the double bundle-bone
integration.

To this end, the authors have utilised multi-scalar imaging, from macro-to-micro-to-nano
levels, to gain new insights into the functionally graded continuum of the porcine ACL soft
tissue integration into hard bone (Zhao et al., 2014). Such detail of the multiscale structural
make-up of the porcine ACL tibial enthesis was reported as the first study of its kind to reveal
the insertion of the AM and PL bundles of the ACL into the tibia. In that study, it was found that
in the porcine ACL there were three subtypes of enthesis, relating to (1) bundle type (i.e. AM
versus. PL), (2) position (i.e. medial versus lateral) and (3) function (i.e. resisting axial versus
torsional strains). However, given that the limitation of the above study was carried out on
porcine ACL, with its known differences to human (Proffen et al., 2012), the aim of this new
study 1s to apply our imaging techniques to investigate the micro-to-ultra structural insertion of
the human ACL into the tibial plateau. The results will be used to provide an initial hypothesis

on bundle specific structural characteristics of the human ACL at multi-scale levels.
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METHODS

Six paired human knee joints from three female donors aged at 89, 90, and 92 were used
in the study. Specimens were obtained through the University of Melbourne body donor program,
with approval obtained through the institutions Human Ethics Advisory Committee (1238013),
and all structural analysis was conducted in the Experimental Tissue Mechanics Laboratory,
Department of Chemical and Materials Engineering, University of Auckland. All specimens
were visually examined for osteoarthritis, and meniscus and ligament injuries during harvesting,
and no sign of gross defects or overt tissue degeneration was found. Each knee was dissected, the
ACL ligament-to-tibial bone samples were harvested and formalin fixed, without any constraint,
in the ligaments’ relaxed orientation relative to its insertion into the tibial plateau (Fig. 1).
Although the ACL loses its natural twist after being removed from the knee joint, the full picture
of its intrinsic fibre orientation, in the relaxed state, has been captured by formalin fixation. All
samples were imaged using macro photography.

Following dissection, samples of the ACL and its tibial insertions were mildly decalcified
and then cryo-sectioned to produce sagittal slices (~30um thick) of the ligament-bone enthesis.
The sections were then digitally imaged in their fully hydrated state using both light and
differential interference contrast (DIC) optical microscopy.

At the ligament-bone junction, cement-line irregularity was quantified via a ‘rugosity’
measurement. Rugosity was taken as the ratio of the length of the bone cement line of a given
span‘in. the micro-image, divided by the straight horizontal distance of that span, a large ratio
being indicative of a highly irregular interface compared to a ratio closer to unity. Serial sections
amounting to up to (depending on the width of the sample) 180 sections from the medial-most to

the lateral-most aspect of the ACL were obtained and placed into well plates according to their
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respective positions. In these 180 sections, since there were no easily discernible differences in
sections obtained from near to each other, it was deemed expedient to sample with sufficiently
large intervals across the entire collection of sections. Thirty sections were thus sampled from
these well plates, each taken with sufficient intervals, between 30 to 240 um, to represent the
progressive position-related structural changes from the medial-most to the lateral-most aspect of
the ACL. All thirty sections per ACL were imaged and studied. For rugosity measurements, a
total of six sections from the thirty imaged sections were used. The imaged sections were firstly
labelled from one to thirty in ascending order, from the medial most to the lateral most positions.
Then starting from the third section, every fifth section (i.e. sections 3, 8, 13, 18, 23, and 28) was
sampled to represent the span of sectioning across the medial to lateral most aspects. If a section
was not capturing the full length of the ligament bundle insertion, the closest intact section with
the clearest cement line was used instead. To determine the AM and PL bundle in the present
samples, we used our insight from an earlier study on porcine ACL (Zhao et al., 2014). In the
porcine ACL, the gross or macro-scale morphology of the AM and PL bundles is very distinct
(Zhao et al., 2014; Moffat et al., 2008), and can be correlated to micro-images of distinct changes
in bone contour and fibre direction at the enthesis. For this study, bone contours and fibre
direction changes were used to distinguish between the two bundles. Consequently, rugosity
measurements were made relative to these contours, defining the start and end of an AM or PL
bundle. The rugosity was traced using a ‘Wacom Intuos Pro’ tablet (median size), and measured
using Image J software. Results were averaged to give one rugosity value per bundle per donor.

Ligament insertion angles across the AM bundle were also measured. It was defined as
the angle between the general direction of ligament proper (line of action) versus the

approximate tangent of the cement line at the fibre bundle insertion point. A total of ten slices
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were used for angle measurements for each sample. From the thirty labelled sections, starting
from section number two, every third section was sampled to represent the span of sectioning
across the medial to lateral most aspects. (i.e. sections 2, 5, 8, 11, 14, 17, 20, 23, 26, and 29). If a
section was not capturing the full length of the ligament bundle insertion, the closest intact
section was used instead. For the selection of measurement locations, the starting and ending
points of the AM bundle on each section were defined before the distance in between was
divided into 10 equidistant sections (9 full sections and 2 half sections). The 10 measurements
were taken at the locations where the boundary lines of adjacent sections intercept with the
cement line. For each section, the five measurements taken from the anterior part of the AM
bundle were labelled as ‘anterior’ while the other five from the posterior aspect were labelled as
‘posterior’. Thus, the AM bundle ligament angle measurements were divided into four groups
according to their locations: Medial-Anterior, Medial-Posterior, Lateral-Anterior, and Lateral-
Posterior.(Fig. 2) The results describe the ligament insertion angles across the AM bundle tibial
enthesis. Measurements were then averaged to give one angle value per group per AM bundle.

All'measurements were carried out by the lead author only to eliminate inter-rater
reliability issue.

For imaging at the ultrastructural scale, scanning electron microscopy (SEM) was used.
Preparation of the tissue structures followed our earlier protocol for porcine tissue (Zhao et al
2014) and-involved hexane and ethanol treatment of the fixed and decalcified samples, and then

critical point drying and coating before imaging.
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RESULTS

At the macroscale, the double sub-bundle structure of the ACL, has been described in
detail previously (Amis and Dawkins, 1991; Zantop et al., 2005; Petersen and Zantop, 2007). By
contrast; at this same macroscale the AM and PL sub-bundles in the human ACL were not easily
discernible (Fig. 1).

At the microscopic level, with sequential sectioning and beginning from the sagittal plane
on the medial-most side, the PL region of the ACL begins to appear towards the parasagittal
plane (Fig. 3- circled region). The contour of the ligament-bone junction also varied such that
asqit transits from the medial to the lateral aspect of the tibial plateau, it changes from having a
wider attachment to a more focal one (Figs. 3 and 4 — see dotted lines). In the medial aspect of
the’ AM region the ligament-proper direction is relatively orthogonal to the bone contour
throughout the region, whereas in the posterior-lateral aspect of this AM region, the angle of the
ligament-line of action relative to the bone surface becomes more acute (Fig. 5).

Higher magnification views of the specific insertion morphologies revealed differences
between the AM and PL regions. Ligament-to-bone interdigitation, with greater frequency and
depth, would be structurally indicative of greater strength of attachment. The AM region showed
extensive ligament-to-bone interdigitation and a highly irregular boundary between the bone and
ligament fibres (Fig. 6). The tidemark, which separates the un-calcified and calcified
fibrocartilaginous tissue, was also clearly visible in the AM bundle (Fig. 6C). In contrast, the
insertion of the PL bundle displayed a relatively smooth boundary line at the ligament-to-bone
interface with no visible tide mark (Fig. 6D). The insertion morphologies at the tibial enthesis

were quantified using the rugosity index (Fig. 7). In spite of the small sample size, the average
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rugosity index of the ligament-to-bone boundary line in the AM bundle was consistently larger
than that of the PL bundle.

The larger rugosity values for the AM bundle were consistent with the intense
interdigitation of this part of the ligament-bone insertion.

The bone insertion regions were explored further with SEM for both the AM (Fig. 8) and
PL (Fig. 9) regions. The ligament fibrils of the AM region can be seen to be tightly bound within
the bone fibrillar matrix via the interdigitations, these ending as ‘pockets’ of ligament fibrils
‘packed” in bone matrix (Fig. 8). The PL region by contrast does not have this insertion

motphology, and instead the fibrils end abruptly at the bone matrix interface (Fig. 9).

DISCUSSION

Few other studies have investigated the microstructure of the human ACL enthesis,
especially in relation to the bundle regions. Arnoczky (1983) described the changes at the
enthesis from ligament, fibrocartilage, and mineralized fibrocartilage, while more recently
Beaulieu et al., (2015) quantified these changes. However, these studies did not distinguish
between the AM and PL regions, nor did they describe the modes of attachment in relation to the
bone; down to the ultrastructural and fibrillar scales, hence the relevance of this new study.

Starting with the macroscale, the difficulty in differentiating between the AM and PL
bundles is consistent with the recent study by Smigielski et al., (2015) who found no clear
separation of the AM and PL bundles of 111 human ACLs. It is important to note that this latter
study involved only a macro-level structural analysis, and on this basis argued that instead of two

bundles, the ACL formed a flat ribbon-like ligament from its femoral insertion to mid-substance.
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However, there was little information in the Smigielski et al., study relating to the tibial insertion.
Importantly, in the present study we have shown that at the bone attachment the insertion of the
ACL into the tibia reveals a demarcation between two bundle groups (Fig. 3). In fact, the results
suggest that the double bundle structure may be an intrinsic property of the ACL, and an earlier
study by Ferretti et al., (2007) has found the two bundles can be clearly identified in human
fetuses. Thus, any difficulty in discerning the two bundles may well be caused by developmental
and age related structural changes, especially in our case, where the donors were all of advanced
age. More of the implications regarding specimens from elderly people are included in the
limitations section.

Based on the difference in microstructure at their points of insertion we argue that these
two bundle groups are functionally distinct. The AM insertion region involves interdigitation
while the PL does not. Deep interdigitation of the fibrocartilaginous zone into the bone tissue
forms-anirregular border between lamellar bone and calcified fibrocartilage (Cooper and Misol,
1970; Hurov, 1986; Gao et al., 1994). The shape of this interdigitation is said to be related to
local loading conditions (Schneider, 1956). Gao and Messner (1996) mechanically loaded a
range of rabbit knee ligaments, and found that greater frequency and depth of the interdigitations
at the bone-soft tissue interface was positively correlated to the strength of the ligament. Skelley
et al (2015), studying the human ACL showed that the AM bundle was significantly stronger
than the PL'bundle, but did not include an investigation of the insertions of the respective
bundles into bone.

The interdigitation morphology, dominant in the AM region but much less so in the PL,
is consistent with our earlier findings in the porcine ACL-bone junction (Zhao et al., 2014), and

we suggest that this same morphological feature, now shown to be present in the human ACL,
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contributes to strength of attachment, especially in relation to multiaxial loading (see Zhao et al.,
(2014), Fig. 12). We also suggest that the relatively smooth bone contour and shallow insertion
of the PL region of the ACL, closer to the centre and sagittal midline of the joint, reflects its less
dominant role in mechanical stabilisation. It has been suggested by microstructural property
studies that the AM bundle is the primary load bearing region of the ACL with the AM bundle
possessing a higher tissue modulus and failure to stress than the PL bundle (Skelley et al., 2015).
The present study reinforces this point, where the difference in insertion morphology between
the AM and PL region is consistent with the idea that the AM is more designed for larger
loadings than the PL (Benjamin et al., 2006). Subsequently, such a differential loading
configuration would be indicative that any excessive joint loading would translate more directly
to the AM bundle than the PL. This difference in load bearing between the AM and PL regions
may also help to explain why the AM bundle tends to be more commonly involved in partial
ACL tearsrelative to the PL (Lorenz et al.; Ochi et al.; Zantop et al., 2007; Sonnery-Cottet et al.,
2010; Chambat, 2013). However, it has also been shown that tears tend to occur near the femoral
attachment (Zantop et al., 2007; Meyer et al., 2008). Thus conversely, it is possible that the
strong AM bundle tibial insertion renders the femoral origin more prone to injuries. Moulton et
al., (2017) have shown that the ACL femoral enthesis contains a mixture of indirect and direct
insertions and Beaulieu et al., (2016) have found systematic reginal differences in collagen fibre
attachment angles, however detailed microstructural characterization of the enthesis, especially
dataregarding to the interdigitation depth and frequency is still lacking. These counter arguments
and knowledge gaps present scope for further investigation into the multi-scalar structural

realties of the ACL in relation to its vulnerability to injury.
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Of interest too is the change in bony contour of the AM region (Fig. 4), from the medial
to the lateral aspect of the ACL insertion. Due to the small sample size and the descriptive nature
of the study, the authors are careful to not make any conclusive inferences from this contour
change. However, in an earlier study of the tibial enthesis of the ACL (Beaulieu et al 2015),
while it was not inferred in that study, the contours displayed in the histology images (refer to
Beaulieu et al 2015 Figures 3E and 3H) show very similar differences in bone contours from the
medial most to lateral most aspects. The present authors therefore provide a hypothesis on the
significance of such a contour change in the AM bundle in relation to the angle of insertion of
the ligament, and the overall macro-level biomechanics of the ACL. The appearance of a
relatively “spread-out’ insertion of fibres in the medial aspect relative to the lateral aspect where
the insertion is more ‘focal’ in appearance (compare Fig. 4A with 4B) (Fig. 10) may be related to
the function of the AM bundle. Studies have shown that the primary biomechanical role of the
AM bundle is to resists anterior tibial translation (Kennedy et al., 1974; Norwood and Cross,
1979; Bach et al., 1997; Dienst et al., 2002; Amis, 2012). Further, the tibia being internally
rotated relative to the femur during weight bearing (Markolf et al., 2014) would result in the
anterior line of action coinciding with the lateral aspect of the AM region (Fig. 10B). A bone
contour change from the AM medial to the AM lateral, may be to provide a more focally-
directed AM bundle response when the tibia is relatively interior-rotated. In addition, a spreading
out of the.insertion in the medial aspect of the AM bundle, further from the knee center, would
be beneficial in reducing stresses, and this idea is consistent with angles of insertion in this
aspect of the bundle being relatively large, compared to the lateral aspect where they are more

acute and directed towards the line of action (refer to e.g. Fig. 4B and 5).
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Limitations. Several limitations to this study include the small sample size and the old
age of the donors where all were greater than 85 years. ACL surgery is not performed on this
patient population and the structural changes occurring with advanced aging could distort the
microscopic anatomy of the ACL and be captured in study results. While further work will be
required to include ACLs from a younger population, we believe that the data obtained from this
study will still be applicable to improving our understanding of the multi-scalar transition of
ligament morphology to its microstructural insertion into bone. In addition, the femoral insertion
was not studied. However, the important findings from this study are that the attachment
microstructural morphology at the ACL tibial enthesis varies regionally, and is consistent with
the functional demands imposed on the ligament at the macro level.

The two ACL bundles were not easily discernible at the macroscopic level, and bony
demarcations at the microscopic level were used to indirectly define the separation. Thus, there
may be apossibility of misidentification of the boundary between the AM and the PL bundles.
However, from the micro-images (Fig. 3), that the two bundles were correctly identified is
supported by its morphological similarity to the porcine and ovine ACL split bundle structures
that were studied earlier by the present authors (Zhao et al., 2014; Zhao et al., 2015). That the
two bundles identified earlier in the porcine and ovine knee studies (Zhao et al., 2014; Zhao et al.,
2015) were indeed the AM and PL bundles, is validated by the fact that in the animal ACLs, the
anterior insertion of the lateral meniscus provides the gross separation of the two bundles
(Proften et al., 2012), helping to confirm that the microscale morphological differences in the
ligament structure were indeed based on different bundle types. In the human ACL, there is no
such gross separation by the lateral meniscal insertion, as this insertion is too laterally positioned

(Proffen et al., 2012). However, the similarity at the microscale in the ligament morphology
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between the animal and human ACLs provides confidence that the AM and PL bundles
identified in the present study are correct.

Quantitative analyses have been carried out by measuring the rugosity values between
bundles and the ligament attachment angles between regions of the AM bundle. Although the
averaged results in both measurements show a consistent trend, no definite conclusions based on
statistical analysis can be made on the quantitative differences of this small sample size.

The present study also shows that the human attachments between the two bundle-types
are very similar to those seen previously in the porcine ACL where the AM bundle insertion
displayed stronger interdigitation, with the PL bundle comprising a more gradual blending of the
soft tissue and bone (Zhao et al., 2014). The important insight is that this study shows the need
for further exploration into the enthuses of the ACL, especially across scalar-levels.

In terms of a clinical significance, despite the above limitations, this data from this study
suggests that the multi-scale structure, as well as the insertion morphology of the ACL is highly
complex, which may further imply that current double bundle reconstruction strategies should
take into consideration these complexities. More consideration towards the different sub-bundle
alignments and insertion morphologies may be needed in order to further improve the outcomes

of ACL reconstruction surgeries.
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FIGURE LEGENDS

Figure 1: Macro-scale images showing the difficulty in discerning the sub-bundle morphology.
In (A) the two bundles are discerned by palpation and the two dotted arrows indicate the sub-
bundles. (B) A sagittal plane image indicating the AM bundle (dotted arrow) and PL region

(approximately outlined) later confirmed in microscopic imaging.
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Figure 2: selection of angle measurement locations. Ten measurements were made at
equidistance on each section (red circles). The five measurements from the anterior aspect (in
green region) of the bundle were labelled as ‘Anterior’ and the other five from the posterior

aspect (in blue region) were labelled as ‘Posterior’.

Figure 3. From serial sectioning in the sagittal plane, the following three images are displayed:
(A) Medial-most plane showing only the AM region, (B) approximately parasagittal plane
showing the start of the PL bundle (black dotted circle), and (C) relative lateral aspect showing
how the entire ACL is approximately divided equally into the two sub-bundle types. The dotted
white lines in B and C outline the change in the bone contour of the AM region. The black arrow

points to a bone-demarcation between the two sub bundles.

Figure 4: AM region (A) medial and(B) lateral aspects relative to the parasagittal plane. The
dashed lines show the approximate tibia plateau and associated bone contours. The white arrows
indicate the relative line of action of the AM bundle. (C) and (D) are medial and lateral aspects
of the AM insertion of another sample, showing some difference but in essence the same change

1n contours:.

Figure 5: Averaged ligament angle measurements in the AM bundle. Angles in the lateral-

posterior aspect were consistently smaller than those from the rest of the AM bundle.
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Figure 6: Comparison of the enthesis morphology between the (A) & (C) AM and the (B) & (D)
PL bundles at different magnifications. The AM bundle displayed a deeper interdigitation and a
more irregular bone contour (white dash lines) than the PL bundle. The AM bundle also had a

clearly visible tide mark as indicated by the white arrow.

Figure 7: Averaged rugosity measurements. Values from the AM bundles were consistently

larger than those from the PL bundles.

Figure 8. AM-bundle region. A series of images with increasing magnification showing the
ultimate junction morphology of the ligament and bone tissue. (A) DIC image in which the
dotted box outlines the end of an interdigitation of ligament tissue into bone. (B) SEM image of
that shown in A. (C) DIC image, higher magnification, of the dotted box region in A. (D) SEM
imageof that shown in C. (E) and (F) Increasing magnification in SEM of region X shown in D.
(G) and ( H) Increasing magnification in SEM of region Y shown in D. Note the ‘pocket’ like

insertion of the ACL into bone (as outlined).

Figure 9. PL-bundle region. A series of images with increasing magnification showing the
ultimate junction morphology of the ligament and bone tissue. (A) DIC image in which the
dotted box-outlines the junction of ligament tissue into bone. (B) SEM image of that shown in A.
(C) DIC image, higher magnification, of the dotted box region in A. (D) SEM image of that
shown in C. (E) and (F) Increasing magnification in SEM of the junction (dotted box). (G) and

( H) Increasing magnification in SEM of regions X and Y shown in F. Note the abrupt ends of
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the ACL fibrils in (G) and the occasional bundle of ligament fibrils (black arrow) that extend

beyond.

Figure 10. The transverse view of the tibial plateau shows that in load bearing the tibia is
relatively inward rotated and an approximate line of action (black arrow) depicts anterior tibial
translation. The representative ‘footprint’ of the ACL and its sub-bundles (AM and PL) is also
outlined in the transverse view schematic. The two black lines on the footprint represent the
sagittal plane imaging reported in this study. Plane A represents the relative medial aspect of the
ACL and plane B the lateral. (A) Schematic of the AM-bundle bone contour in plane A. (B)

Schematic of the AM-bundle bone contour in plane B.
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Figure 1: Macro-scale images showing the difficulty in discerning the sub-bundle morphology. In (A) the
two bundles are discerned by palpation and the two dotted arrows indicate the sub-bundles. (B) A sagittal
plane image indicating the AM bundle (dotted arrow) and PL region (approximately outlined) later confirmed
in microscopic imaging.
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Figure 2: selection of angle measurement locations. Ten measurements were made at equidistance on each
section (red circles). The five measurements from the anterior aspect (in green region) of the bundle were
labelled as ‘Anterior’ and the other five from the posterior aspect (in blue region) were labelled as
‘Posterior’.
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Figure 3: From serial sectioning in the sagittal plane, the following three images are displayed: (A) Medial-
most plane showing only the AM region, (B) approximately parasagittal plane showing the start of the PL
bundle (black dotted circle), and (C) relative lateral aspect showing how the entire ACL is approximately
divided equally into the two sub-bundle types. The dotted white lines in B and C outline the change in the

bone contour of the AM region. The black arrow points to a bone-demarcation between the two sub bundles.
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Figure 4: AM region (A) medial and(B) lateral aspects relative to the parasagittal plane. The dashed lines
show the approximate tibia plateau and associated bone contours. The white arrows indicate the relative line
of action of the AM bundle. (C) and (D) are medial and lateral aspects of the AM insertion of another sample,

showing some difference but in essence the same change in contours.! +
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Figure 5: Averaged ligament angle measurements in the AM bundle. Angles in the lateral-posterior aspect
were consistently smaller than those from the rest of the AM bundle.
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Figure 6: Comparison of the enthesis morphology between the (A) & (C) AM and the (B) & (D) PL bundles
at different magnifications. The AM bundle displayed a deeper interdigitation and a more irregular bone
contour (white dash lines) than the PL bundle. The AM bundle also had a clearly visible tide mark as
indicated by the white arrow.
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Figure 7: Averaged rugosity measurements. Values from the AM bundles were consistently larger than
those from the PL bundles.
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Figure 8: AM-bundle region. A series of images with increasing magnification showing the ultimate junction
morphology of the ligament and bone tissue. (A) DIC image in which the dotted box outlines the end of an
interdigitation of ligament tissue into bone. (B) SEM image of that shown in A. (C) DIC image, higher
magnification, of the dotted box region in A. (D) SEM image of that shown in C. (E) and (F) Increasing
magnification in SEM of region X shown in D. (G) and ( H) Increasing magnification in SEM of region Y
shown in D. Note the ‘pocket’ like insertion of the ACL into bone (as outlined).
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Figure 9: PL-bundle region. A series of images with increasing magnification showing the ultimate junction
morphology of the ligament and bone tissue. (A) DIC image in which the dotted box outlines the junction of
ligament tissue into bone. (B) SEM image of that shown in A. (C) DIC image, higher magnification, of the
dotted box region in A. (D) SEM image of that shown in C. (E) and (F) Increasing magnification in SEM of
the junction (dotted box). (G) and ( H) Increasing magnification in SEM of regions X and Y shown in F. Note
the abrupt ends of the ACL fibrils in (G) and the occasional bundle of ligament fibrils (black arrow) that
extend beyond.
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Figure 10: The transverse view of the tibial plateau shows that in load bearing the tibia is relatively inward
rotated and an approximate line of action (black arrow) depicts anterior tibial translation. The representative
‘footprint’ of the ACL and its sub-bundles (AM and PL) is also outlined in the transverse view schematic. The
two black lines on the footprint represent the sagittal plane imaging reported in this study. Plane A
represents the relative medial aspect of the ACL and plane B the lateral. (A) Schematic of the AM-bundle
bone contour in plane A. (B) Schematic of the AM-bundle bone contour in plane B.
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