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Abstract

While the crimp morphology in ligaments and tendons has been described in detail in the literature, its relative
distribution within the tissue has not been studied, especially in relation to the complex multi-bundle
arrangement as is found in the anterior cruciate ligament (ACL). In this study, the crimp morphology of the
ovine ACL was examined topologically and with respect to its double-bundle structure. The crimp morphologies
were compared with the knee in three knee positions, namely stance, maximum extension and maximum
flexion. As a control, the crimp morphology of the ACL free from its bony attachments was determined. In the
control samples, the anterior-medial (AM) bundle contained a combination of coarse and fine crimp, whereas
the posterior-lateral (PL) bundle manifested only a coarse crimp. Using the extent of crimp loss observed when
subjecting the knee to the respective positions, and comparing with the controls, the crimp morphologies show
that the AM bundle of the ACL is most active in the stance position, whereas for the maximum extension and
flexion positions the PL bundle is most active. We propose that these differences in crimp morphologies have

relevance to ACL design and function.
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Introduction

Ligaments and tendons have unique biomechanical proper-
ties that allow them to withstand high loads, facilitate
effective load transfer, and stabilize joints (Miller et al.
2011; Woo et al. 2011). The strength of ligaments and ten-
dons relies on the relative amounts of its fibrillar constitu-
ents, the tough collagen providing stiffness and elastin the
compliance or stretch (Kastelic et al. 1978; Lanir, 1978;
Franchi et al. 2007a,b; Woo et al. 2007; Henninger et al.
2013). The structural organisation of the fibres is important,
too, as previous studies have shown that any differential
response to load arises from differences in the lengths of
fibres and the extent of their crimp morphology (Boorman
et al. 2006; Franchi et al. 2008).

Crimping is a known feature in ligaments and tendons
and its regular periodicity allows it to be visualized using
light microscopy and, even more easily, using polarized light
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microscopy (Rigby et al. 1959; Elliott, 1965; Diamant et al.
1972). This crimp is relatively easy to straighten with small
tensile loads (Elliott, 1965; Vidik & Ekholm, 1968), and hence
provides a certain degree of initial compliance in a tendon
or ligament when stretched from a rest state — referred to as
the ‘toe’ region in a typical stress-strain curve (Rigby et al.
1959; Diamant et al. 1972; Atkinson et al. 1999).

When simplified to the shape of a triangle, crimp mor-
phology can be measured in terms of its number, top angle,
and base length; typically these values range from 5 to 14
over a 250-um length span, 120°-145° and 35-75 um,
respectively, depending on the tissue type (Diamant et al.
1972; Gathercole & Keller, 1991; Atkinson et al. 1999;
Franchi et al. 2007a). For example, the rectus femoris
tendon has half the crimp number compared with the
vastus intermedius tendon, the crimp base length in the
former being twice that of the latter (Franchi et al. 2009),
suggesting that the crimp pattern is related to the mechani-
cal function of the specific tendon or ligament.

Previous studies have used crimp analysis to study varia-
tions in strain in a ligament or tendon subjected to mechan-
ical testing (Diamant et al. 1972; Kastelic et al. 1980;
Hansen et al. 2002; Boorman et al. 2006; Franchi et al.
2007a) and for the following reasons:
1.1t provides a method for studying recruitment patterns

in the tissue during load bearing, thus providing a

more detailed understanding of the structure-function
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relationship for complex tendon-ligament structures.
For example, in the ACL with its double-bundle struc-
ture, previous studies have shown that in passive exten-
sion the PL bundle is taut, while in relative flexion the
AM bundle becomes taut with the PL bundle relaxed
(Amis & Dawkins, 1991; Petersen & Zantop, 2007). How-
ever, the relative extent to which each of these bundles
are taut or relaxed, or even co-involved, in providing
stability in the different knee positions is still unknown
and hence it may be argued that the biomechanical
function of each bundle still remains little understood.

2.It provides the additional geometric information that
can simplify complex joint mechanics and thus solve,
statically, the indeterminate distribution of strain and
stress within tendons and ligaments (Stagni et al. 2004)
and help improve the accuracy of current models of
muscle and joint mechanics. For example the ACL elon-
gation behaviour has been studied in vivo using non-
invasive imaging (Hosseini et al. 2009) and strain gauge
implants (Beynnon et al. 1995). However, because the
strain values reported do not represent the strain distri-
bution within the ligament tissue, knee joint models
based on these strain data tend to simulate the ACL as a
relatively homogeneous structure (Hosseini et al. 2009).

3.Determining the distribution of the crimp pattern in
tendons and ligaments allows for a better understand-
ing of the microanatomy and can therefore assist in
the development of improved graft designs and engi-
neered tissue replacements. For example, for the ACL,
current attempts to use artificial materials (e.g. Dacron
and Gortex) to replace the damaged ligament have
not proven effective, with failure occurring in artificial
ligaments despite their being several times stronger
than the natural ligament (Laurencin & Freeman, 2005;
Legnani et al. 2010). Further, there still remain many
issues relating to the use of auto/allografts and engi-
neered ligaments, one being a limited knowledge of
the structural requirements, from the macro to the
nano scales — information that is clearly important for
effective ligament design and mechanical properties
(Petrigliano et al. 2006; Vieira et al. 2009).

Owing to its frequent involvement in knee injuries the
ACL is one of the most studied ligaments (Gianotti et al.
2009; Granan et al. 2009; Janssen et al. 2012; Moses et al.
2012) and much of this research has focused on the anatomi-
cal nature and biomechanical significance of its double-
bundle structure (Kennedy et al. 1974; Norwood & Cross,
1979; Arnoczky, 1983; Odensten & Gillquist, 1985; Clark &
Sidles, 1990; Amis & Dawkins, 1991; Dienst et al. 2002; Zantop
et al. 2005, 2006; Duthon et al. 2006; Petersen & Zantop,
2007; Steckel et al. 2007; Stieven-Filho et al. 2011; Amis,
2012). This emphasis is understandable as ACL surgical repair
and replacement strategies will always be aimed at reproduc-
ing natural knee kinematics and kinetics following injury.
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Despite the considerable number of anatomical studies
there is little published information on the crimp distribu-
tion in the ACL and its functional relevance. This new study
therefore provides a detailed description of the pattern of
crimp in the ovine ACL, in relation to its double-bundle struc-
ture and, as a function of knee posture. We hypothesize that
the crimp pattern in the anteromedial and posterolateral
bundles will be different than in a neutral knee position,
and will vary significantly according to knee flexion position.

Methods

Twelve mature ovine stifle joints (knees) were divided into four test
groups of three, namely control, stance position (~ 50°), maximum
extension, and maximum flexion. For the control group, the ACL
ligament was excised at the femur-end, and ligament-to-tibia bone
samples were isolated and chemically fixed, unconstrained, in 10%
formalin for 72 hours. For the other three groups, each intact joint
was first positioned in the relevant posture using a 6° of freedom
knee-positioning rig and then chemically fixed in situ using 10%
formalin for 1 week (Fig. 1). Following fixation, the knee was
washed and opened, and the ligament was excised at the femur-
end, and ligament-to-tibia bone samples extracted. For this study,
because of the large area of insertion of the ACL into the tibial pla-
teau, compared to the relatively narrow convergence of the tissue
into the femur, only the region of ligament tissue proximal to the
tibial insertion was analysed. This region allowed for easy demarca-
tion between bundles and further provided a relatively wide region
for studying within-bundle crimp differences.

All ligament-bone samples were fully decalcified in 10% formic
acid and then cryo-sectioned in the sagittal plane to obtain 20-um
serial slices. These slices were then examined in their fully hydrated
state using differential inference contrast (DIC) microscopy. The
slices from each sample group were morphologically characterized
by their degree of crimping, taken as an approximate indicator of
elongation and thus of loading (Gathercole & Keller, 1991).

The crimp was classified as substantial, intermediate or minimal
and defined as follows (refer also to Fig. 2):

Substantial crimp was characterized by a consistent banding with
a clearly visible waveform.

Intermediate crimp had a reduced waveform, missing banding,
and/or partially straightened collagen fibres.

Minimal crimp was characterized by extensive areas of straight-
ened collagen fibres with minimal traces of banding.

Quantitative analysis of crimp consisted of two separate measure-
ments, which included the crimp base length and the maximum
crimp angle. The crimp base length was obtained from measuring
digitally the DIC images and using Imace J software. Approximating
the morphology of collagen crimp as a wave, the base length was
equated to one wave length (Franchi et al. 2009). A wave length
was defined as the distance from one crimp apex to its immediate
adjacent apex (Fig. 3).

The crimp angle measurements were obtained using the method
described by Diamant et al. (1972). The polarizers were orthogo-
nally crossed before mounting fully hydrated between a slide and
coverslip on the rotating stage of the microscope. The long-axis of
the fibre array was aligned in the direction of one polarizer
(Fig. 4A). The other polarizer was then rotated until the onset of
extinction was detected, which is when the two dark bands merged
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(Fig. 4B,C), this being an indication that the tangent to the crimp
wave coincides with the rotating polarizer angle'", and hence yield-
ing the crimp angle.

An additional three ovine ACL samples were examined using
scanning electron microscopy (SEM). Bone-ligament samples were
carefully chemically fixed using 10% formalin for 72 hours. The
fixed samples were cut through the sagittal plane using a scalpel
blade and samples underwent hexane and graded ethanol treat-
ment, followed by enzymatic digestion for proteoglycan removal.
They were then critical point-dried and platinum-coated before
imaging using SEM. To ensure accuracy and consistency, the base
length measurements were made following a sequence of multiple
measurements from the DIC images. For each of the three ACLs, the
AM and PL bundles were separated and serial sectioned in the sagit-
tal plane to yield about 180 sections from medial to lateral. The
serial sections were grouped and stored systematically from medial
to lateral in an 18-well plate. Two serial sections were selected to
represent the mid-medial side and two from the mid-lateral side. At
magnification 40x, for each of the bundle sections, 40 base-length
measurements were made of crimps next to each other. Thus for

Fig. 1 Three test positions were studied: (A)
maximum extension, (B) stance position, and
(C) maximum flexion. For all tests, the knee

and joint capsule were intact and formalin-

fixed in position.

Fig. 2 Three levels of fibre crimping: (A)
substantial, (B) intermediate, and (C) minimal.

the four knee position groups, this potentially meant a total of
3840 measurements. The control group measurements were
rechecked again by comparing the measurement made from DIC
images with those obtained from high resolution SEM images
(Fig. 3).

Base length and maximum crimp angle measurements were only
carried out on sample areas exhibiting substantial crimp (Fig. 2A).
Reliable measurements were difficult to obtain from regions of any
sample exhibiting either an intermediate crimp or containing par-
tially straightened collagen fibres. All the data were analysed statis-
tically using both anova and post hoc analysis (significance, P < 0.05,
Bonferroni-corrected).

Results

Crimp base-length and morphology

The different positions tested produced three easily discern-
ible levels of crimp, namely substantial, intermediate and
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Fig. 3 Coarse crimp measurements (A and B)
and fine crimp (C and D) using DIC and SEM

imaging. Double arrows indicate the breadth

of the base length.

minimal (Fig. 2, Table 1). The crimp base lengths for the
AM and PL bundles (Table 1) were mostly within the range
typically found in tendons and ligaments (Franchi et al.
2009). Those base lengths in the > 40-um range were
defined as ‘coarse’ compared with those in the < 20-um
range, which appear as ‘fine’ crimp (Fig. 3), this difference
correlating with their average crimp angles of ~ 45° and
15°, respectively. The amplitude of the coarse crimp was
also greater than that of the fine crimp.

Crimp morphology of the control group

In the isolated ligaments of the control group, both coarse
and fine crimp were present in the AM bundle, whereas
the PL bundle contained only coarse crimp (Fig. 5). In the
AM bundle the coarse crimp occurred mostly in the anterior
portion proximal to the tibial plateau, with the remaining
regions of the bundle containing mostly fine crimp (Fig. 5C,
D). The uniformly coarse crimp characterising the entire PL
bundle was similar to that of the coarse crimp in the AM
bundle (Table 1).

Comparison of the crimp morphologies in the

different positions tested

Representative images of the crimp morphologies in the
AM bundle with respect to region within the bundle and
for all test groups are shown in Fig. 6.

In the stance position, relative to the controls, the fibres
in the anterior portion of the AM bundle exhibited a signif-
icant loss of crimp. This loss of crimp also occurred in the
posterior regions, but to a lesser extent.

In maximum flexion, crimp in the lateral portion of fibres
in the AM bundle was eliminated, both in the anterior and
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posterior regions, whereas the medial fibres were largely
unaffected. In maximum extension, there was a significant
loss of crimp in the anterior-lateral portion of the AM bun-
dle compared with the controls. For the posterior-outer
aspect of the AM bundle, there was crimp loss in all posi-
tions tested. For the inner portion, this was also the case
except in the deep flexion position.

Representative crimp morphologies for the PL bundle
from all test groups are shown in Fig. 7. In the stance posi-
tion, there were no significant differences in crimp mor-
phology in any region relative to the controls. In maximum
flexion, the fibres in all portions of the ligament tended to
lose their crimp, with the greatest loss occurring in the ante-
rior-lateral and posterior-medial portions. In maximum
extension, there was a significant loss of crimp in all por-
tions of the PL bundle except the posterior-lateral region.

Discussion

This study has shown that the crimp morphology in the
ovine ACL differs between the AM and PL bundles, and for
different knee positions. For example, our results show that
in the extreme (non-physiological) positions, the crimp in
the PL bundle is mostly lost but is retained in the AM bun-
dle. By contrast, in the stance position (~ 50° in sheep; Tap-
per et al. 2004, 2008), this difference in crimp loss between
the AM and PL bundles is reversed. The schematic in Fig. 8
summarizes the relative crimp responses regionally in the
bundles and as a function of the three positions studied.
Our extreme positions were obtained by applying large
changes in flexion angle but only in a single plane. In real
life there would also be coupled rotations and translations
in other planes which, while not considered in the present
study, would clearly contribute to the complex loading in
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Fig. 4 Crimp angle measurement using polarized light microscopy following the procedure of Diamant et al. (1972). (A) The initial setting of the
polarizer at 0°, orthogonal to the analyser (second polarizer), with the ligament long axis placed along the x-y axis of the stage, results in the DIC
image shown here, as well as the crimp wave illustration. The double band (denoted by the two arrows), gradually comes together with the rota-
tion of the polarizer (B). Finally, when the bands merge to form a single dark band (C), the polarizer rotation angle matches the tangent angle of

the crimp wave.

the ligaments (Tapper et al. 2004, 2008; Atarod et al. 2014).
In addition, the static positions adopted in the present
study do not represent a physiologically realistic loading of
the joint where muscle forces would also be involved in sta-
bilising the joint. However, by comparing three very differ-
ent positions, and an idealized control where the ligament
is free from the joint, the variation in crimp morphology
responses provided insight into the potential recruitment
patterns of the ligament in negotiating the demand for a
diverse range of joint motions. Further, as ligaments are
passive stabilizers, their mechanical response with the joint
in different positions regardless of muscle activity would
still be largely dependent on the resulting joint position.
Thus by studying the effect of knee position on ligament
crimp distribution, we believe these experiments can still
yield valuable information concerning ligament function.
The AM bundle was observed to be most active in the
stance position and this was more concentrated in the med-
ial portion. Conversely, the AM bundle was least active in
both the maximum flexion and extension positions.

Whereas the anterior-lateral portion of the AM bundle was
relatively active in all positions, the PL bundle was least
active in the stance position, and most active in the maxi-
mum extension and flexion positions. By using crimp mor-
phology to determine the extent of activity in the different
regions of the ligament as a function of knee position, the
differential function and mechanical significance of the
double-bundles in the ovine ACL can be explored. Further,
regional variations in the intensity and extent of crimp may
be used as an indicator of which portions of the ligament
are ‘primed for action’. This idea is supported by well-
established biomechanical studies showing that in the
tensile response of ligaments there is an initial toe-region
displaying a high degree of compliance corresponding to
the straightening of fibre crimp (Vidik & Ekholm, 1968;
Stromberg & Wiederhielm, 1969; Shah et al. 1977; Hansen
et al. 2002). Hence less crimping would result in a quicker
stiff response (smaller toe-region) when the ligament is
stretched. The reduced crimp in the AM bundle, in the
stance position, therefore suggests that this bundle is

© 2015 Anatomical Society
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Anterior

Fig. 5 Crimping in (A) AM bundle and (B) PL bundle. Coarse crimps were visible in the anterior region of the AM bundle and throughout the PL
bundle. (C) A high magnification view of coarse crimping in the AM bundle and (D) fine crimping in the posterior region of the AM bundle.

AM bundle

Posterior

Posterior

Lateral ==

Fig. 6 AM bundle. Sets refer to the positions tested — Control (I), Stance (Il), Maximum Flexion (lll), Maximum Extension (IV). (A-D) Region in the
bundle: anterior-medial (A), posterior-medial (B), anterior-lateral (C), and posterior-lateral (D).

relatively ‘primed’ in this position. The simulated stance it has been shown that the ACL is important in stabilising

position in the present study is similar to the stance position the knee and preventing anterior tibial translation (Atarod
dominant during ovine gait (Tapper et al. 2004), for which et al. 2014). That the PL bundle, and not the AM bundle,
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PL bundle

Lateral &

Fig. 7 PL bundle. Sets refer to the positions tested — Control (1), Stance (Il), Maximum Flexion (lll), Maximum Extension (V). (A-D) Region in the
bundle: anterior-medial (A), posterior-medial (B), anterior-lateral (C), and posterior-lateral (D).

A Maximum extension

Fig. 8 Cross-section of each bundle
highlighting the difference in the degree of
crimping in (A) maximum-extension, (B)
stance, and (C) maximum flexion. Substantial
crimping indicates relatively less loading,
whereas minimal crimping indicates most
loading. The interesting pattern of crimping
shown in the PL bundle in Maximum flexion
(C) may be related to the control of knee
rotation.

B Stance

C Maximum flexion

lost its crimp in both the maximum flexed and extended
positions further suggests that the PL bundle is designed to
stabilize the joint differentially.

We propose that one of the roles of the PL bundle is to
provide stability during subtle out-of-plane rotations such
as internal-external rotation, and this is further supported
by a recent study showing that in the AM bundle the extent
of fibre-rooting into bone is deeper than that for the PL
bundle (Zhao et al. 2014). In the study of Zhao et al. (2014)

© 2015 Anatomical Society

Anterior

PL
Medial —]‘ Lateral

Posterior

. Substantial crimp
. Intermediate crimp

Minimal crimp

the deeper fibre rooting of the AM bundle was interpreted
as being better designed to resist the force lines of action in
anterior tibial translation, compared with the shallower
pocket-insertions of the PL bundle, twisted about the AM
bundle axis, which appear to resist more torsional motions.
On the issue of coarse vs. fine crimping, consider again
the toe-region of a typical load-displacement curve. The
ease with which crimp unravelling can occur is mostly
dependent on the height of the crimp (denoted by ‘a’ in
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a = height of coarse crimp
a’ = height of fine crimp

6 = crimp angle (side)

x = number of fine crimp able to fit within a given coarse crimp (or ratio of base lengths between coarse and fine crimps)
v = ratio of crimp angle between coarse and fine crimp

ii. afa’ = 20

Fig. 9 Schematic of coarse crimp (i) and how a fine crimping configuration could either have the same crimp angle as the coarse crimp (i) or a
smaller crimp angle (iii — dotted outline), as is the case in the fine crimps observed in the present study. The effect of different crimp angles was
calculated using the equation shown, which was derived from a standard trigonometric interpretation. The ratio of coarse crimp height to fine
crimp height, given the same number of fine crimps, is very sensitive to the crimp angle. Using 6 = 45° and y = 3 (i.e. fine crimp angle 15°), the
ratio a/a’ increases five-fold from wheny = 1 (i.e. if fine crimp angle is the same as coarse crimp angle).

Fig. 9) as well as defined by the base length and crimp
angle. A smaller height would imply a reduced toe-region,
and that the finer crimp with its smaller height would be
more ‘primed for action’. However, in reference to a single
coarse crimp, several fine crimp configurations would be
possible within it, as shown by a simple triangle analogy
where smaller triangles are made to fit in one single larger
one (Fig. 9). The data from the morphometric measure-
ments (Table 1) indicate that the fine crimp had a much
smaller angle than the coarse crimp. The schematic (Fig. 9)
shows that within the scale of a coarse crimp, several smal-
ler finer crimps could fit, but by trigonometric interpreta-
tion, and the ratio of the heights of the coarse crimp to the
fine crimp (a/a’), we can show that by a relatively smaller
reduction of the crimp angle in the fine crimps, the shallow-
ness is increased many times over. The crimp angle could
therefore be an important means of optimising the mor-
phological state of a ligament region in readiness for direct
load bearing. In addition, the ratio of heights between two
different sized crimps, a/a’ (Fig. 9), could be a potentially
useful index to characterize the ‘pre-stiffness’ mechanical
properties of load-bearing tissue when this ratio is corre-
lated with mechanical data and a range of crimp morpho-
logies.

The significance of having coarse vs. fine crimping, or
both, may well have important functional implications, as
the AM bundle contains both but the PL bundle only coarse
crimping. The fine crimping in the AM bundle was largely
confined to the posterior portion, that is, closer to the
hypothetical joint centre. Could it be that this portion of
the AM bundle, with its more readily stiff, finely crimped
structure, is designed to provide an ‘immediate’ intrinsic

stability? Conversely, the anterior portion with its coarsely
crimped bundles would appear to allow for a certain
degree of compliance before stiffening, and thus resist
more eccentric loading further from the joint centre. This
would in turn create a stiffness gradient along the anterior
to posterior regions.

Conclusion

From the different passive constraints applied to the ovine
knee joint, the micro-level crimp morphologies of the ACL
observed in this study show that the AM bundle is most
responsive in the stance position, whereas the PL bundle is
most responsive at the maximum extension and flexion
position. Further, two morphologically different crimps,
coarse crimp and fine crimp, are found in the ACL. We pro-
pose that these differences in crimp morphologies have rel-
evance to ACL design and function.
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