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ABSTRACT: The anterior cruciate ligament (ACL) functions as a mechanical stabilizer in the
tibiofemoral joint, and is the most commonly injured knee ligament. To improve the clinical outcome
of tendon grafts used for ACL reconstructions, our long-term goal is to promote graft–bone
integration via the regeneration of the native ligament–bone interface. An understanding of strain
distribution at this interface is crucial for functional scaffold design and clinical evaluation.
Experimental determination, however, has been difficult due to the small length scale of the
insertion sites. This study utilizes ultrasound elastography to characterize the response of the ACL
and ACL–bone interface under tension. Specifically, bovine tibiofemoral joints were mounted on a
material testing system and loaded in tension while radiofrequency (RF) data were acquired at
5 MHz. Axial strain elastograms between RF frames and a reference frame were generated using
crosscorrelation and recorrelation techniques. Elastographic analyses revealed that when the joint
was loaded in tension, complex strains with both compressive and tensile components occurred at the
tibial insertion, with higher strains found at the insertion sites. In addition, the displacement was
greatest at the ACL proper and decreased in value gradually from ligament to bone, likely a reflection
of the matrix organization at the ligament–bone interface. Our results indicate that elastography is
a novel method that can be readily used to characterize the mechanical properties of the ACL and its
insertions into bone. � 2006 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.
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INTRODUCTION

The anterior cruciate ligament (ACL) serves as a
mechanical stabilizer for the tibiofemoral joint and
is the most frequently injured knee ligament, with
approximately 100,000 reconstructions performed
each year in the United States.1–4 Due to the
poor healing potential of the ACL,5 surgical
intervention is required following ligament injury.
Two types of autografts commonly utilized to
replace the ACL include the bone–patellar ten-
don–bone graft and the hamstring tendon (HT)
graft. The HT has become the most commonly
utilized graft type for ACL reconstruction due to
its relatively low donor site morbidity.6,7 However,

this soft tissue-based graft is mechanically
anchored to bone, and the lack of biological fixation
compromises its long-term clinical outcome.

The native ACL connects to bone through a
direct insertion consisting of a linear transition
from ligament to fibrocartilage to bone.8 The
fibrocartilage zone is further divided into nonmi-
neralized and mineralized regions.9 Due to
the presence of more than one type of tissue, the
ACL–bone interface is expected to vary in cellular,
chemical, and mechanical properties. This con-
trolled matrix heterogeneity is believed to permit a
gradual transition of mechanical load between soft
tissue and bone, and in turn, minimizes the
formation of stress concentrations.10 This insertion
site, however, is not reestablished after tendon
graft-based ACL reconstruction. Without a stable
interface, the fixation site of HT grafts to bone
becomes the weak link in the reconstructed graft
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and the leading cause of graft failure and subse-
quent revision surgery.11–16 Our long-term goal is
to promote graft–bone integration by tissue engi-
neering a functional soft tissue–bone interface.
Our success depends on understanding the mecha-
nical properties of the ACL and the ACL–bone
interface, which are important in biomaterial
selection and interface regeneration via tissue
engineering methods. Elucidating the structure–
function relationship at the insertions is critical for
the design of new graft fixation devices capable of
biological fixation through the reestablishment of
the native soft tissue–bone interface.17–20

Classical mechanical testing techniques com-
bined with optical tracking of stain lines, pins, and
fiducial markers have provided a thorough under-
standing of the mechanical response of the femur–
ACL–tibia complex and ACL midsubstance.21–31

When Butler et al.31 evaluated the strain distribu-
tion within the ACL by performing failure tests of
human ACL subbundles, a spatial variation in
strain was measured along the length of the ACL,
with the greatest strain found at the insertion sites.
The type, magnitude, and distribution of strain at
the ACL–bone junction have not been reported.
Experimental determination of the mechanical
properties of the ACL insertions has been limited
due to the relatively small length scale of the inser-
tion sites, which span approximately 700– 800 mm
in neonatal bovine and even smaller lengths in
humans. Several finite element (FE) models have
been used to predict the mechanical behavior of the
ACL and insertions.32–36 However, due to spatial
resolution and other experimental limitations of
traditional mechanical testing techniques, primar-
ily the inability to distinguish the response of
subsurface microscale ACL insertion transitional
tissues from theentire ligamentcomplex,no experi-
mental validation of FE models has been possible.

This study investigates the mechanical response
of the insertion sites using the method of ultra-
sound elastography. Elastography or elasticity
imaging has been used to map mechanical
responses and calculate material properties by
comparing ultrasound or MR images acquired
before and after mechanical loading. This techni-
que, developed in the early 1990s as an alternative
tool for early tumor detection and diagnosis based
on the principle of palpation,37,38 has been exten-
sively validated and utilized in intravascular and
cardiovascular applications in vivo,39,40 as well as
in the guidance of thermal therapy procedures.41

Elastography has been used to determine both
elastic and mechanical properties of tissues.38

Ultrasound elastography in particular has been

used to image the mechanical properties of articu-
lar cartilage under compression.42–45

The objectives of this study were to use ultra-
sound elastography to characterize the mechanical
response of ACL insertions and to image strain
distributions in the ACL proper and at the ACL–
bone insertions. Elastography represents a novel
and reliable technique suitable for evaluation of the
ACL–bone interface as it permits the characteriza-
tion of a relatively small region consisting of
complex tissue types. In this method, the ultra-
sound transducer scans the region of interest while
an external load is applied to induce strain inside
the tissue. Speckle tracking techniques are then
employed to analyze the acquired radiofrequency
(RF) ultrasonic data before and after incremental
loading and to estimate the resulting strain and
strain distributions.46 Time-dependent changes in
mechanical properties can be monitored in real
time and quantified. In this study, the mechanical
response of the ACL and ACL–bone insertion
region under applied tensile loading were imaged.
The incremental displacement and strain distribu-
tions at the ligament and its insertions were
determined using a bovine model.

MATERIALS AND METHODS

Neonatal bovine tibiofemoral joints were obtained from
an abattoir. After removal of surrounding muscle and
adipose tissue, the joint capsule was exposed. Fascia lata
and connective tissue were removed from the capsule
with the ACL and posterior cruciate ligament (PCL) left
intact. During all preparation procedures, the ACL and
surrounding tissues were kept hydrated with physiolo-
gic saline. The femur and tibia were cut approximately
12 cm from the joint. The periosteum was removed and
bone marrow was extracted from the intramedullary
cavity to improve cement fixation of the joint. Subse-
quently, the tibia and femur were secured with custom
anchors and cemented to prevent slippage during
testing. The joint was mounted on a uniaxial material
testing system (MTS 858 Bionix Testing System; MTS,
Eden Prairie, MN) fitted with a custom cylindrical
polycarbonate tank. Before loading, the PCL was
severed and the medial femoral condyle was removed
to improve line-of-sight access to the ACL and in-
sertions within the field of view of the ultrasound image
(Fig. 1a).

Tensile testing was performed with the femur–
ACL–tibia complex (n¼ 3) set in a tibial alignment
following the methods of Woo et al.29 with modifications
to accommodate ultrasound imaging. Briefly, the femur
and tibia were aligned along the tensile axis with 08
of knee flexion, and the sample was submerged in
degassed physiologic saline. In addition to preventing
tissue dehydration, the saline provided a medium for
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ultrasound propagation. A preload of 2 N was applied for
1 min, and the joint was preconditioned by cyclic loading
(0–0.75 mm) for 10 cycles at 20 mm/min followed by a rest
of 1 min. Three sequential loading regimens (Fig. 1b)
were applied to each sample. First, the joint was
cyclically loaded from 0 to 2 mm at 20 mm/min, with
0 mm set as the initial displacement during the preload.
Small displacements were applied initially for speckle
tracking to be optimal for elastographic analysis. Follow-
ing a 30-min rest, the joint was cyclically loaded from 0 to
3 mm, with additional displacement applied during this
testing regimen to ensure an elastographically detect-
able amount of deformation occurred across the inser-
tions. Finally, after an additional 30-min rest, the joint
was loaded to failure at 10 mm/min.29,47–49

During loading, an ultrasound scanner (Terason
2000; Teratech, Inc., Rockville, MD) was used to acquire
RF data at 5 MHz via a linear array. The ultrasound
transducer was mounted inside the saline tank and
positioned to image the ACL and the femoral and tibial
insertions. Sequences of RF data were acquired con-
tinuously during deformation at 54 frames/s for intervals
of 3 s (128 RF lines, sampling frequency: 10 MHz).

The axial displacement between the reference and
successive frames was estimated offline and imaged
using crosscorrelation and recorrelation techniques with
a window size of 3 mm and a window overlap of 80%.38,44

Axial displacements (i.e., displacements occurring ortho-
gonal to the face of the transducer and parallel to
the direction of ultrasound pulse propagation) were

Figure 1. Mechanical testing of the bovine patellofemoral joints and image acquisition
using an ultrasound transducer. (a-i) The joint was loaded in the MTS modified with a
customized saline tank, and the ultrasound transducer (yellow arrow) was mounted
inside the tank. The ligament and the ligament-to-bone insertions were scanned
posteriorly. (a-ii) Posterior view of the joint (ACL insertion sites labeled with black
arrows) mounted in a tibial orientation and with 08 flexion. (b) Ultrasound RF data was
acquired while the joint was loaded in tension. Three loading regimens were applied:
(i) 0–2 mm at a rate of 20 mm/min, (ii) 0–3 mm at a rate of 20 mm/min, (iii) load to failure
at a rate of 10 mm/min.
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estimated for each RF frame with respect to the reference
frame using a 1D crosscorrelation algorithm. In this
algorithm, time-shifts between two backscattered RF
signals were determined using crosscorrelation of small
windowed segments over the entire 2D ultrasound
image.38 At high decorrelation noise, recorrelation
techniques were employed.44 Finally, the strain distribu-
tion was computed by differentiating the displacement
map along the axial direction. For numerical differentia-
tion, a least-squares regression method was used.50

Displacement and strain were estimated relative to a
reference ultrasound RF frame, which was captured
before the application of tensile load, to obtain a temporal
profile and map of the cumulative deformation at the
ligament and the insertion.

RESULTS

In all specimens tested, the ACL, femoral insertion
(FI), and tibial insertion (TI) of the ACL, and
femoral or tibial bone were clearly identifiable on

the ultrasound images (Fig. 2b) and in all sub-
sequent displacement maps (Fig. 2c) and strain
elastograms (Fig. 2d). Each tissue type exhibited
a distinct ultrasound signature. This resulted
in tissue-specific speckle patterns distinguishing
ligament, articular cartilage, and subchondral
bone (Fig. 2b). Differences between soft and hard
tissue signatures were used to identify the ACL
insertions into bone. Due to its high density, bone
is strongly hypoechoic, resulting in specular
reflection at the ligament–bone interface and poor
ultrasound propagation within the tissue. There-
fore, bone appears black on the B-mode ultrasound
images (Fig. 2b). The ligament is more uniform,
and therefore hyperechoic, enabling the tissue
structure to be discernable on the B-mode images.
Within the ACL, a narrow band of high strain in
the middle and along the length of the ACL was
observed and corresponded to a highly echogenic
area on the B-mode images. This may reflect the

Figure 2. Elastographic analysis of the ACL and its insertions. (a) Posterior view of the
scanned ACL and the tibial insertion (TI) and femoral insertion (FI) sites. (b) Ultrasound
image of the ACL and tibial insertion. (c) Corresponding displacement map calculated
from RF data, with blue to red, indicating small to large displacements (mm),
respectively. (d) Corresponding elastogram with percent compressive strain indicated
in blue and tensile strain in red. Negative values denote compressive strain. Note the
complex strain distribution at the insertion sites with both compressive and tensile strain
detected at the insertion. (scale bars¼ 5 mm).
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organization of the ACL, which consists of ante-
romedial and posterolateral bundles.51,52

After confirming the feasibility of imaging
the ACL and insertions with ultrasound and
establishing clear identification of the tissue
regions, the localized mechanical behavior of the
ACL and tibial insertion was determined using
ultrasound elastography. Elastographic analysis
yielded maps of cumulative deformation and strain
in the ACL and its tibial insertion during tensile
loading. The distribution of tissue deformation
in the femur–ACL–tibia complex is shown in
Figure 2c, with magnitudes of deformation repre-
sented from high (red) to low (blue). The displace-
ment was found to be the highest (red in Fig. 2c)
within the ACL proper and decreased in a gradual
transition from ligament (red) to interface (orange)
to the bone surface (blue). In addition, strain maps
(Fig. 2d) revealed that the strain profile at the tibial
insertion was highly complex. Both compressive
and tensile strains were evident at the insertion
site, indicated by the green–blue and yellow–red
regions, respectively. A narrow blue region along
the entire upper tissue–saline interface in the
elastogram (Fig. 2d) is an artifact of the high
acoustical impedance difference between the
femur–ACL–tibia complex and saline, and should
not be misinterpreted as compressive strain.
Compressive strains (blue) found within the ACL
proper were largely artifacts as the transducer was
aligned with respect to the insertion (region of
interest in this study) during loading.

The accumulation of deformation and strain
throughout the entire femur–ACL–tibia complex
is evident in Figure 3, which shows deformation
(Fig. 3a) and strain (Fig. 3b) for a sequence of 16
frames with respect to a single reference frame.
Although the deformation remained relatively
constant in the bone region (blue) over time from
frames 1–16 (0.1 mm total displacement) signifi-
cant changes were found in the ACL proper, as
shown by the increase in deformation reflected in
the color change of the ACL region from blue to
green, yellow, orange, and finally red in the ACL
region (Fig. 3a). Pointwise temporal displacement
and strain analysis of the deformation at the tibial
insertion over time demonstrated that under
applied tension, complex strain with both compres-
sive (blue) and tensile (red) components were
detected at the interface between ACL and bone.
To confirm the existence of compressive strain in
the insertion, further analysis was performed
focused on a specific point on the elastogram at
which the compressive strain could be clearly
observed. These results are presented in Figure 4,

which shows the displacement and strain response
at a single point (chosen from Fig. 2c, arrow). This
point corresponds to a 0.3� 0.6-mm region within
the tibial insertion that was clearly undergoing
compressive strain, and a constant rate of deforma-
tion was observed, with a corresponding noncon-
stant evolution of compressive strain.

In the elastographic analysis method, displace-
ment and strains are measured along the axis
parallel to the direction of ultrasound beam
propagation. This may introduce artifacts corre-
sponding to the orientation of the transducer with
respect to the femur–ACL–tibia complex. To
ensure that our results were independent of the
transducer orientation, an additional trial was
performed with the transducer rotated such that
its face was aligned with the principal axis of the
ACL (Fig. 5). A gradual decrease in deformation
was again observed across the insertion, with high
deformation (green) imaged in the ACL proper, a
lower magnitude of deformation detected in bone
(dark red), and a transition from green to yellow,
orange, and red observed at the interface between
the ACL and bone (Fig. 5b). More importantly,
compressive strain (blue regions, Fig. 5c) was again
found at the interface when the joint was loaded in
tension, and the artifact compressive strain in the
ACL proper evident in Figure 5 was no longer
present. Only tensile strains (red regions) were
seen in the ACL proper. These results are consis-
tent with those presented in Figure 2 and collec-
tively demonstrate that when the joint was loaded
in tension, both compressive and tensile strains
were present at the interface between ligament and
bone.

DISCUSSION

We have reported here the first experimental
determination of the localized mechanical
response of the ACL and its insertions using
ultrasound elastography. Our objective was to
evaluate the feasibility of utilizing this novel
functional imaging technique to determine the
mechanical response and strain distribution at the
insertion sites. Under tensile loading, the strain
distribution at the ACL–bone insertion was found
to be highly complex, with both tensile and
compressive components. In addition, the magni-
tude of deformation was highest in the ACL
proper, with a gradual decrease across the ACL–
bone transition, suggesting increasing tissue stiff-
ness from ligament to bone.

Currently, no gold standard exists for determin-
ing strains at the insertion. The aforementioned
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dimensional limitations of traditional mechanical
testing techniques and the subsurface nature of
interfacial tissue motivate the need for novel
analytical methodologies to evaluate insertion
mechanical properties. Our results demonstrate
that ultrasound elastography is a promising tool for
determining the mechanical behavior of the ACL

and its insertions. Ultrasound elastography as an
elasticity imaging modality has been extensively
validated theoretically and experimentally.38–45,53

Several of the elastographic studies and related
theoretical models focused on articular carti-
lage.42,44,45 For example, poroelastography,44 or
elastographic imaging of poroelastic tissues, has

Figure 3. Sequential images of (a) axial displacement (mm) and (b) corresponding
axial strain (%) elastograms during tensile loading of the femur-ACL-tibia complex. In
the elastograms, blue denotes compressive stain and red represents tensile strain. Note
the development of large displacement in the ligament compared to bone during applied
loading (0.1 mm total displacement over 0.3 sec), as indicated by the change from blue to
red in the ligament proper in (a).
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been used to estimate and image the in-plane strain
ratio of simulated cartilage during sustained
compression. Several groups have implemented
traditional B-mode diagnostic ultrasound imaging
for invivo evalutationof ligamentous tissues.46,54–61

Suzuki et al.60 applied ultrasound imaging as
a noninvasive tool for diagnosing injuries to the
ACL, and Scherer et al.58 used ultrasound to
monitor postsurgery recovery of patients who had
undergone ACL reconstruction. Recently, Revell

et al.62 utilized a block-matching technique to
determine strain fields from dynamic sequences of
ultrasound images of digital flexor and patellar
tendons. Although these results demonstrate the
applicability of this method for characterizing soft
tissues, the block-matching method compares only
ultrasound B-mode images, which limits the reso-
lution and accuracy of the strain map as opposed
to the RF data used in elastography.38,44 In the
present study, we have introduced the means for
analyzing strain distribution in soft tissues and
their insertions into bone with high accuracy and
resolution.

Strain elastograms revealed that both tensile
and compressive strain components were evident
at the insertion site. Displacement was nonuniform
throughout the femur–ACL–tibia complex, and
strains experienced at the ACL insertions were
highly complex. Although artifact negative strain
values were first present in the ACL proper due to
one-dimensional strain analysis, altering the
transducer orientation confirmed that the strain
in the ACL was predominantly tensile, while the
strain distribution at the insertions was both
tensile and compressive. Displacement images also
revealed that deformation was higher in the ACL
midsubstance compared to the tibial insertion, and
that a gradual transition existed in the degree of
deformation progressing from the ligament proper,
through the tibial insertion, and finally into bone.
These results suggest a tissue-dependent increase
in stiffness from ligament to interface and then to
bone, and confirms previous results from our
laboratory, in which the compressive mechanical
properties of the ACL–bone insertion sites were
measured.18

Figure 5. Effects of transducer orientation on elastographic analysis results. (a)
Ultrasound image of ACL, femoral insertion (FI), and tibial insertion (TI) acquired with
the face of the transducer aligned with the principal axis of the ACL. (b) Corresponding
displacement map calculated from RF data, with red to blue indicating small-to-large
displacements (mm), respectively. (c) Corresponding elastogram with percent compres-
sive strain indicated in blue and tensile strain in red. Negative values denote compressive
strain. Note that only tensile strain (red) was found at the ACL proper and compressive
(blue) strain was again detected at the ACL–bone insertions (TI and FI).
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Figure 4. Comparison of pointwise elastographic
analysis results with acquired tensile testing data.
(a) Displacement in the femur–ACL–tibia complex as
recorded by the MTS, with (b) corresponding variation in
displacement and (c) corresponding strain at the tibial
insertion calculated from pointwise temporal analysis of
elastographic data. The selected point of data analysis
corresponds to the region indicated by the arrow in
Figure 2c and these results confirm the presence of
compressive strain at the insertion site under applied
tensile loading.
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Our results constitute the first experimental
determination of the complex strain distribution at
the insertion sites. Prior to this study, strain
distribution at the soft tissue-bone interface had
been predicted largely through FE analysis, as
traditional mechanical testing techniques are
unable to resolve subsurface strain on such a
small length scale (the width of the interface is
780� 3 mm for neonatal bovine63). Our experimen-
tal findings corroborate those of FE analyses
performed by Matyas et al.,64 who predicted that
when the medial collateral ligament (MCL) is
loaded in tension, the principal stress component
found at the femoral insertion is compressive.
Although the angle of insertion differs between
the MCL and ACL, fibrocartilage tissue is the
dominant tissue type found at the bony insertion
for both ligaments. The presence of fibrocartilage
supports our finding that a compressive strain
component exists at the interface, as fibrocartila-
ginous tissues are often found in regions of
compression.65,66 The complexity of strain distri-
bution within the insertions may facilitate the
transfer of tensile strain from the ligament to bone
through this interfacial fibrocartilage tissue.37 In
addition, collagen fibers extending from ligament
into bone at the insertions may transmit tensile,
shear and compressive stresses through the fibro-
cartilage zones.8

Our findings and the developed methods will be
used in future studies to elucidate the structure–
function relationship at the ligament–bone inter-
face. Our long-term goal is to translate this under-
standing to the design of biomimetic scaffold
systems able to facilitate biological fixation of soft
tissue grafts to bone. The intent of this study was to
develop novel methods that will enable the experie-
mental analysis of ligament insertion strains; thus,
the femur–ACL–tibia complex was only tested
under uniaxial tension in a saline environment.
Future studies will extend these methods to the
evaluation of insertion mechanical properties
under physiological loading in an anatomic orien-
tation. Understanding the mechanical responses of
the native ACL and its insertions are important in
the evaluation of replacement graft healing. Ultra-
sound elastography may be used to determine the
in situ distribution of strain at the ACL–bone
insertions and graft–bone fixation sites in the
clinical setting. This technique provides functional
information regarding the ACL, and can image the
degree of graft healing following ACL reconstruc-
tion. The methodology developed in this study may
enable quantitative and noninvasive evaluation of
the structural properties of the ligament as well as

the healing graft, in turn providing a reliable
method to predict clinical outcomes and devise
optimal physical therapy regimens.

In summary, when the femur–ACL–tibia com-
plex was loaded in tension, an increase in stiffness
from ligament to bone was found, and strain
distribution within the tibial ACL insertion
included both compressive and tensile components.
These findings corroborate reported FE predictions
and provide experimental validation of previous
assumptions regarding the mechanical response of
the fibrocartilaginous interface at ligament-to-
bone insertions. Results of this study augment
our understanding of the insertion site, and will
guide our efforts to regenerate a functional tendon–
bone interface. Ongoing studies focus on the use
of higher frequency ultrasound scanners to quan-
tify the mechanical properties of the ACL inser-
tions in vitro and translation of this technique to in
situ analysis of both the ACL and reconstruction
grafts.
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