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Abstract—Ligament function and propensity for injury are
directly related to regional stresses and strains. However,
noninvasive techniques for measurement of strain are currently limited. This study validated the use of Hyperelastic
Warping, a deformable image registration technique, for
noninvasive strain measurement in the human medial collateral ligament using direct comparisons with optical measurements. Hyperelastic Warping determines the deformation
map that aligns consecutive images of a deforming material,
allowing calculation of strain. Diffeomorphic deformations
are ensured by representing the deformable image as a
hyperelastic material. Ten cadaveric knees were subjected to
six loading scenarios each. Tissue deformation was documented with magnetic resonance imaging (MRI) and videobased experimental measurements. MRI datasets were
analyzed using Hyperelastic Warping, representing the
medial collateral ligament (MCL) with a hexahedral ﬁnite
element (FE) model projected to a manually segmented
ligament surface. The material behavior was transversely
isotropic hyperelastic. Warping predictions of ﬁber stretch
were strongly correlated with experimentally measured
strains (R2 = 0.81). Both sets of measurements were in
agreement with previous ex vivo studies. Warping predictions
of ﬁber stretch were insensitive to bulk:shear modulus ratio,
ﬁber stiffness, and shear modulus in the range of +2.5SD to
)1.0SD. Correlations degraded when the shear modulus was
decreased to 2.5SD below the mean (R2 = 0.56), and when
an isotropic constitutive model was substituted for the
transversely isotropic model (R2 = 0.65). MCL strains in
the transitional region near the joint line, where the material
behavior and material symmetry are more complex, showed
the most sensitivity to changes in shear modulus. These
results demonstrate that Hyperelastic Warping requires the
use of a constitutive model that reﬂects the material
symmetry, but not subject-speciﬁc material properties for
accurate strain predictions for this application. Hyperelastic
Warping represents a powerful technique for noninvasive
strain measurement of musculoskeletal tissues and has many
advantages over other image-based strain measurement
techniques.

INTRODUCTION
Mechanical stresses and strains within musculoskeletal tissues reﬂect joint function. Ligaments are
complex three-dimensional structures that exhibit
highly inhomogeneous strain patterns.15,21 For example, while collagen within other musculoskeletal tissues
may organize with directional isotropy,14 knee ligaments exhibit a preferred local ﬁber direction that
tends to run the length of the ligament but shows some
spatial variability.49 A spatially inhomogeneous
anisotropy is fundamental in describing the specialized
function of ligament within a joint, and the structure of
a ligament is directly related to the development of
regional stresses during applied loads.36 Ideally,
quantiﬁcation of both in vivo stresses and strains may
be used to identify normal ligament function and
alterations due to injury or disease.49
Since in vivo noninvasive measurement of ligament
stress is currently not possible, experimental investigations have inferred ligament mechanical function
through the measurement of strain1,8,15,23 rather than
stress. Techniques that have been used for noninvasive
strain measurement in soft tissues include texture
correlation5,6,18 and magnetic resonance (MR) tagging.33,35,50 Texture correlation requires the presence
of well-deﬁned textural details that can be tracked
between image pairs and does not provide any constraint to ensure diffeomorphic mappings for large
deformations,34 while MR tagging is limited to loadings that can be repeated cyclically because of the need
to tag and then acquire MR data along separate spatial
directions sequentially.33 Historically, even invasive
measurement of ligament strain has proven to be
challenging because constraints in access and visibility
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to the ligament limit the application of traditional
optical or strain gauge techniques. Ligament strains
have been measured both in vivo and ex vivo using
techniques such as implantation of magnets,1,8 mercury strain gauges,23 and optical markers.15 Due to
their intrinsic invasiveness, these methods have been
most frequently applied for ex vivo studies.
Algorithms for deformable image registration42,44,47
have become a viable option for ligament strain measurement due to recent advances in MR imaging pulse
sequences that enhance the signal intensity of collagen.9,26 Deformable image registration is used to
determine a deformation map that aligns the features
of one image with the corresponding features in another image.44 If these image pairs represent distinct
states of deformation, it is possible to determine the
strain in the tissue from the deformation map that
aligns the image datasets. Deformable image registration is typically an ill-posed problem20 because a unique solution for the alignment of the two sets of
images does not exist. Therefore, a regularization and/
or cost function must be used. Our laboratory has
developed and applied Hyperelastic Warping,38,42,43,47
a speciﬁc algorithm for deformable image registration,
to measure strain directly from medical image data.
Hyperelastic Warping combines an image-based energy calculated from the intensity ﬁelds of the image
pairs with a hyperelastic regularization of the underlying deformation ﬁeld. An initial template image is
chosen to represent the material in the reference conﬁguration, while a target image is chosen to represent
the same material after deformation. A spatially
varying force is produced to deform the discretized
template image into the target image by minimizing an
energy functional. Since it is based strictly on image
data, strain measurement with Hyperelastic Warping
can be noninvasive.
The purpose of this study was to validate the use of
Hyperelastic Warping for noninvasive measurement of
ligament strain by direct comparison of strains predicted by Warping to experimental optical strain
measurements. The sensitivity of Hyperelastic Warping
predictions to errors in material model selection and
material coeﬃcients was determined. The medial collateral ligament (MCL) was selected for study due to
extensive data in the literature on MCL strain behavior,1,15,23 the availability of validated experimental
protocols for ligament strain measurement,27 highresolution MR image data is available,26 and ligament
mechanical function is pivotal for knee injury and
healing.49 Two hypotheses were tested: (1) Hyperelastic
Warping can accurately predict MCL ﬁber stretch (ﬁnal length/initial length along the local ﬁber direction)
during passive knee ﬂexion and knee ﬂexion with valgus torque and (2) variations in the assumed material

coefﬁcients and constitutive model have a minimal
effect on the predicted ﬁber stretch distributions.
MATERIALS AND METHODS
Study Design
Ten fresh-frozen, cadaveric, male, left knees were
tested (mean age: 48 years; SD: 14; range: 18–65). A
pilot study was performed on an additional knee (male,
age 64) in order to optimize the MR acquisition settings
and to obtain estimates of means and variance for
power analysis. Exclusion criteria were surgical scars or
evidence of joint disease such as osteoarthritis. Based
on estimates for the means and standard deviations of
MCL strain from the pilot study combined with previously published data,15 a power analysis demonstrated that a sample size of 10 was sufﬁcient to obtain a
power of 0.8 when detecting a physiologically relevant
effect size set at 1.0% strain change during knee ﬂexion
with 12 N m valgus torque. A custom loading ﬁxture
was designed to allow application of six distinct loading
states to the knees in a magnetic resonance imaging
(MRI) scanner. The knee at full extension was deﬁned
as the reference conﬁguration for strain measurement,
and ﬁve different target loading conﬁgurations were
investigated: 0 ﬂexion with valgus load, 30 passive
ﬂexion, 30 ﬂexion with valgus load, 60 passive ﬂexion,
and 90 passive ﬂexion.
Specimen Preparation
Knee specimens were prepared for kinematic testing
and strain measurement using the protocol of Gardiner
et al.16 with the exception that more contrast markers
were used to deﬁne additional gauge lengths and the
patella and anterior joint capsule were kept intact
during dissection. A 3 · 8 grid of black plastic spheres
(2.38 mm dia.) was bonded to the ﬁbers of the superﬁcial MCL with cyanoacrylate. These contrast markers
formed 21 gauge lengths for strain measurement along
the visible ﬁber direction (Fig. 1b). Each gauge length
was approximately 9 mm long. The specimen was
wrapped in saline-soaked gauze during all testing and
was regularly moistened with 0.9% buffered saline.
The MCL was exposed for approximately 4–5 h during
testing and no visual evidence of dehydration was
observed.
Loading Fixture
A custom MRI-compatible (Nylon) ﬁxture was designed to hold the knee at passive ﬂexion angles of 0,
30, 60, and 90, and apply a calibrated valgus load at
0 and 30 ﬂexion angles (Fig. 1a). A load/torque cell
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FIGURE 1. (a) Schematic medial view of knee within loading fixture, illustrating the six loading configurations. (1) Initial baseline
configuration with 0° flexion (knee at full extension) identified as fiber stretch of 1. (2) 0° flexion with valgus load applied with
lateral displacement of proximal femur. (3) 30° passive flexion. (4) 30° flexion with valgus load. (5) 60° passive flexion. (6) 90°
passive flexion; (b) Strain measurement locations on the superficial MCL. Anterior strain gauge lengths (Column A) are aligned
longitudinally and posterior strain gauge lengths (Column C) are aligned obliquely. Gauge lengths A5, B5, and C5 were positioned
across the joint line (dashed line); (c) Photograph depicting fiber direction of distal MCL.

(Futek T5105, Irvine, CA; accuracy ±0.056 N m) was
used for each knee to calibrate the lateral displacement
of the distal femur with a valgus torque of 12 N m
while tibial motion was constrained in ﬁve degrees-offreedom (only tibial axial rotation permitted). Since
the load/torque cell could not be used in the MRI
scanner, the calibrated lateral displacement was used
to deﬁne valgus load. The loading ﬁxture was
designed to allow limited but highly repeatable loading conditions, with minor adjustments to accommodate knees of different sizes. The repeatability of
knee conﬁgurations within the ﬁxture was conﬁrmed
for each individual knee with a MicroScribe-3DX
digitizer (Immersion Corp., San Jose, CA; accuracy
±0.085 mm); tracking of anatomic and surface marker landmarks demonstrated that each loading conﬁguration was repeatable to within ±1% error for
joint position and ﬂexion angle. The ﬁxture was
designed to hold the long axis of the MCL nearly
constant with respect to the magnetic ﬁeld during
ﬂexion in order to minimize the effect of directional
anisotropy during imaging. The ‘‘magic angle effect’’
creates an artifact of increased signal intensity for
collagenous tissue aligned at 55 with respect to the B0
axis of the MRI scanner.41 Digitization conﬁrmed that
the long axis of the MCL deviated less than 2 with
respect to B0 for all loading conditions, and the magic
angle effect was not observed in the resulting MR
images. The knee was preconditioned with 15 loading
cycles prior to data acquisition at each loading conﬁguration.
Video-based Strain Measurement
Strains were measured from the contrast markers
using a 3D motion analysis system consisting of two

digital cameras (Pulnix TM-1040, 1024 · 1024 ·
30 fps, Sunnyvale, CA) and analysis software (DMAS,
Spica Technology Corp, Maui, Hawaii). The accuracy
of this system is ±0.024 mm (±0.18% absolute strain)
for the testing conditions and gauge lengths used in
this study.27 The coordinates of the contrast markers
with the knee at full extension were used to deﬁne the
reference lengths for ﬁber stretch calculations.

MRI Acquisition and Processing
Several methods were combined to overcome the
challenge of obtaining suﬃcient signal intensity from
the MCL with MRI. The T2 relaxation time constant
of collagenous tissue such as ligament has been
estimated to be lower than 2 ms.22 A short echo time
(TE), dual echo Spoiled Gradient (SPGR) pulse
sequence was developed to obtain signal from the
MCL.17,26 Dual echo images (TE1 = 1.6 ms, TE2
= 8.6 ms, matrix = 512 · 256, ﬁeld of view = 16 cm,
slice thickness = 0.8 mm) were acquired on a 1.5 T
clinical MR scanner (GE Medical Systems, Milwaukee,
WI). Two 3-in. diameter, phased-array surface coils
were positioned on either side of the knee. To correct
for intensity inhomogeneity of the MR data, a bias
correction algorithm based on Sled et al.39 was applied
separately for each echo. The dual echoes were processed to enhance MCL signal using
T2 processed signal ¼

k
;
lnðecho2=echo1Þ

ð1Þ

where echo1 and echo2 represent the signal intensity of
each echo and k is a scaling factor. The MCL was
visible at the lower echo time (Fig. 2a, arrows) but not
at the higher echo time (Fig. 2b, no arrows).
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Kailua, HI). The aim of the segmentation process was
to create a ﬁnite element (FE) mesh that corresponded
to the boundary and volume of the MCL (Fig. 3a) to
conﬁne the computational solution to the structure of
interest. A triangulated MCL surface (Fig. 3b) was
imported into FE preprocessing software (TrueGrid,
XYZ Scientiﬁc, Livermore, CA) and a hexahedral FE
mesh was created (Fig. 3c).13,16
Finite Deformation Theory

FIGURE 2. Sample coronal slice from a dual-echo MR
acquisition of the medial knee. (a) Echo 1, TE1 = 1.6 ms with
MCL clearly visible (white arrows); (b) Echo 2, TE2 = 8.6 ms
with most MCL components not visible; (c) Bias corrected and
T2 processed image used as the basis for Hyperelastic
Warping analysis.

Template and Target Images
Image datasets of the MCL were acquired with each
knee at 0 passive ﬂexion. These were deﬁned as the
template images and represented the reference conﬁguration for each knee. Target image datasets documented the ﬁve knee loading conﬁgurations for each
knee: 0 ﬂexion with valgus load, 30 passive ﬂexion,
30 ﬂexion with valgus load, 60 passive ﬂexion, and
90 passive ﬂexion. Acquisition of each image dataset
for this study required approximately 12 min of scan
time.
Surface Reconstruction and FE Mesh Generation
The MCL surface was manually segmented from the
MR images. Cross-sectional contours of the MCL
were extracted from the MRI dataset (SurfDriver,

Hyperelastic Warping uses a Lagrangian reference
frame to track deformation of the template image. The
deformation map that aligns the template image with
the target image is denoted uðXÞ :¼ x ¼ X þ uðXÞ,
where x are current (deformed) coordinates corresponding to X and uðXÞ is the displacement ﬁeld. The
deformation gradient F is deﬁned as
FðXÞ :¼

@uðXÞ
:
@X

ð2Þ

The change in density is related to F through the
Jacobian, J :¼ detðFÞ ¼ q0 =q, where q0 and q are
densities in the reference and deformed conﬁgurations,
respectively. The positive deﬁnite, symmetric right
Cauchy–Green deformation tensor is C ¼ FT F.
Hyperelastic Warping
An overview of Hyperelastic Warping is provided
below—the details can be found in our previous publications.38,42–44,47 Most deformable image registration
methods can be posed as the minimization of a twoterm energy functional with an image-based energy and
a regularization/constraint energy.44 In the following
presentation, the spatially varying scalar intensity ﬁelds
for the template and target are denoted by T and S,

FIGURE 3. Schematic showing the procedure for mesh generation from the MR images. (a) Anterior view of the knee, showing
MCL in a coronal slice; (b) Anterior view of triangulated surface, reconstructed from closed bounded contours; (c) Medial view of
finite element mesh of MCL with enlargement to show mesh detail.
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respectively. For Hyperelastic Warping, the two terms
of the energy functional E are deﬁned as43
Z
Z
EðuÞ ¼ WðX; CÞdv  UðTðXÞ; SðuÞÞdv:
ð3Þ
b
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dataset. They are opposed by the internal forces
arising from the deformation of the template image,
governed by the form of the hyperelastic strain
energy.

b

Here, b is the volume of integration in the deformed
conﬁguration, W represents the regularization energy,
and U is the image-based energy. Hyperelastic Warping takes W to be the strain energy for a hyperelastic
material, governed by nonlinear continuum mechanics.
Since W depends on C, which is independent of rotation, hyperelasticity provides an objective (invariant
under rotation) constitutive framework for deformable
image registration.40 The image-based energy used in
this study is based on a Gaussian sensor
model10,12,32,43:
k
UðTðXÞ; SðuÞÞ ¼ ðTðXÞ  SðuÞÞ2 :
2

ð4Þ

Here, k is a penalty parameter that enforces alignment of the template model with the target image data.
As k ﬁ ¥, ðTðXÞ  SðuÞÞ2 ! 0, and the image energy
converges to a ﬁnite, minimized value. The ﬁrst variation of the functional U in (4) gives rise to the imagebased force term:


@SðuÞ
 g : ð5Þ
DUðX; uÞ  g ¼ k ðTðXÞ  SðuÞÞ
@u
This vector term drives the template deformation
based on pointwise diﬀerences in image intensity and
the gradient of the target intensity, evaluated at
material points in the template model. The ﬁrst variation of the energy functional EðuÞ in (3) with respect
to the deformation uðXÞ in direction g gives rise to the
Euler–Lagrange equations32,43:
Z
Gðu; gÞ :¼DEðuÞ  g ¼ r : rg dv



Z



b


@S
 g dv ¼ 0;
k ðT  S Þ
@u

ð6Þ

b

where r is the second-order symmetric Cauchy stress
tensor,
1 @W T
r¼ F
F :
ð7Þ
J @C
The ﬁrst term on the right-hand side of (6) represents the weak form of the equilibrium equations from
continuum mechanics (see, e.g., Marsden and
Hughes30). The second term is the image-based force
term, which drives the deformation of the template
model. The image-based forces deform the discretized
template model into registration with the target image

Finite Element Discretization
The Hyperelastic Warping algorithm has been
integrated into the nonlinear ﬁnite element code
NIKE3D.29 The template image data T are interpolated to the nodes of the hexahedral FE mesh to represent part or all of the template image domain. As the
mesh deforms, the target image data S are queried at
the current location of nodes in the template FE mesh.
After linearization of Eq. (6) about a known conﬁguration u , FE discretization and global assembly, the
assembled FE mesh is represented by a system of linear
equations:
e 
X

e 
X


KC ðu Þ þ KI ðu Þ  Du ¼
Fext ðu Þ þ Fint ðu Þ ;

ð8Þ
e
P

is the FE assembly operator, assembling
where
contributions from all nodes/elements into the global
matrices/vectors. Fext is the external force vector arising from the image-based energy, Fint is the internal
force vector arising from the hyperelastic strain energy,
KC is the constraint stiffness arising from the hyperelastic energy and KI is the image-based stiffness. The
term in parentheses on the left-hand side is the (symmetric) tangent stiffness matrix. Du is the vector of
unknown incremental nodal displacements with length
[3 · Nel], where Nel is the number of elements. An
initial estimate of Du is obtained by inverting Eq. (8),
and this solution is improved iteratively using the
BFGS quasi-Newton method.31 The solution is
evolved in computational time by incrementally
increasing the penalty parameter k.44 For this study,
the stopping criterion for ending the incremental-iterative solution scheme was deﬁned by a maximum
change in the norm of the difference image of less
than 5%.
Constitutive Model
When applied to strain tracking problems, Hyperelastic Warping has an advantage over other deformable image registration techniques in that the
regularization/constraint can be based on the actual
physical material behavior of the structure or tissue of
interest. The MCL has a predominant collagen ﬁber
orientation aligned with the longitudinal direction. The
material symmetry can be described by a transversely
isotropic hyperelastic model, with longitudinal collagen ﬁbers embedded in an isotropic matrix.13,16,37 A
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transversely isotropic hyperelastic strain energy was
used, the preferred direction aligned with the long axis
of the MCL:
W ¼ C1 ðI~1  3Þ þ F2 ð~
kÞ þ

K
½lnðJÞ2 :
2

ð9Þ

I~1 p
is ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
the ﬁrst deviatoric invariant of C,40
~
~  a0 is the deviatoric ﬁber stretch along the
k ¼ a0  C
local ﬁber direction a0 , C1 is the shear modulus of the
matrix and K is the bulk modulus. The ﬁber stress–
stretch behavior was represented as exponential, with
no resistance to compressive load:
@F2
~
k
¼ 0;
@~
k
h  

i
@F2
~
k1 1 ;
k
¼ C3 exp C4 ~
@~
k
@F
2
~ þ C6 ;
~
k
¼ C5 k
~
@k

the template and target images with a kernel jðXÞ. For
the template image,
Z
T ðXÞ ¼ TðXÞ  jðXÞ ¼ TðZÞjðX  ZÞdZ; ð11Þ

~k  1;
1<~
k < k ;
~k  k :
ð10Þ

Here, k* is the stretch at which collagen is straightened,
C3 scales the stresses, C4 deﬁnes the ﬁber uncrimping rate, C5 is the modulus of straightened collagen
ﬁbers, and C6 was determined from the condition
that the collagen stress is C0 continuous at k*. A
description of the constitutive model and its FE
implementation can be found in our previous publications.16,46 The following material coefﬁcients were
used for the MCL, as reported by Gardiner et al.16: C1
= 1.44 MPa, C3 = 0.57 MPa, C4 = 48.0 (no units),
C5 = 467 MPa. While the value of the bulk modulus
has not been experimentally determined for any
ligament, it was assumed to deﬁne a nearly incompressible material as two orders of magnitude greater
than the shear modulus C1. This is consistent with the
approach used in our previous FE studies of MCL
mechanics.13,16,48

B

where TðXÞ and T ðXÞ are the original and ﬁltered
template image data, respectively, in the spatial
domain, X is a vector containing the material coordinates and Z is the frequency representation of X. This
calculation was performed using the discrete Fourier
transform.
Computational Models of the MCL
Each FE model initially consisted of approximately
9000 nodes and 6500 elements. A mesh convergence
study was performed on a representative model. The
FE models of the MCL were analyzed on four processors of an SGI Origin 3800 (IP35 processors) and
required approximately 20 min of wall clock time.
Sensitivity Studies
While the Warping solution is driven by the image
data as a ‘‘hard constraint’’, the hyperelastic constitutive model acts as a ‘‘soft constraint’’, ensuring that
the deformation ﬁeld uðXÞ is diffeomorphic and
physically representative of the material of interest. To
investigate the sensitivity of the Hyperelastic Warping
predictions to changes in material coefﬁcients, the
material coefﬁcients were varied in the following
manner for one randomly chosen model: Coefﬁcient
C1  1 standard deviation (SD) and 2:5SD with all
other properties unchanged; ratio of bulk:shear modulus by factor of 10 with all other properties unchanged; ﬁber stiffness varied by 30% by adjusting
C3 and C5 with the following equations:
C05 ¼ 1:3  C5

Spatial Filtering
The solution approach described above follows the
local gradient to search for a minimum in the total
energy EðuÞ and therefore it is susceptible to local
minima. It is often possible to avoid local minima and
converge to a global minimum by ﬁrst registering larger image features, such as object boundaries and
coarse textural detail, followed by registration of ﬁne
detail. Sequential low-pass spatial ﬁltering was used to
achieve this goal.19,44 By evolving the cut-off frequency
of the spatial ﬁlter over computational time, the
inﬂuence of ﬁne textural features in the image can be
initially suppressed until global registration is
achieved. The spatial ﬁlter is applied by convolution of

C03

¼

C05




C3
C5

ð12Þ
ð13Þ

The standard deviations were taken from Gardiner
et al.16 In addition, an isotropic constitutive model was
assumed to investigate the effect of material symmetry on predictions of ﬁber stretch by Hyperelastic
Warping.
Statistical Analysis
Regression analyses were used to evaluate the ability
of Hyperelastic Warping to predict experimental values of MCL ﬁber stretch. Fiber stretch values for the
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RESULTS
A mesh convergence study determined that a
minimum of 5500 elements was required for the MCL
warping analyses. This FE mesh was approximately
60 elements long, 15 elements wide and 4 elements
thick corresponding to an average element size
of 1.5 mm (length) · 0.75 mm (width) · 0.5 mm
(thickness) (Figs. 3c and 4). Further mesh reﬁnement
resulted in ﬁber stretch predictions that were less
than 1% different than those using the 5500 element
mesh.
Hyperelastic Warping predictions of regional ﬁber
stretch were strongly correlated with experimental
measurements. A regression line for the best ﬁt of all
data (21 gauge lengths for 10 knees) yielded a coeﬃcient of regression of R2 = 0.81 (p = 0.011, Fig. 5).
The root-mean-squared error between the experimen-

1.10
1.08

Experimental Fiber Stretch

deformed FE models were extracted at the locations of
the pre-determined gauge lengths as deﬁned by the
three-dimensional position of the optical strain
markers on the MCL. FE values were averaged over
the gauge lengths for comparison with experimental
values. The predicted stretches were calculated and
tabulated for all knees and compared to experimental
results. Coeﬃcients of determination (R2), regression
lines, and p-values were determined. Signiﬁcance was
determined at p = 0.05.
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Hyperelastic Warping Fiber Stretch Prediction
FIGURE 5. Correlation plot of all fiber stretch predictions
from Hyperelastic Warping versus experimental fiber stretch
measurements indicate that the Warping predictions exhibit
strong correlation with experimental strain results. Data are
for 21 gauge lengths for five loading configurations with 10
knees (n = 1050).

tal ﬁber stretch measurements and the Warping predicted values was 1.0091 in units of ﬁber stretch, or
0.91% ﬁber strain. Coefﬁcients of determination for
each loading conﬁguration were as follows: R2 = 0.81
for 30 passive knee ﬂexion (p = 0.020); R2 = 0.87
for 60 passive knee ﬂexion (p = 0.008); R2 = 0.76 for
90 passive knee ﬂexion (p = 0.013); R2 = 0.78 for
0 ﬂexion with 12 N m valgus load (p = 0.028); and
R2 = 0.86 for 30 ﬂexion with 12 N m valgus load
(p = 0.007).
MCL Strain Patterns

FIGURE 4. Hyperelastic Warping solution for knee 1, showing side view of the original and deformed FE mesh superimposed on volumetric MR images of the template and target,
respectively. (a) Template with knee at 0° flexion; (b) Deformed template for knee at 30° flexion with 12 N m valgus
torque.

Experimentally measured and Warping-predicted
MCL strains were highly inhomogeneous (Fig. 6). It is
important to note that negative strain values do not
necessarily represent compression since the reference
conﬁguration was deﬁned with a pre-stretched MCL
(knee at full extension) and was not a stress-free state.
During passive knee ﬂexion from 0 to 90, ﬁber
stretch ranged from 0.97 to 1.05 (Figs. 6a–6c). With
12 N m valgus torque for ﬂexion up to 30, ﬁber
stretch ranged from 0.96 to 1.05 (Figs. 6d and 6e).
Buckling of the ﬁbers of the posterior, proximal MCL
was observed with knee ﬂexion angles of 60 and
higher, and these regions are depicted in purple and
marked with an asterisk in Figs. 6b and 6c to note that
strain trends in this location should be interpreted with
caution. The highest strains were located in the proximal, anterior region of the MCL. MCL strain patterns
showed similar values and trends as previous data
reported in the literature.1,15,23
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cients for ﬁber stiﬀness and bulk modulus:shear
modulus ratio. Varying C1 by 1SD, bulk:shear ratio
by  factor of 10, and stiffness by 30% resulted in a
negligible change to the overall correlation for all ﬁve
loading conditions of one knee (Table 1). The effect of
variation in C1 on ﬁber stretch at speciﬁc regions of
MCL was charted for 1SD and 2:5SD for one
randomly chosen computational model and loading
condition (Fig. 7). The baseline coefﬁcient of determination for this loading condition was 0.85. Changes
in C1 from +2.5SD down to )1SD did not result in a
signiﬁcant change for correlation. However, the case
with C1 ) 2.5SD resulted in a solution with a signiﬁcantly lower correlation (R2 = 0.67) with 12 out of 21
strain regions exhibiting limited convergence in comparison to the baseline solution. Strain regions located
in the central MCL near the joint line (locations B4,
B5, B6) showed the most sensitivity to change in C1.
Overall R2 for all ﬁve loading conditions was 0.78.
Correlation was degraded for C1 ) 2.5SD (R2 = 0.56)
and the substitution of an isotropic constitutive model
(R2 = 0.65).

Valgus Torque
Experimental

Warping

Warping

30 degrees

0 degrees

1.05

(a)

0.96

(d)
*
30 degrees

60 degrees

*

(b)
*

90 degrees

*

(e)

DISCUSSION

(c)
FIGURE 6. The fiber distributions predicted by Hyperelastic
Warping show excellent agreement with the experimental
strain distributions. Average MCL fiber stretch distributions
across all knees (n = 10). (a) 30° passive flexion; (b) 60° passive flexion; (c) 90° passive flexion; (d) 12 N m valgus torque
at 0° flexion; (e) 12 N m valgus torque at 30° flexion, experimental (left) and Hyperelastic Warping (right). Discrete values
have been interpolated onto the FE mesh to generate a continuous spatial representation of results. (*) Purple regions
represent buckling of the posterior, proximal MCL after 60°
flexion.

Sensitivity Studies
Hyperelastic Warping predictions of MCL ﬁber
stretch were insensitive to changes in material coeﬃ-

This study demonstrated the feasibility of measuring
ligament strain using Hyperelastic Warping with volumetric MR images before and after deformation. The
use of a hyperelastic strain energy ensures that deformations will be diﬀeomorphic (one-to-one, onto, and
diﬀerentiable with a diﬀerentiable inverse). Further,
hyperelasticity is objective for large strains and rotations and provides a reasonable description of the
material behavior of many soft tissues. These characteristics are considered to be major strengths of the
method. Previous uses of solid mechanics-based regularizations for deformable image registration have
been based on linear elasticity,2 which is not objective
and penalizes large strains and rotations. The use of a

TABLE 1. Effect of variation of material coefficients on Hyperelastic Warping predictions of fiber stretch as represented by the
coefficient of determination (R2) between experimental measurements and Hyperelastic Warping predictions.

Baseline Warping
C1 + 2.5SD
C1 + 1SD
C1 ) 1SD
C1 ) 2.5SD
Bulk:shear ratio · 10
Bulk:shear ratio/10
Stiffness + 30%
Stiffness ) 30%
Isotropic

R2 (30)

R2 (60)

R2 (90)

R2 (0 with valgus load)

R2 (30 with valgus load)

0.79*
0.72*
0.79*
0.79*
0.63*
0.79*
0.79*
0.79*
0.79*
0.68*

0.84*
0.81*
0.84*
0.84*
0.62
0.83*
0.83*
0.84*
0.84*
0.75*

0.70*
0.68*
0.70*
0.70*
0.51
0.69*
0.68*
0.70*
0.70*
0.61

0.74*
0.70*
0.74*
0.74*
0.43
0.73*
0.74*
0.74*
0.74*
0.52

0.85*
0.79*
0.85*
0.85*
0.67
0.84*
0.84*
0.85*
0.85*
0.72*

One computational model (knee 3) was randomly selected for the sensitivity studies and correlation results are reported for all five loading
conditions. An asterisk indicates a statistically significant correlation.
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realistic constitutive model for the MCL ensures that
deformation maps reﬂect the behavior of an elastic
material under ﬁnite deformation. In regions of the
template model that have large intensity gradients,
large image-based forces will be generated and the
solution will be primarily determined by the image
data. In regions that lack image texture or gradients,
image-based forces will be smaller or in some cases
negligible. In these cases the predicted deformation will
be dependent on the hyperelastic regularization (constitutive model). A realistic representation of the
material behavior serves to improve predictions in
these areas.
Warping predictions of ﬁber stretch and strain were
relatively insensitive to changes in C1 by 1SD,
C1+2.5SD, stiffness by 30%, or bulk:shear ratio by
 factor of 10. Correlations were signiﬁcantly degraded with C1 ) 2.5SD and with the substitution of
an isotropic constitutive model. The relative insensitivity of the ﬁber stretch predictions from Hyperelastic
Warping to changes in material coefﬁcients is consistent with the results of our previous studies of myocardial strain43 and coronary arteries.42 The greatest
sensitivity in response to a change in C1 was seen in
strain regions B4, B5, B6 located in the central MCL
near the joint line (Fig. 7). This portion of the superﬁcial MCL represents the transition between longitudinal anterior ﬁbers and oblique posterior ﬁbers and it
is physically contiguous with the deep MCL, which
attaches to the medial meniscus. A possible explana-

1.04
B5

Fiber Stretch

1.02
1.00
B6

0.98
0.96
B4

0.94
0.92
C1 - 2.5SD C1 - 1SD

Baseline
C1

C1 + 1SD C1 + 2.5SD

Sensitivity Model
FIGURE 7. Effect of variations in material coefficient C1 on
Hyperelastic Warping fiber stretch predictions for 21 strain
regions for one randomly chosen model and loading condition (knee 3, 30° flexion with valgus load). Correlations were
significantly degraded at C1 ) 2.5SD. Strain regions B4, B5,
B6 (dashed lines) showed the greatest sensitivity to change in
C1.
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tion for the relative sensitivity of the Warping solution
to C1 in this particular area is due to the complexity of
the material behavior and material symmetry in this
transitional zone. The FE model used in this study
accounted for the anterior longitudinal and posterior
oblique ﬁbers of the superﬁcial MCL, and assumed this
same ﬁber direction through the depth of the MCL.
Only superﬁcial MCL strain comparisons were
made in this study, and ﬁber directions were accurately
characterized for these locations through visual
inspection. Future research with deep MCL strain will
require a detailed description of ﬁber orientation
through the thickness of the MCL and its attachments
with the medial meniscus, femur, and tibia. This will
require the use of histological techniques or possibly
diﬀusion tensor MRI technology.
The results of the sensitivity studies suggest that the
use of a constitutive model that represents the general
material symmetry of the material improves the accuracy of strain predictions with Hyperelastic Warping.
However, the actual values of the material coeﬃcients
are not as critical. This is consistent with the fact that
changing the shear modulus or ratio of ﬁber:shear
modulus generally had little eﬀect on the quality of the
strain predictions by Hyperelastic Warping, whereas
the substitution of an isotropic material model for the
transversely isotropic model degraded the correlation
signiﬁcantly. The bulk:shear ratio was more insensitive
for MCL strain as compared to a previous study with
myocardial strain.43 This could be explained by the
fact that compressibility is a more important factor in
describing the material constitutive behavior of myocardium, rather than ligament.
Fiber stretch predictions from Hyperelastic Warping
and experimental measurements exhibited similar
trends in range and spatial location as previous results
of MCL strain during passive knee ﬂexion (Table 2).
The highest strains in this study occurred in the proximal, anterior region of the MCL. Previous experimental studies1,15,23 reported that the highest MCL
strains occur in the proximal region, and anecdotal
clinical evidence suggests that most MCL injuries also
occur at the proximal insertion site.25 Arms et al.1 and
Hull et al.23 reported increasing strain for the anterior
MCL with increasing ﬂexion angle in the range of
0–4%, and this pattern matches the results in this study.
In contrast, Gardiner et al.15 found no difference in
strain for the anterior MCL with increased ﬂexion angle, although this differing pattern was likely due to the
removal of the patella and anterior capsule. The posterior MCL exhibited decreasing strain with increasing
ﬂexion angle in the range of )3 to 0%. These results are
in agreement with Arms et al.1 and Gardiner et al.15 In
addition, buckling of the proximal, posterior MCL
(Figs. 6b, c, purple regions denoted with asterisk) with

–

1 to 2%

–

)4 to 0%

0 to 3% (15 N m torque)

0 to 4% (15 N m torque)

Comparison with previous studies. Strains with respect to 0 flexion.
a
Data for Gardiner et al. were adjusted from in situ values.

)4 to 5% (12 N m torque)
)4 to 5% (12 N m torque)
)1 to 4%a (10 N m torque)

)1 to 3% (12 N m torque)
0 to 3% (12 N m torque)
0 to 2%a (10 N m torque)

)3 to 0%
)3 to 0%

Proximal anterior MCL
0 to 5%
Proximal anterior MCL
0 to 4%

Location of highest strain
Anterior strain—passive
flexion to 90
Posterior strain—passive
flexion to 90
Anterior strain—valgus
load up to 30
Posterior strain—valgus
load up to 30

Proximal anterior MCL
0 to 5%

Proximal posterior MCL
)1 to 1%a (anterior capsule
removed)
)5 to 0%a

3D motion analysis
0 flexion
3D motion analysis
In situ (dissected ligament)a

Mercury strain gauges
Inflection point on
load/strain curve
Proximal anterior MCL
–
Hall device
0 degree flexion
Technique
Reference configuration

Experimental, present study
Gardiner et al.15
Hull et al.23
Arms et al.

1

TABLE 2. MCL strain changes with increasing knee flexion.

Deformable image registration
0 flexion

PHATAK et al.
Hyperelastic Warping, present study
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knee ﬂexion angles greater than 60 exhibited similar
patterns as Gardiner et al.15
The accuracy of strain predictions using Hyperelastic Warping depends on the resolution and textural
detail of the image data, and its application requires
loading scenarios that allow high-resolution imaging
both before and after the deformation. We performed
extensive optimization of MR acquisition parameters
to achieve high-resolution images of the MCL while
optimizing signal-to-noise ratio. A short TE pulse sequence was critical for MR imaging of the MCL due to
rapid decay of MR signal in collagen containing ligaments.17 In addition, dual echo images9 were used to
reﬁne the boundaries of the MCL. To increase textural
detail through the MCL thickness, a nonuniform
acquisition matrix was used with twice the image resolution in the MCL thickness direction as compared to
the MCL length direction. The dataset was then resampled with interpolation to create homogeneoussized voxels.
The loading conﬁgurations for this study were
partially dictated by the geometry of the MRI scanner.
The size of the bore and the need for an MRI-compatible loading ﬁxture restricted the range of motion
and the forces that could be applied. In the future,
open MR scanners and shorter acquisition times will
enable the application of more clinically relevant
loading scenarios and the ability to perform in vivo
musculoskeletal strain measurement. While ex vivo
studies of ligament strain have elucidated ligament
mechanical function, in vivo measurements will allow
the investigation of ligament strains during muscle
activation and weightbearing. In addition, since knee
ligaments are often injured in combination, in vivo
analysis may aid in the differential diagnosis and
localization of ligament injury. Injured joints could be
analyzed for functional performance based on strain
values throughout the joint, isolating partial injuries
which could not be otherwise located.
In addition to Hyperelastic Warping, both texture
correlation and MR tagging have been used for imagebased strain measurement. Texture correlation has
been applied successfully for the measurement of a
variety of musculoskeletal tissue strains including
bone,4,5,34 cartilage,18,45 and tendon.6,7 A signal intensity pattern surrounding each pixel is used to track pixel
displacement between images. Since only an imagebased energy term is used in the texture correlation
algorithm,18 the technique is relatively sensitive to
noise. Practical implementation for strain measurement
requires manual alignment of images to account for
rigid body rotation.34 For Hyperelastic Warping, the
constitutive model is unaffected by rigid body rotations
by design. A limitation of Hyperelastic Warping is that
the computational expense associated with solving the
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equations emanating from the combined energy functional is considerably higher than that associated with
analyses based on texture correlation.
MR tagging has been primarily used as a noninvasive, image-based method for measuring myocardial
strain.35,50 MR tagging relies on local perturbation of
the magnetization of the myocardium with selective
radio-frequency saturation to produce multiple, thin
tag planes. The resulting magnetization lines are used as
ﬁducials to track the deformation of the myocardium.
Two to three orthogonal tag sets must be acquired to
determine 3D deformation. Recently, MR tagging has
been adapted for musculoskeletal applications. Neu
et al.33 examined articular cartilage strain using the
specialized MRI tagging technique ‘‘delays alternating
with nutations for tailored excitation’’ (DANTE) with
high density tag lines. A primary limitation of MR
tagging is that images must be acquired over repeated
cycles. While cyclic loading is achieved in vivo for the
beating myocardium, an external, cyclic loading device
is required for musculoskeletal applications.33
Deformable image registration models that use
regularizations based on the constitutive behavior of
linear elastic materials and ﬂuids have been used
extensively in the ﬁeld of anatomical brain registration.
Measures of image similarity take the form of diﬀerences in the square of the image intensities10–12,24,38,47
or are based on cross-correlation methods of the
intensity or intensity gradient values.28 When the regularization term of the energy functional is derived
from the constitutive model, the registration process
takes on the characteristics of the underlying material
model. For example, registration methods that use a
viscous or inviscid ﬂuid constitutive model have been
shown to provide excellent registration results.10,11
However, these models have a tendency to underpenalize shear deformations and thus produce physically
unrealistic registration of solids. In other words, the
deformation of the deformable template resembles that
of a ﬂuid rather than that of a solid. Other continuum
based methods for deformable image registration use
linear elasticity to regularize registration.2,3,10,11 The
use of linear elasticity is attractive due to the fact that it
is relatively simple to implement. However, it has a
tendency to over-penalize large deformations involved
in inter- or intra-subject registration. This is due to the
fact that linear elasticity is not objective (rotationally
invariant). As a result, even the smallest rotation of
material axes induces stress in a linear elastic solid.
In conclusion, this study developed a high-resolution MR imaging strategy for the human MCL and
demonstrated that when the resulting image data were
used with Hyperelastic Warping, accurate predictions
of the magnitudes and spatial variations of ligament
strain were possible. The material coeﬃcient/model
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sensitivity studies demonstrated that strain predictions
were relatively insensitive to material coeﬃcients
associated with the hyperelastic regularization.
Hyperelastic Warping represents a powerful technique
for noncontact strain measurement in musculoskeletal
soft tissues, and it shows promise for application to
noninvasive measurement of soft tissue strain in vivo.
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