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Abstract. We describe a method for quantification of lung motion from
the registration of successive images in serial MR acquisitions during nor-
mal respiration. MR quantification of pulmonary motion enables in vivo
assessment of parenchymal mechanics within the lung in order to assist
disease diagnosis or treatment monitoring. Specifically, we obtain esti-
mates of pulmonary motion by summing the normalized cross-correlation
over the lung images to identify corresponding locations between the im-
ages. The normalized correlation is robust to linear intensity distortions
in the image acquisition, which may occur as a consequence of changes in
average proton density resulting from changes in lung volume during the
respiratory cycle. The estimated motions correspond to deformations of
an elastic body and reflect to a first order approximation the true phys-
ical behavior of lung parenchyma. The method is validated on a serial
MRI study of the lung, for which breath-hold images were acquired of a
healthy volunteer at different phases of the respiratory cycle.

1 Introduction

The ability to quantify lung deformation is useful in characterizing the changes
brought on by pulmonary pathology. Diseases such as idiopathic pulmonary fi-
brosis (IPF) and chronic obstructive pulmonary disease (COPD) change the
structural properties of the lung parenchyma, and directly affect the lung’s abil-
ity to normally expand and contract, [112]. COPD (or emphysema) increases lung
compliance by promoting the destruction of the alveolar framework. Conversely,
IPF stiffens the lung via an idiopathic increase in parenchymal connective tissue.
It would be helpful to be able to observe and detect such morphologic changes
and their effects on normal lung motion using medical imaging techniques.
Surrogate measures based on the motion of chest wall and diaphragm, [3/4],
have been reported. However, magnetic resonance (MR) grid-tagging techniques
allow the direct assessment of regional motion of moving structures in the hu-
man body, [5l6l[7]. The technique has recently been applied to evaluate local
mechanical properties of the lung with highly promising results, [8/9]. However,
there are limitations due to (a) the relatively low spatial resolution of the esti-
mated motion fields, stemming from the coarse grid intervals that are currently
practicable, (b) fading of the grid by T1 decay time of the tissue, and (c) the
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difficulty of applying the method in 3-D. Moreover, because the T1 decay time
of lung parenchyma is much shorter than the duration of the respiratory cycle,
the technique can only be applied to study certain respiratory phases and not
the entire breathing cycle, [§].

In this work, a method is developed to determine a dense motion field—i.e.,
a displacement vector at every imaged point of the lung parenchyma—at each
sampling time of a serial MR image sequence. The motion is estimated using the
pulmonary vasculature and parenchymal structures as natural sources of spatial
markers, without the requirement for explicit correspondence information, thus
enabling the assessment and quantification of regional parenchymal deformation
in the lungs over complete breathing cycles.

2 Methods

2.1 Quantification of Lung Motion via Image Registration

The goal of a registration algorithm is to find a spatial transformation or image
warp that brings the features of one source image into alignment with those of a
second, target image with similar content. Thus, registration algorithms can be
used to determine the spatial locations of corresponding features in a sequence
of MR pulmonary images. The computed correspondences immediately yield the
displacement fields corresponding to the motion of the lung during the image
sequence.

Many techniques for registration of MR images have been proposed, [10].
Simple methods assume that a rigid or affine transformation is sufficient to
warp one image to another. Although such transformations may be sufficient
to account for within-subject variation in rigid structures, to align features in
lung images from different individuals or from the same individual acquired at
different times, higher dimensional, non-rigid transformations are required in
general.

A review of non-rigid registration techniques can be found in [I1I]. In previ-
ous work, [12/13], we have developed a system in which an initial global affine
registration of the source 3-D volume to the fixed target volume is performed
to correct differences in object pose and location. This provides a starting point
for an elastic registration algorithm, [12], which subsequently computes a lo-
cal match, described by a dense displacement field u over the source image,
that brings the detailed anatomy into register. The algorithm uses a finite el-
ement method iteratively to optimize an objective function 7, which balances
the pointwise similarity (or voxel-to-voxel correspondence) of the warped source
and target images with the amount of deformation caused by u:

m = X - deformation — « - similarity, (1)

where A moderates the smoothness of the warps and « encodes the uncertainty in
our image measurements, [I2]. In this work, we obtain estimates of pulmonary
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motion by summing the normalized cross-correlation over the lung images to
identify corresponding locations between the images, I, I, [10]:
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where G(X) is a neighborhood of voxels around the location X at which the
images are being compared. By measuring the similarity over a neighborhood
of each voxel and thus taking into account the voxel’s local image structure,
the normalized correlation should yield better results than pointwise measures
such as the squared intensity difference. Moreover, unlike the latter measure
which assumes that the intensity of any point tracked during motion is constant,
[T4], the normalized correlation is robust to linear intensity distortions in the
image acquisition, which may occur in our studies as a consequence of changes
in average proton density resulting from changes in lung volume during the
respiratory cycle.

For the deformation term in (II), we use the linear elastic strain energy, [15]:

1
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where o and e denote the stress and strain tensors, respectively [15]. Their
elastic constitutive relation is given by the generalized Hooke’s law: in indicial
notation, o;; = D;ji €x1, where the elastic coefficients D;;r(X) reduce to two
constants known as the Lamé parameters for the homogeneous, isotropic material
idealization used in the current work. The estimated motions thus correspond
to deformations of an elastic body and reflect to a first order approximation
the true physical behavior of lung parenchyma—the source image volume takes
on the properties of an idealized elastic material under the influence of loads
which act along the gradients in the similarity between the image and the target
volume.

2.2 In Vivo Assessment of Regional Pulmonary Mechanics

From the calculated displacement field, u, representing pulmonary motion, a
quantitative description of the tissue deformation induced in the lung can be
derived in the form of the (finite) Lagrangian strain tensor, €*, [IH]: e* =
1/2{Vu + (Vu)T+ (Vu)T: (Vu)}, where Vu, the second-order displacement
gradient, can be numerically computed, [13]. When the displacement gradients
are small, the product terms in €* can be neglected to obtain the infinitesimal
or small-deformation strain tensor, €, whose components with respect to rectan-
gular Cartesian coordinates X (in the undeformed configuration) are given by
€ij = 1/2(8u1/5Xj + 8’&]/8)(2)

Visualization and analysis of either strain tensor over the imaged anatomy
can be accomplished by mapping pointwise various scalar indices derived from
the tensors. Specifically, the principal strains, which include the maximum and
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minimum normal strains experienced at a point, are characterized by the tensor
eigenvalues. Two frame-independent indices are the first and second moments of
the distribution of tensor eigenvalues: the former represents the trace of the ten-
sor or the sum of its eigenvalues and provides an overall measure of strain mag-
nitude; and the second moment measures the variance of the eigenvalues, which
indicates the degree of directional bias (or anisotropy) in the strain profile. The
strain anisotropy can be further analyzed by examining the off-diagonal elements
or shear strain components of €* or . The strain magnitude and anisotropy mea-
sures depend only on the tensor eigenvalues and not on the eigenvectors. The
eigenvectors, however, also reveal important information about the observed de-
formation, particularly in regions of the lung where the strain anisotropy is the
greatest. The eigenvectors are the directions along which the principal strains
are experienced; thus, they characterize the orientation of the strain profile.

3 Experimental Results

Figures M and Bl demonstrate preliminary results obtained in an MRI study
of simulated lung motion, [I6]. Images were acquired of a young healthy male
volunteer on a 1.5 T whole body MRI scanner (Signa Horizon, General Electric)
using a two-dimensional true FISP sequence, with TR = 3.0 msec, TE = 1.5
msec and matrix size = 128 x 128, resulting in a total acquisition time of 0.4 sec
per image. Other imaging parameters were as follows: flip angle = 35 degrees;
field of view = 450 mm; and section thickness = 10 mm. Five sagittal images
of the right lung were obtained with breath-holding at different phases of the
respiratory cycle, spanning full inhalation (phase I) to full exhalation (phase V).

Each image was non-rigidly registered to the next image in the sequence.
In Fig. [, the registration transformation between the first two images in the
sequence, represented as a field of displacement vectors, is shown superimposed
on the first image, where the vectors indicate the corresponding locations in
the second image and thus provide a direct, quantitative measure of the lung
motion between the images. The associated finite strain tensor was computed
over each displacement field and is visualized in Fig. 2 using an ellipse to depict
each tensor, where the major and minor axes of the ellipse are directed along
the tensor eigenvectors, respectively, and scaled by the corresponding principal
strain values.

The dynamics of respiratory lung deformation was studied by examining the
measurements over the image sequence, as exemplified by the series of motion
and strain tensor maps depicted in Fig. 2l The diaphragm rises as the lung
volume decreases from total lung capacity (TLC) to residual volume (RV). At
the same time, the posterior portion of the lung displaces superiorly, whereas the
anterior portion is displaced posteriorly and superiorly. Regional parenchymal
strain appears oriented toward the pulmonary hilum, with strain magnitude
maximal at the mid-cycle of the expiratory phase.

These preliminary data—specifically, the estimated lung motion between suc-
cessive images—have been validated, [I7]. The validation protocol was designed
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Fig. 1. Illustration of the estimated lung motion between two consecutive frames (top
row) in a sequence of MR images. The registration transformation between the images,
represented as a field of displacement vectors (bottom left), is shown superimposed on
the first image (bottom right), where the vectors indicate the corresponding locations
in the second image and thus provide a direct, quantitative measure of the lung motion
between the images.

around the identification and tracking of 22 landmarks chosen at the bifurcations
of pulmonary vasculature. Experts skilled at reading MR images independently
identified the landmarks at each of the five phases. Three sets of expert data
were then averaged to form a “ground truth” set of landmarks for the expi-
ratory phase. The displacements of these truth landmarks were calculated and
compared to the displacements determined by the registration algorithm at the
landmark locations (Fig. Bl). No significant difference was detected between the
three sets of expert landmarks and the truth landmark set (p > 0.9), suggesting
a minor contribution by user variation to the overall error. In addition, a signif-
icant difference was neither observed between the magnitudes (p > 0.3) nor the
directions (p > 0.4) of the registration-derived and landmark-derived displace-
ments. The average error between the endpoints of the displacement vectors was
1.1440.93 pixels.
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Fig. 2. Visualization of the dynamics of respiratory lung deformation. The calculated
motion fields (middle row) between successive pairs of MR images (top row) over
the expiratory phase of the respiratory cycle are shown along with the induced strain
tensor fields (bottom row), where each tensor is depicted using an ellipse with major and
minor axes directed along its eigenvectors, respectively, and scaled by the corresponding
principal strain values.

4 Discussion

The recent development of fast MR imaging techniques has made possible de-
tailed, non-invasive imaging of pulmonary parenchyma by overcoming the in-
herent difficulties associated with lung imaging, including low proton density,
severe magnetic field susceptibility, and respiratory and cardiac motion arti-
facts. A gradient-echo sequence with ultra-short TE and a single-shot fast SE
sequence can together provide a platform for MR imaging of the lung. Pul-
monary perfusion can be assessed using a T1-weighted gradient-echo sequence
with ultra-short TE and contrast agents. Regional pulmonary ventilation can
also be evaluated by MR using molecular oxygen or laser-polarized Xe-129 and
He-3. In the current work, we explore the use of fast MR imaging to study lung
mechanics, which should provide a third, key diagnostic dimension in the assess-
ment of pulmonary function, augmenting the information provided by studies of
ventilation and perfusion. Specifically, the determination of regional biomechan-
ical parameters in the lung has the potential to assist detection of early and/or
localized pathological processes. Moreover, quantitative measurements of these
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Fig. 3. Enlarged comparison of the landmark-based (arrows) and registration-derived
(plus signs) displacements for each of the four motion fields. Only the endpoints of the
registration-derived vectors are shown.

physical properties could provide an objective evaluation of therapeutic effects
in various pulmonary disorders

The feasibility of a novel method is demonstrated here for quantifying lung
motion (and, in turn, in vivo assessment of parenchymal deformation) from a
sequence of pulmonary MR images acquired over the respiratory cycle. The
method determines the lung motion between sequential frames by estimating the
spatial transformation which brings the images into register. The approach has
been verified over simulated motion data, but it remains to be tested on image
sequences acquired without breath-holding, which is planned for the future.
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