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Technical Note

Motion Corrected Free-Breathing DelayedEnhancement Imaging of Myocardial Infarction
Using Nonrigid Registration
Maria J. Ledesma-Carbayo, PhD,1,2 Peter Kellman, PhD,1* Andrew E. Arai MD,1 and
Elliot R. McVeigh, PhD1
Purpose: To develop and test an automatic free-breathing,
delayed enhancement imaging method with improved image signal-to-noise ratio (SNR).

and performs uniformly well across the full ﬁeld of view
(FOV).
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Materials and Methods: The proposed approach uses freebreathing, inversion-recovery single-shot fast imaging with
steady precession (FISP) delayed-enhancement with respiratory motion compensation based on nonrigid image registration. Motion-corrected averaging is used to enhance
SNR.
Results: Fully automatic, nonrigid registration was compared to previously validated rigid body registration that
required user interaction. The performance was measured
using the variance of edge positions in intensity proﬁles
through the myocardial infarction (MI) enhanced region
and through the right ventricular (RV) wall. Measured variation of the MI edge was 1.16 ⫾ 0.71 mm (N ⫽ 6 patients;
mean ⫾ SD) for rigid body and 1.08 ⫾ 0.76 mm for nonrigid
registration (no signiﬁcant difference). On the other hand,
signiﬁcant improvement (P ⬍ 0.005) was found in the measurements at the RV edge where the SD was 2.06 ⫾ 0.56
mm for rigid body and 0.59 ⫾ 0.22 mm for nonrigid registration.
Conclusion: The proposed approach achieves delayed enhancement images with high resolution and SNR without
requiring a breathhold. Motion correction of free-breathing
delayed-enhancement imaging using nonrigid image registration may be implemented in a fully automatic fashion
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MYOCARDIAL VIABILITY assessment using gadolinium
diethylenetriamine pentaacetic acid (Gd-DTPA) delayed-enhancement MRI is gaining clinical acceptance
(1,2). Imaging based on inversion recovery with breathheld, segmented turbo-fast low-angle shot (FLASH)
readout provides high spatial resolution and good contrast (3), and is widely considered the conventional acquisition method (4). Using a segmented acquisition
requires a number of breathholds to image the heart.
Single-shot imaging with true-fast imaging with steady
precession (FISP) readout (5) may be conducted during
free-breathing, which provides an alternative for cases
in which patients cannot tolerate (5) breathholding.
Single-shot imaging is also an attractive protocol for
reducing scan time (6). Single-shot true-FISP inversion
recovery has been validated against conventional inversion recovery segmented turbo-FLASH for assessment
of myocardial infarction (MI) at both 1.5 and 3T (7,8).
Respiratory motion-corrected averaging of multiple
images acquired while free-breathing may be used to
substantially improve the image quality (5). The motivation for motion-corrected averaging with single-shot
delayed-enhancement imaging is to improve the signalto-noise ratio (SNR). Delayed enhancement images are
typically acquired during mid diastasis to minimize
blurring due to cardiac motion. The temporal resolution
of single-shot true-FISP images is not as good as segmented acquisitions; therefore, a somewhat reduced
matrix size is frequently accepted (9). However, reduced
spatial resolution may reduce the sensitivity to smaller
MIs (10). Parallel imaging may be applied to single-shot
true-FISP delayed-enhancement to improve the temporal resolution without reducing the spatial resolution
(5) at the expense of reduced SNR. Averaging may be
used to offset the loss in SNR incurred due to parallel
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imaging, thereby achieving the quality of conventional
segmented breathheld imaging using a free-breathing
protocol.
In prior work, rigid body image registration was used
to correct respiratory motion in the heart region, based
on a user-deﬁned bounding box (5). In this work, nonrigid body image registration is used to correct respiratory motion across the full ﬁeld-of-view (FOV). Previous
literature shows that nonrigid transformations are actually necessary to account for all the deformation induced in the heart through the respiration process (11–
14). Both afﬁne (11,12) and nonrigid schemes (13,14)
have been previously proposed in non-contrast-enhanced image data. In this study we aim to prove the
validity of this type of approach on delayed enhancement data acquired with free-breathing. The main advantages of using nonrigid body correction are the ability to perform the entire process automatically, and
improved motion correction across the full FOV. After
applying nonrigid body motion correction, both the
right ventricular (RV) and left ventricular (LV) imaging
may be simultaneously corrected, proving a better ﬁt of
the transformation model to the actual heart deformation induced by breathing.
MATERIALS AND METHODS
Imaging
In this study we used the same data used in our prior
work (5) as it was validated vs. breathheld segmented
turbo-FLASH data. Delayed-enhancement imaging was
performed in patients with chronic MI under a clinical
research protocol approved by our Institutional Review
Board, with prior informed consent. Images are usually
acquired between 10 and 30 minutes after administering a double dose (0.2 mmol/kg) of contrast agent (Gadopentetate dimeglumine, Magnevist; Berlex). Experiments were conducted using a 1.5-T Siemens Sonata
MR imaging system. Custom modiﬁcation to the Siemens product inversion-recovery true-FISP sequence
and phase-sensitive inversion recovery (PSIR) reconstruction software was made to incorporate parallel imaging using sensitivity encoding (SENSE) as previously
described (5). Raw data including prescan noise was
acquired for all scans, and images were reconstructed
ofﬂine.
Short-axis slices through the MI region were acquired
in N ⫽ 6 patients with chronic MI and long-axis images
were acquired in two of the patients. The mean age of
the patients was 53.2 ⫾ 10.7 years (mean ⫾ SD). The
mean weight of the patients was 202 ⫾ 27 lbs. (mean ⫾
SD). The mean heart rate of the patients was 61.5 ⫾
10.3 bpm (mean ⫾ SD). All patients were male. For each
slice imaged, data was acquired for multiple (N ⬇ 30)
free-breathing repetitions.
Motion Correction
Respiratory motion compensation was achieved performing independent nonrigid registration processes of
a reference frame with respect to all the other frames in
the complete set of acquired images. Unlike using rigid
registration, which would require a user-deﬁned
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bounding region, the full FOV was used. Therefore, user
interaction was not required in the process. As a result,
the full FOV is motion-compensated and a motion-corrected average image is improved homogeneously
across the full FOV.
Each independent registration step consists of an
optimization procedure that minimizes a similarity
measure of the two images to ﬁnd the best transformation that maps a given frame into the frame of reference.
The chosen similarity measure is the sum of squared
differences, which is a simple criterion with fast computation that enables a smooth and robust optimization. A regularization term was added to the criterion to
overcome some of the intrinsic difﬁculties of the registration process such as artifacts and noise.
The optimization used a variation of the MarquartLevenverg nonlinear least squares (15). Speed and robustness are guaranteed using a multiresolution approach, both in the image and transformation space,
which creates an optimal pyramid of subsampled images (16) and solves the problem by following a coarse
to ﬁne strategy.
The transformation between the target and reference
frame was deﬁned as a linear combination of B-spline
basis functions, located in a regular grid deﬁned on the
image space (15,17,18). The density of the grid determines the ﬁnal rigidity of the transformation (the
denser grid the more ﬂexible the transformation) and
therefore determines the number of parameters to be
optimized. The spline transformation model has the
advantage of good accuracy and intrinsic smoothness
of the solution thereby providing a very good balance
between global and local transformations by appropriately tuning the density of the B-spline grid.
Spline interpolation was also used to provide a continuous version of the discrete images; providing an
excellent framework to ﬁnd a subpixel solution and to
analytically compute the derivatives needed in the optimization and regularization processes.
To choose the optimal parameters for the particular
application in this work, we performed a set of initial
tests. Three different transformation grid spacings were
tested: 5, 10, and 20 pixels. The evaluation criterion
was to provide the least mean squared error (MSE)
along the whole motion-compensated sequence. As a
result, cubic B-splines with a grid spacing set to 5 ⫻ 5
pixels (5 pixels ⬃ 6.8 mm) provided the best results and
were used to represent the deformation. Cubic
B-splines were also used for image interpolation and for
providing a continuous representation. The multiscale
processing scheme was set at three levels with successive levels having half the size in each dimension. Regularization was used in all the cases and found to make
the solution more stable.
Registration was performed on the images prior to the
surface coil intensity correction (SCIC) and the resulting motion parameters from the nonrigid registration
were then applied to the SCIC images. This scheme was
found to be more effective than applying the registration
directly to the intensity-corrected images, since these
images have high values in noise-only regions that
could degrade the intensity-based registration outcome.
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For the short-axis images, in which there was little
through-plane motion, the reference image was simply
chosen as the ﬁrst image in the series of repeated measurements. For the long-axis images, because of the
signiﬁcant through-plane motion, we performed a MSE
strategy to select the best three consecutive reference
images, corresponding to different respiratory positions. The selection of these three frames was done
prior to registration by computing the MSE between
every frame as a reference and all the other frames in
the series. Then, a MSE sorting was performed for each
frame as a reference and the three consecutive frames
with the least accumulated MSE along the N ﬁrst sorted
images were chosen, where N was approximately 30% of
the entire number of images acquired during freebreathing. Each of these reference images was registered to those N images that had the smallest corresponding MSE prior to registration.
Motion-corrected images were averaged to enhance
SNR. Approximately 30 free-breathing frames (60
heartbeats) were acquired. For the short-axis images,
all the frames were used to produce an averaged image.
For the long-axis images, three output-averaged images
were produced— one for each reference image—at different respiratory positions. Each output images was
the result of averaging 10 frames with minimum MSE
with respect to the corresponding reference image.
Results were compared with rigid body registration as
previously described in Ref. 5, based on an image registration algorithm (19) and C-language source code
that are open source and freely downloadable. The
method used in that case was an intensity-based rigid
registration method limited to a bounding box surrounding the left ventricle. Both registration methods
are based on the same family of algorithms. However,
the main differences are the nonrigid (deformable) vs.
the rigid transformation models and the bounding box
selection, with respect to the use of the full FOV in the
new approach.
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Measurements
To assess the performance of the nonrigid registration,
the MSE of every deformed frame with respect to the
reference was computed and compared to the same
measurements obtained for both the nonregistered and
rigid-body registered cases. The MSE measurements
were conﬁned to the bounding box selected on the rigid
registration procedure to make a fair comparison
within the area of interest.
The quality of the image registration was assessed by
comparing signal intensity proﬁles both before and after motion compensation using both the rigid body and
the nonrigid registration. Two signiﬁcant edges were
selected for each series of images acquired, one at the
MI-enhanced area and the other at the RV wall. The
sharpness of these edges in the ﬁnal averaged images
(nonregistered, rigid, and nonrigid) was assessed by
computing the SD of the edge position (threshold crossing) through the stack of motion-compensated images.
Infarct size was compared between single-shot, inversion-recovery (IR) true-FISP with motion-corrected averaging (eight averages) and conventional segmented IR
turbo-FLASH using a previously validated semiautomatic computerized method (20,21) of objective measurement. Infarct size was measured on surface coil
intensity-corrected PSIR images. The computerized
method required the user to draw both endocardial and
epicardial borders to deﬁne the myocardial region of
interest. The method then contoured high pixel intensity regions using a threshold value corresponding to
half of the maximum intensity after ﬁrst performing a
histogram-based thresholding between normal and infarct pixels. Other image processing steps were in
cluded for dealing with microvascular obstructions and
reducing false-positive infarct pixels.

RESULTS
Short-axis images of the heart for a patient with anteroseptal MI are shown in Fig. 1, comparing resultant

Figure 1. Average of 30 images acquired during free
breathing for no motion correction (left), rigid body motion correction (middle),
and nonrigid body motion
correction (right). The bottom row are surface coil intensity corrected (SCIC) and
the top row are nonSCIC.
Rigid body motion correction uses a user-deﬁned
bounding region around the
LV to optimize image registration. Nonrigid body motion correction is automatically performed over the full
FOV without any user-deﬁned input.
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Figure 2. Squared error averaged over time for no motion correction (left), rigid body motion correction (middle), and nonrigid
body motion correction (right). Rigid body motion correction has low error within the LV region used for registration but has
degraded performance outside the bounding region. Nonrigid motion correction has low error across the full FOV except for areas
with inconsistent appearance as a function of time for example peristalsis in the gut.

average images: (left) for no motion correction, (middle)
for rigid body motion correction, and (right) for nonrigid
body motion correction. In the upper row the non-surface-corrected images are displayed and in the bottom
row the SCIC are presented. In this example, the spatial
resolution was 1.4 ⫻ 2.3 ⫻ 6 mm3 with FOV ⫽ 370 ⫻
300 mm2, and TI ⫽ 300 msec. The performance of the
nonrigid registration, compensating for the motion over
the full FOV is readily observed (chest wall, ribs) as well
as a sharper deﬁnition of the RV wall and the MI.
Figure 2 shows the MSE accumulated over time for
the same cases shown in Fig. 1. Low error is achieved in
the area of the left ventricle when rigid motion compensation is applied. Nonrigid motion compensation improves the results further, with lower error across the
full FOV except for areas where intensity actually varies
over time, for example due to peristalsis in the gut or
through-plane motion.
In Fig. 3, the MSE (arbitrary units) vs. time is plotted
for the same cases shown in Fig. 1. The calculation is
performed within the heart bounding box (inset image)
selected for the rigid registration, and results are shown
for: the stack of non-motion-corrected images (dashed
line), rigid body motion corrected images (dotted line),
and nonrigid body motion correction images (solid line).
The oscillatory characteristic is due to sampling at close
to three images (six heartbeats) per respiratory cycle.
Progressive improvement is observed from noncorrected to rigid body motion corrected and further to
nonrigid corrected.
The quality assessment of the registration performance was measured using signal intensity proﬁles.
Figure 4 shows the overlayed signal intensity proﬁles
for the 30 noncorrected images (left), rigid body motion
corrected images (center), and nonrigid body motion
corrected images (right) along a line though the heart
shown in inset image, for the case represented in Fig. 1.
The left ventricle and MI area are correctly aligned when
rigid body transformations are considered. Alignment is
better through the full heart area using nonrigid registration, and a great improvement is achieved in the RV
area (see arrows in Fig. 4).
Results of the measurements performed to assess the
variance of the edge positions show that the SD measured for the position of the MI edge was 1.16 ⫾ 0.71
mm (N ⫽ 6 patients; mean ⫾ SD) for rigid body and

1.08 ⫾ 0.76 mm for nonrigid registration (no signiﬁcant
difference). On the other hand, signiﬁcant improvement
(P ⬍ 0.005) was found in the measurements at the RV
edge, where the position SD was 2.06 ⫾ 0.56 mm for
rigid body and 0.59 ⫾ 0.22 mm for nonrigid registration.
Long-axis images acquired during free breathing
were averaged after motion correction as previously described. Figure 5 shows the three resultant images for
each respiratory position, averaging the 10 selected
frames (i.e., with lowest MSE with respect to the reference) after nonrigid motion compensation for three consecutive reference frames (in this case, frames numbered 10 –12), chosen as previously described. The MI is
clearly seen in all of them, but most distinctly in the left
column. This approach therefore allows having several
images as a result and choosing the one that allows a
better quantiﬁcation of the MI size. In the top row, it can
be observed how the nonrigid registration corrects motion over the full FOV.
The comparison of infarct size measurements is
shown in Fig. 6, which plots the size for the averaged
single-shot true-FISP images vs. conventional, breathheld, segmented turbo-FLASH. The infarct size for averaged images is in close agreement (y ⫽ 0.97x ⫺ 5.2)
with the turbo-FLASH method (R2 ⫽ 0.97) over a wide

Figure 3. Mean squared error (MSE) vs. time within heart
region bounding box (inset image) for no motion correction
(dashed line), rigid body motion correction (dotted line), and
nonrigid body motion correction (solid line). The oscillation in
MSE is due to respiratory motion.
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Figure 4. Signal intensity proﬁles through the heart along line shown in inset image overlayed for 30 images acquired during
free-breathing with (a) no motion correction (left), (b) rigid body motion correction (center), and (c) nonrigid body motion
correction (right). The intensity proﬁles are well aligned across the full heart using nonrigid motion correction but have
signiﬁcant motion in RV using rigid body correction.

range of MI sizes. There was no statistically signiﬁcant
difference between the MI size measured using rigid or
nonrigid registration methods.
DISCUSSION
Many different nonrigid registration approaches have
been proposed in the literature (22). Intensity-based
nonrigid registration methods (11,14,23–25) have been
used for image-based respiratory motion compensation
in several different imaging modalities. We chose to use
the sum of squared differences criterion because of its
simplicity, fast computation time, and smoothness of
the resulting metric. The monomodal nature of our data
does not require more complex similarity measurements such as mutual information-based criteria, that

on the other hand may produce a search space with
more local minima. The B-spline transformation model
was chosen due to its intrinsic smoothness (11,14,25),
which accurately represents breathing motion. Another
advantage of the parametric B-spline model is its ability
to balance the global and local transformations to optimize to the resolution of the data and the amount of
expected motion.
Motion compensation based on nonrigid registration
performs well for correcting in-plane motion but cannot
accurately correct through-plane motion due to respiration or other temporal variations such as peristalsis.
This is most evident in the long-axis views, where there
is signiﬁcant through-plane motion due to the location
and geometry of the left ventricle and the nature of the
respiratory motion. To mitigate this issue, we have pro-

Figure 5. Motion-corrected averages of long-axis images acquired during free-breathing using nonrigid body image registration.
The images shown represent 10 averages of the 30 images acquired corresponding to the minimum MSE starting with reference
image 10 (left column), 11 (center column), and 12 (right column). The use of various consecutive reference images results in
images at different respiratory positions. The choice of reference images was based on minimum MSE criteria.
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Figure 6. Comparison of infarct size measured in the motioncorrected averaged single-shot true-FISP and the conventional
breathheld, segmented turbo-FLASH images.
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mented breathheld acquisition, in terms of MI size and
contrast-to-noise ratio (CNR). The current work improves the performance across the whole heart to include the RV, and makes the method more practical by
eliminating the need for user interaction to deﬁne the
heart region. The MI as characterized by edge proﬁles
was found to be at least as good as the rigid body case
that has been previously validated. Therefore, in the
same imaging time as required for a conventional
breathheld segmented imaging approach, the proposed
approach achieves delayed-enhancement images with
high resolution and SNR without requiring a breathhold. This is particularly attractive for cases in which
patients have difﬁculty holding their breath. A new
method to automatically ﬁnd the best image frames to
be averaged is also proposed to account for pronounced
through-plane motion.
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