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ABSTRACT

Cardiac magnetic resonance imaging has proved its effec-
tiveness to determine the patient-specific myocardial mo-
tion/functional information via the cine imaging and to detect
myocardial infarction in the delayed enhanced MRI (DE-
MRI). Standard cardiac MR protocols usually acquire these
two sets of images across multiple acquisitions with varying
imaging slice geometry, pixel spacing and different breath-
holdings, which could make the joint inspection of myocar-
dial motion and infarction difficult. The purpose of this work
is therefore to develop dedicated post-processing algorithms
to register DE-MRI to corresponding cine image and propa-
gate suspicious infarction to all cardiac phases. Suspicious
infarction regions delineated in the DE-MRI can be used to
define the region-of-interest for the quantification of regional
wall motion abnormality. The proposed approaches are ap-
plied to 6 patients and the evaluation shows the feasibility of a
joint DE-MRI and cine assessment which can yield clinically
valuable outcomes.

Index Terms— Image registration, Cardiac magnetic res-
onance imaging, Delayed Enhanced MRI, Moving propaga-
tion

1. INTRODUCTION

Cardiac magnetic resonance imaging has proved its effec-
tiveness to determine the patient-specific myocardial mo-
tion/functional information via the cine imaging as well as
detection of myocardial infarction appearing hyperintense
in the DE-MRI. Recent studies compared myocardial tissue
viability revealed in the DE-MRI to the functional deficits
measured with cine MRI [1], showing the so-called “peri-
infarction zone” defined in DE-MRI is correlated well with
the dysfunctional myocardial region defined in cine. This
information is potentially valuable for reperfusion therapy, as
regional motion of infarction zone defined before the therapy
is assessed to evaluate the recovery of myocardium.
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Although the clinical value of joint DE-MRI and cine im-
age assessment is exhibited, standard clinical cardiac MR pro-
tocols usually acquire two sets of images across multiple mea-
surements with variant imaging plane prescription and multi-
ple breath-holdings. Misalignment and local deformation of-
ten appear between cine and DE-MRI, even imaging plane re-
mains unchanged for two acquisitions by careful prescription,
mainly due to inconsistent cardiac phases used for acquiring
cine and DE-MRI, imperfect cardiac gating and respiratory
motion. It is more problematic for patients with arrhythmias
as unstable cardiac cycles make it unreliable to identify the
matching cine frame acquired in the same cardiac cycle as the
DE-MRI.

Without an accurate mapping of infarction zone to cine
images, regional myocardial changes in motion pattern
caused by suspicious scars could only be visually assessed.
The accurate alignment and deformation correction between
cine and DE-MRI is thus a necessity for the successful joint
assessment, where one aim is to propagate the infarction to all
other cine frames throughout whole cardiac cycle and enable
the quantitative regional motion pattern analysis.

There are little research focusing on aligning cardiac
MR images acquired across acquisitions with different pulse-
sequences, compared to the large amount of studies con-
ducted myocardial motion correction within one acquisition.
One approach performing joint analysis is to manually seg-
ment images from multiple acquisions and the resulting AHA
model is matched [2]. Others rely on aligning epicardial sur-
faces which are delineated before analysis [3]. More recently,
a 2D-3D rigid image registration method was proposed to
align DE-MRI and perfusion slices to the 3D whole heart
coronary angiography volume [4], which enables the visual-
ization of infarction in the 3D context.

The contribution of this work is to develop dedicated post-
processing algorithms for aligning DE-MRI with correspond-
ing cine image and propagating suspicious infarction zone to
all other cardiac phases. Infarction regions delineated in the
DE-MRI can be used to define the region-of-interest (ROI) for
the quantification of regional abnormality of myocardial mo-
tion. To achieve these goals, we propose to align DE-MRI to



cine image using a hybrid registration algorithm unifying both
intensity and feature points into one cost function. Intensity
term is used to match two images on a coarse level, playing
a role of regularization and dominating the alignment of nor-
mal myocardium, while feature point term is robust against
contrast changes between DE-MRI and cine as in the latter in-
farction zone bearing little contrast compared to normal my-
ocardium is largely invisible. The propagation of infarction
zone throughout the cine is achieved by estimating myocar-
dial deformation in the cine series using a variational non-
rigid registration algorithm with inverse consistent constraint.

2. METHOD

To align the DE-MRI to cine and propagate suspicious infarc-
tion, two types of deformation need to be estimated. The first
corrects the mis-alignment between DE-MRI and cine and the
second quantifies myocardial motion within cine series. Fig. 1
illustrates the proposed procedure.

Fig. 1. ck: the reference frame. dk: deformation from ck to
the DE-MRI. dl, l = 1 . . . n, l 6= k: deformation from cl to
ck. Solid line arrow points to the deformation direction and
dash line arrow points to the propagation direction. pi is the
position of the pixel with index i.

As multiple cine images are required to cover the whole
cardiac phase while one DE-MRI image is usually acquired at
a specific temporal phase, the cine image, which is most simi-
lar with the DE-MRI, is selected as the reference to which the
DE-MRI is registered. Assume the k-th phase is the reference
image. The deformation dk, from ck to the DE-MRI E(pi),
is recovered by the hybrid registration method and both for-
ward and inverse deformation fields dl, l = 1 . . . n, l 6= k are
recovered by variational method. Once all deformation fields
dl, l = 1 . . . n are computed, the DE-MRI and infarction can
be propagated.

2.1. Select the reference frame in the cine

The cine frame, which is most similar with the DE-MRI, is se-
lected as the reference. If available in the database, the trigger
time is used to match the DE-MRI. For cine series where trig-
ger time is not recorded, the Cross-Correlation (CC) is com-
puted between every cine image and DE-MRI. The frame with
largest CC value is picked.

2.2. Compute deformation fields within cine series

To propagate the suspicious infarction from the reference to
all other cine frames, the deformation between cine images is
estimated using a fast variational non-rigid registration algo-
rithm [5]. This approach can be considered as an extension
of the classic optical flow method. In this framework, a dense
deformation field is estimated as the solution to a calculus of
variation problem, which is solved by performing a composi-
tional update step corresponding to a transport equation. The
regularization is added by low-pass filtering the gradient im-
ages which are in turn used as velocity field to drive the trans-
port equation. To speedup the convergence and avoid local
minima, a multi-scale image pyramid is created. We selected
the local cross correlation as the image similarity measure, as
its explicit derivative can be more efficiently calculated than
mutual information and still general enough to cope with in-
tensity fluctuation and imaging noise between two adjacent
perfusion frames.

Registration of time series such as MR cine is usually
performed by selecting a reference phase to which all other
phases are registered. This approach is not sufficient as both
DE-MRI images and infarction zone which is represented
as a contoured region are propagated throughout the cardiac
phases. Specifically, deformation fields pointing to the ref-
erence phase are required to warp the DE-MRI image while
the inverse deformations pointing from reference phase to
other frames are needed to warp the infarction contours. We
thus extend the above-mentioned registration algorithm to
estimate the inverse consistent deformation fields.

A deformation field Φpq is inverse consistent if Φpq ·
Φ−1

pq = I and Φ−1
pq = Φqp. Φpq is retrieved by minimizing

the inverse consistent similarity metric:

JicCC = JCC(fp, fq,Φpq) + JCC(fq, fp,Φqp) (1)

Here JCC is the local cross correlation. fq and fp are two
cine phases. Their deformation is Φpq : <2 → <2.

We have developed an efficient update scheme of the iter-
ative gradient descent, in order to minimize the inverse con-
sistent similarity in reasonable time [6]. In essence, each de-
formation field is alternately updated during descending the
gradient of similarity measure resulting in an accurate com-
putation of the inverse deformation and a quasi-symmetric
registration algorithm. The extra computational effort for in-
verse consistent deformable registration is only about 10%-
15% when compared to Hermosillo et al. [7]. The achieved



inverse consistency not only allows for propagating both im-
ages and contours between any two cardiac phases, but also
often leads to more accurate quasi-symmetric image registra-
tion.

(a) Before registration (b) After registration

Fig. 2. A DE-MRI image is registered to the selected cine
frame using the variational registration. The warped DE-
MRI shows unrealistic deformation due to enhanced infarc-
tion bearing no contrast in cine.

The variational deformable registration method is robust
for cine images, as each adjacent image pair shows similar
image content and contrast. Unfortunately, it is less suitable
to register DE-MRI to cine reference phase, as the former of-
ten presents strongly enhanced infarction zone which bears
no contrast in the cine series. As a result, the pixel-wise vari-
ational registration tends to generate unrealistic large defor-
mation which degrades the image quality of warped DE-MRI
images even with aggressive regularization, as demonstrated
in Fig. 2.

2.3. Register DE-MRI to the reference cine

To cope with inconsistent visibility or occlusion of infarction
zone between DE-MRI and cine and produce robust regis-
tration, we propose a hybrid registration algorithm, which
unifies intensity-based and point-based similarity into one
cost function. This cost function contains two terms: feature
point matching term and intensity matching term. Specifi-
cally, point matching term is robust against contrast changes
and occlusions between DE-MRI and cine. Intensity term
enforces the alignment of myocardium with normal contrast
uptake, playing a role of global regularization. The underly-
ing deformation is modeled as a Free-from deformation [8],
which is a piece-wise cubic polynomial. Compared to pixel-
wise variational registration, Free-form deformation is more
robust against image content changes.

Free-form deformation (FFD) FFD can be manipulated
by a regular control grid with spacing sx × sy for 2D image.
FFD is computationally efficient, because the deformation at
any point is only influenced by its surrounding 4 × 4 control
points.

For a point p with coordinate (x, y), assume its 4 × 4
control points are pij . i, j = 0, . . . , 3. Denote dij as the
displacement vector associated with the control point pij , the

interpolation at point p is defined as,

T (p|dij) =

3∑
i=0

3∑
j=0

Bi(u)Bj(v)dij , (2)

where u = x/sx − bx/sxc, v = y/sy − by/syc. Bi is the
i-th basis function of B-splines [8].

Cost function Given reference image R(pi), i = 1 . . . N
and its feature point set {sj}Mj=1, and floating image F (pi)

and its feature point set {tj}Mj=1, we define the following min-
imization problem:

D̂ = argmin
D

(
λ

M

∑
M

‖T (sj |D)− tj‖2−∑
N (R(pi)− R̄)(F (T (pi|D))− F̄ )√∑

N (R(pi)− R̄)2
∑

N (F (T (pi|D))− F̄ )2
)

(3)

where the first term is point matching and the second term is
intensity matching. R is reference image and F is floating
image. R̄ and F̄ are the mean intensity of R and F respec-
tively. D is the unknown parameter set {dij}. λ is used to
balance the influences of both terms. The value of λ depends
on the metric in the intensity term. We experimentally select
Cross-Correlation (CC) as the intensity metric and λ is set to
be 0.5. The equation 3 is solved by L-BFGS optimization,
which is more efficient, compared to simple gradient descent,
for high dimensional optimization problems [9].

2.4. Propagate the DE-MRI

Once all deformation fields dl, l = 1 . . . n are computed the
DE-MRI E can be propagated to yield all n cardiac phases:
E∗

l , l = 1 . . . n. First, the DE-MRI E is deformed to E∗
k us-

ingE∗
k = E(dk(pi)). ThenE∗

k is propagated to the remaining
n−1 phases usingE∗

l = E∗
k(dl(pi)), l = 1 . . . n, l 6= k. Note

the propagation of delineated infarction contours requires the
inverse deformation fields pointing from reference to other
n − 1 phases. It is provided by the inverse consistent reg-
istration of cine series. To better present propagated DE-

(a) Whole (b) ROI (c) Contour

Fig. 3. Three propagation schemes.
MRI, three propagation schemes as shown in Fig. 3 are imple-
mented: whole image propagation, contour propagation and
ROI propagation. Whole image propagation resamples the
whole DE-MRI to the cine coordinates. Contour propagation



only deforms the scar boundary. ROI scheme transforms the
scar region and superimposes it directly on cine images.

3. RESULTS

Both TrueFISP cine and inversion recovery TurboFlash de-
layed enhancement imaging were performed on 6 patients
with suspicious myocardial infarction using the clinical stan-
dard protocols. DE-MRI was acquired between 10 and 30
minutes after administering contrast agent. Experiments were
conducted using 1.5T Siemens Avanto scanner. For every
subject, the slice prescription between cine and DE-MRI ac-
quisitions was kept unchanged to minimize the through-plane
displacement. The proposed analysis workflow was applied

Fig. 4. Comparison between intensity-based method and the
hybrid method. a: cine image. b: DE-MRI. c: aligned DE-
MRI by CCPD. d: before registration. e: CC registration. f:
CCPD registration.
to all datasets and outputs were first inspected. For all cases
the hybrid registration produces better alignment. As an il-
lustration of typical performance, Fig. 4 shows a compari-
son between intensity based registration (Cross-Correlation,
CC) and hybrid method (Cross-Correlation with Point Dis-
tance, CCPD). We delineate a contour on the aligned DE-MRI
by CC registration and a contour on the aligned DE-MRI by
CCPD registration. The delineated contour is superimposed
on the cine image to show the registration result.

Table 1. Quantitative measures of DE-MRI to cine registra-
tion.

Cine–Original DE-MRI Cine–CC moco Cine–CCPD moco
Dice ratio 0.65± 0.06 0.64± 0.16 0.80± 0.08

False positive 0.32± 0.08 0.30± 0.15 0.14± 0.08
False negative 0.39± 0.08 0.42± 0.18 0.26± 0.08
MBE (in mm) 3.40± 2.56 3.33± 2.75 2.12± 1.57

The quantitative evaluation was performed by manually
delineating the myocardium on the cine reference frame and
aligned DE-MRI image. Four statistical measures are com-
puted to give a comprehensive quantification: Dice ratio (the
myocardium overlap ratio); false positive (the percentage area

of myocardium labeled in cine but not labeled in DE-MRI);
false negative(the percentage area of myocardium not la-
beled in cine but labeled in DE-MRI); MBE (the myocardium
boundary errors, defined as the minimal distances between
myocardium contours (endo and epi) extracted from the cine
and DE-MRI slices). Table 1 summarizes the results, show-
ing superior performance of hybrid approach. For these 6
datasets, in plane resolution is 1.18 ∼ 1.36 mm2. Compared
with doing nothing, CC method shows worse performance
(lower Dice ratio and higher False negative), demonstrating
its characteristic susceptible to the contrast change.

Fig. 5. Area and thickness of both infarction and healthy my-
ocardium over one cardiac cycle.

Fig. 6 shows the propagated DE-MRI and the infarction
contours. Suspicious infarction can degrade myocardial con-
traction. To highlight the potential of the proposed workflow
for abnormal motion pattern detection, we delineated the scar
region in the DE-MRI and label the myocardial segment con-
taining the scar. Both the contour and segment are propagated
to all cardiac phases using the estimated forward/inverse de-
formation fields. At each phase p, the area of the infarc-
tion zone Ap is computed by counting the number of the in-
ternal pixels. The thickness Tp is computed by calculating
the epi/endo distance of the segment. To alleviate the inter-
subject variability, Ap and Tp are normalized with respect to
phase 0, i.e.,Ap = Ap/A0, Tp = Tp/T0. For the comparison,
the normal myocardium is also delineated, of which the area
and thickness were computed. Fig. 5 shows the changes of
the area and the thickness cross one cardiac cycle for one test
case. The area and thickness of healthy myocardium is found
to change more significantly over cardiac phases compared to
infarction zone.

Table 2. Area/Thickness change %. ACI: Area Change of
Infarction zone. ACN: Area Change of Normal myocardium.
TCI: Thickness Change of Infarction zone. TCN: Thickness
Change of Normal myocardium.

Cases 1 2 3 4 5 6
ACI 4.5± 0.1 4.5± 0.2 8.4± 0.4 9.7± 1.1 3.1± 0.1 6.3± 0.2
ACN 13.1± 0.7 4.6± 0.2 6.7± 0.3 2.5± 0.0 10.6± 1.1 8.0± 0.2
TCI 2.7± 0.1 3.8± 0.1 5.9± 0.3 7.2± 0.3 3.7± 0.1 5.3± 0.2
TCN 23.5± 5.1 19.9± 4.9 15.5± 2.6 7.6± 0.7 20.0± 3.1 14.6± 1.1

To quantify the change potentially caused by the suspi-
cious infarction, we use (Ap − A0)/A0 to represent the rel-
ative area change and (Tp − T0)/T0, basically the segment



Fig. 6. The first row is the cine images; the second row
is propagated DE-MRI and the third row is propagated con-
tour superimposed on the cine. The propagated contours are
zoomed in at last row. The image with green box in the first
row corresponds with Ck in Fig.1 and the image with green
box in the second row corresponds with E∗

k . Due to space
limit, we only present the results at three different phases.

strain ratio, to represent the relative thickness change. The
mean and variance of 6 cases are listed in Table 2. Case 1
and 5 shows noticeable decrease of both area and thickness
changes for the infraction, while thickness dropped more in
case 2, 3 and 6. Interestingly, case 4 shows the contrary that
relative area change increases for the infarction, although the
registration and propagation performed well which was ver-
ified by visual reading. While it is known that contrast en-
hancement of the myocardium is not a specific sign for my-
ocardial infarction [10], we are reluctant to draw any physio-
logical conclusions here. On the other hand, these initial ex-
periments do reveal the feasibility of joint DE-MRI and cine
assessment which could lead to more thorough clinical study
of regional wall motion changes related to ischemic heart dis-
eases.

4. CONCLUSION AND FUTURE WORK

This paper presents dedicated post-processing algorithms to
align DE-MRI images to cine series and propagate the sus-
picious infarction zone to all cardiac phases. These warped
infarctions define the ROI for the quantification of regional
abnormality of myocardial motion, which enables the joint
cine and DE-MRI assessment. Key algorithmic steps include
aligning DE-MRI image to cine using a hybrid registration al-

gorithm combining both intensity and point-based similarity
terms. The myocardium deformation within the cine series
is recovered by the inverse-consistent non-rigid registration
which enables the propagation of both delayed enhancement
images and delineated scar regions. Initial experiments show
the effectiveness of proposed method and highlight its poten-
tials to perform quantitative motion pattern analysis. We are
now proceeding to further validate these methods and apply
them to the study of myocardial motion abnormality associ-
ated with proved or suspicious ischemic heart diseases.
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