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Abstract—Current magnetic resonance imaging (MRI) tech-
nology allows the determination of patient-individual coronary
tree structure, detection of infarctions, and assessment of my-
ocardial perfusion. Joint inspection of these three aspects yields
valuable information for therapy planning, e.g., through clas-
sification of myocardium into healthy tissue, regions showing a
reversible hypoperfusion, and infarction with additional informa-
tion on the corresponding supplying artery. Standard imaging
protocols normally provide image data with different orientations,
resolutions and coverages for each of the three aspects, which
makes a direct comparison of analysis results difficult. The pur-
pose of this work is to develop methods for the alignment and
combined analysis of these images. The proposed approach is
applied to 21 datasets of healthy and diseased patients from the
clinical routine. The evaluation shows that, despite limitations due
to typical MRI artifacts, combined inspection is feasible and can
yield clinically useful information.

Index Terms—Cardiac magnetic resonance (MR), late enhance-
ment, myocardial perfusion.

. INTRODUCTION

S coronary artery disease (CAD) is one of the main

causes of death in the western world, diagnosis and
therapy planning are tasks of high importance. Coronary artery
plaque causes stenoses, which may lead to hypoperfusion of
the dependent myocardial tissue. Continuous perfusion defects
may cause necrosis which in turn decreases myocardial func-
tion and may lead to a heart failure. According to this so-called
ischemic cascade, disturbances due to stenoses become ap-
parent in myocardial perfusion prior to myocardial function [1].
The states of myocardial tissue that frequently appear in CAD
patients [2] are listed in Table I. Since only viable hypoperfused
tissue can benefit from reperfusion therapy, the state of tissue is
an important parameter for therapy decisions.

CAD patients tend to develop plaque, which leads to a nar-
rowing of the vessel lumen at different positions in the coronary
tree (multivessel CAD), but not all of these stenoses influence
the myocardial perfusion. Thus, in addition to the assessment
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TABLE |
CLINICALLY RELEVANT STATES OF TISSUE IN CAD PATIENTS

Viability Term

Viable

Description

Normal Healthy myocardium with normal
perfusion and function

Normally perfused myocardium
with a dysfunction that is persis-
tent for max. 2 weeks after acute

ischemia

Stunned

Hypoperfused = Hypoperfused myocardium with
normal function
Hypoperfused dysfunctional my-

ocardium

Hibernating

Non-viable Necrotic tissue with neither per-

fusion nor function

of the coronary arteries the following tasks are important for
therapy planning:

1) the detection of hypoperfused viable myocardial tissue;

2) the correlation between the hypoperfused viable tissue and
the supplying vessel.

The knowledge about this correlation is crucial for the deci-
sion on the best available therapy, which could be surgical
and catheter-based interventions as well as pharmacological
therapy. As magnetic resonance imaging (MRI) provides a
noninvasive and radiation-free means to inspect coronary ar-
teries, myocardial infarction, function and perfusion dynamics,
it is recommended for these diagnostic tasks by the American
Heart Association (AHA) and the American College of Cardi-
ology (ACC). The image data acquired for CAD assessment
with contrast enhanced cardiac MRI normally consist of the
following.

» Two perfusion sequences acquired under pharmacological
stress and at rest, depicting the wash-in and wash-out of the
contrast agent during its first pass through the myocardium.

 Late enhancement image slices showing the myocardial in-
farction as a hyperenhanced area due to the increased dis-
tribution volume of the contrast agent in necrotic tissue [3].

« Anoptional whole-heart volume dataset consisting of high-
resolution axial slices for coronary tree analysis.

The differentiation between normally perfused, hypoperfused,
and nonviable tissue (task 1) can be made by a comparison
of infarction and perfusion information. Reversibly defective
tissue shows a perfusion defect but no infarction. Clinical
studies have shown the importance of a classification that
differentiates healthy, necrotic, and viable hypoperfused my-
ocardium occurring in the so-called peri-infarct zone [4], [5].
Therefore, an advanced late enhancement analysis [5] as well as
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Fig. 1. Image sets for contrast enhanced cardiac MR perfusion analysis.

the combined inspection of perfusion and delayed enhancement
images [6] have been proven suitable.

To address task 2, the spatial relation between the reversibly
defective tissue area and the coronary arteries has to be in-
spected. The AHA proposes a standardized model for this
relationship [7], but studies have shown that it is not applicable
in all cases [8], especially in patients with pathological changes
and previous vascular interventions. Hence, a patient-individual
analysis should be performed.

The image processing that must be performed can be grouped
into alignment and analysis problems.

« Image alignment:

— spatial alignment of the image slices in the late enhance-
ment dataset;

— temporal alignment of the image slices within the per-
fusion sequences;

— alignment of the whole-heart image, the late enhance-
ment image, and the perfusion sequences.

 Image analysis:

— detection of the coronary artery tree in the whole-heart
volume image;
— segmentation of infarcted tissue regions in late enhance-
ment images;
— identification of hypoperfused tissue regions in the per-
fusion image sequences.
The purpose of this work is to develop and compile methods
that solve these problems. To evaluate the applicability of the
developed methods, 21 datasets were processed. Two radiolo-
gists assessed the results with respect to consistence with the
clinical findings based on other examinations and with regard
to the benefit of a combined analysis.

The outline of this paper is as follows. In Section Il, we de-
scribe the special characteristics of the contrast enhanced car-
diac MR images. Section Il gives an overview of existing and
proposed methods for the alignment of sparse cardiac images. In
Section 1V, we discuss existing image analysis approaches and
present new techniques. The results are presented in Section V
and discussed in Section V1. Section VII contains a summary of

Whole-heart coronary

Late enhancement

angiography image

the paper as well as the final conclusions. Algorithmic details
on applied methods are described in the Appendix.

Il. IMAGE DATA

Contrast enhanced cardiac MR image data consist of different
images for morphological and dynamic analysis. Typical acqui-
sition protocols contain two perfusion sequences where images
are acquired in short-axis orientation under pharmacologically
induced stress and at rest, and a set of late enhancement images
containing a stack of short-axis slices and optional long-axis
slices. Recent developments in MRI acquisition technology also
allow acquisition of coronary angiograms, which are suitable for
inspecting the coronary tree [9]. Fig. 1 shows a clinical image
acquisition protocol for contrast enhanced MR analysis of my-
ocardial perfusion.

» Perfusion Images: Perfusion images are acquired after
Gadolinium contrast agent bolus injection over 40-60 con-
secutive heartbeats and they show the contrast agent’s first
pass through the myocardium. Three to four short-axis
slices with about 8 mm thickness, an in-plane-resolution
of 1.7 mm x 1.7 mm, and a gap of up to 10 mm are im-
aged per heart beat using a balanced SSFP sequence and
ECG-triggering. The number of image slices that can be
acquired is restricted by the patient-specific heart rate. For
the acquisition of the stress-perfusion sequence, the heart
rate is increased by pharmacological stress medication. As
illustrated in Fig. 2, this means that the application of the
same imaging sequence results in image slices that show
different contraction phases for perfusion at rest and under
stress.

* Whole-Heart Coronary Angiography: The whole-heart
volume dataset for the inspection of the coronary arteries
is acquired with a navigator-gated 3D SSFP sequence with
T2 preparation. The acquisition of the slice stack takes
around 5 min and the image data consist of axial or coronal
slices with about 1.2 mm thickness and a resolution of up
t0 0.6 mm x 0.6 mm in plane.
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Fig. 2. Temporal position of images in the heart contraction cycle.

» Late Enhancement Image Slices: Late enhancement can
be imaged 10 min after the contrast bolus injection using
an inversion recovery turbo flash sequence. As defective
tissue has a higher distribution volume for the Gadolinium-
based contrast agent, infarcted areas take on high intensi-
ties in the image slices [10], [11]. The acquired slice set
usually contains a stack of 5-10 short-axis slices and op-
tional vertical and horizontal long-axis slices. The resolu-
tion is about 1.33 mm x 1.33 mm x 5 mm.

Table 11 shows the sequence parameters that were applied for
the acquisition of the examined image datasets. All datasets are
acquired with parallel imaging (GRAPPA 2) [12].

As depicted in Figs. 1 and 2, the acquired image sets show
different resolutions, slice orientations, and for perfusion im-
ages even the temporal position within the cardiac cycle differs.
Moreover, displacement of image slices acquired at different
time points may occur due to breathing motion. These factors
complicate a combined analysis of the images considerably.

Il. IMAGE ALIGNMENT

The types of displacement induced by the image acquisition
described in the previous sections pose a couple of problems that

TABLE 11
SEQUENCE PARAMETERS USED FOR THE IMAGE ACQUISITION
Perfusion Late Enhancement = Whole-heart
sequence image volume
Repetition / Echo Time | 2.8/1.08 11.04/4.4 4/1.71
[ms]
Flip angle 15° 30° 90°
Matrix 160x192 192x256 256x173
Field of View [mm?] 340x300 293x360 320x240
Bandwith [Hz/Pixel] 840 140 601
Slice Thickness [mm] ca. 8 5-8 ca. 1.1

need to be solved before a comprehensive combined analysis of
all relevant images is possible.

» Alignment of late enhancement image slices in order to
correct slice displacements and to allow 3-D image anal-
ysis.

« Motion compensation of perfusion image sequences in
order to enable the analysis of intensity time courses.

» Matching of the whole-heart volume, the late enhancement
image, and the perfusion images to allow a visualization
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of spatial relations between healthy, hypoperfused, and in-
farcted tissue and the supply through the coronary arteries,
as described in Section 1.

A. Existing Approaches for Image Alignment

1) Spatial Alignment of Slices Belonging to One Image
Series: The problem of misalignment between stacked image
slices often occurs when these slices are acquired in different
heart cycles (see Fig. 2) and in the presence of patient or
breathing motion. This effect is seen in cardiac images in gen-
eral, and there are some approaches to correct the misalignment.
The methods proposed by Létjénen et al. [13] and Barajas et al.
[14] both include long-axis images in the alignment procedure
and they apply translation in 3-D to correct the misalignment.
The methods differ in the handling of slice distances and
the applied optimizer. Rotational motion is neglected in both
approaches.

2) Temporal Alignment of Perfusion Sequences: To assure
spatial correspondence of regions of interest, the displace-
ment errors between time frames of the perfusion sequence
due to patient motion, contraction, and breathing have to be
corrected. For this purpose, classical intensity-based as well
as model-based registration methods have been proposed, e.g.,
based on squared differences [15], normalized cross correlation
[16], [17], mutual information [18], [19], and a measure based
on gradient strength and direction [20]. Classes of transfor-
mations applied for correction are translation [17]-[19], rigid
transformations (translation and rotation) [15]-[17], and affine
transformations (translation, rotation, shearing, and scaling).
More tailored approaches apply model assumptions to support
the registration. Such assumptions relate to the shape of the
myocardium [18], [20], [21] as well as to the expected temporal
intensity course of the imaged regions [22]-[24]. Unlike the
late enhancement slices, which are acquired over multiple
heart cycles, perfusion slices, which represent one temporal
position, are acquired in straight succession. Thus, spatially
adjacent slices, which represent one time point, assumingly do
not differ strongly regarding their displacement. All the above
mentioned approaches perform a per-slice correction which
does not account for the long-axis connectivity of the slices at
one temporal position.

3) Spatial Alignment to a Reference Dataset: There are only
few approaches that address the alignment of different cardiac
images. Breeuwer et al. assume that the AHA-model segmenta-
tions, which divide the myocardium into radial segments within
three slices [7], spatially correspond to each other in all in-
spected images [25], while other strategies consider anatom-
ical landmarks [26] or previously segmented image structures
such as the epicardial surface [27], [28]. Since local image in-
formation is not taken into account, these methods can only pro-
vide relatively imprecise information about spatial relations be-
tween image structures from different datasets. The problem of
aligning single slices with an image that shows a different cov-
erage, resolution, or even intensity distribution occurs in dif-
ferent application areas. In particular, the application of mu-
tual information was found to be successful for the alignment
of short-axis and long-axis images with a preprocedural image
volume in MR-guided cardiac interventions [29].
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Fig. 3. Workflow of image preprocessing for a combined analysis of coronary
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B. Proposed Methods for Image Alignment for Advanced
Perfusion Analysis

A major problem in the analysis of late enhancement and per-
fusion images is the relatively low spatial resolution and the
related partial volume effects. Additional smoothing is intro-
duced by interpolation when spatial transformations are applied.
We therefore try to solve the intraimage and interimage align-
ment problems described above with a minimum of transforma-
tions and apply the workflow depicted in Fig. 3. The whole-heart
dataset serves as reference, because it shows the highest image
information density and it is already aligned due to the navi-
gator acquisition technique. Furthermore, it is acquired after the
first perfusion sequence and before the late enhancement image.
Late enhancement patterns may already be present, but not yet
at full strength, meaning that the intensity distribution is suit-
able as reference.

1) Alignment of Late Enhancement Slices: To correct slice
misalignment in the late enhancement image, the image slices
are matched separately onto the whole-heart image volume. Im-
ages are acquired in the same cardiac contraction phase. Any
displacement between the images is therefore caused by patient-
or breathing-motion. This displacement can be described by
rigid transformations, which are volume preserving. Thus, one
can compare the results with those of other applications. When
matching a single slice Iy, of the late enhancement image I;r
with the whole-heart image Iwg, only the overlapping image
parts I i, , Iiyy have to be compared. That is, for every evalua-
tion step, the computation of the similarity measure is restricted
to the intersection of the domains Dt N Dwy, Where Df g
is the domain of the transformed late enhancement slice  and
Dy is the domain of the whole-heart volume. To find a suit-
able similarity measure S we evaluate the following similarity
measures [13], [14], [29].

» Normalized Cross Correlation (NCC)

S (Iig,, Iwu) = NCC (IItA/El-vI{VH) 1)
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Fig. 4. Interactive preprocessing steps. The yellow box shows the user-defined
subimage at the reference time point ,, which is determined by the intersection
of the curves in the diagram on the right. The colors of the intensity curves
correspond to the markers defining the subjacent image regions in the left image.

with
c 1,1
NCCT,] =—1——r 2
, 7 @
¢ Normalized Mutual Information (NMI)
S (e Twn) =N (Tig, T ®)
with
1 1
N I, = 4
, T )
with
IItIEZ- = IIiEi Al ®)
Iyy = Iwn N w (6)

Both methods have the term normalized in their name. Re-
garding NCC this refers to the use of I to achieve scale
invariance, whereas for NMI the integration of the marginal
entropies I provides a certain robustness to changes of
the overlapping regions D* N D due to the transformation ¢
[30]. Optimization is performed with the Simplex algorithm by
Nelder and Mead [31].

2) Correction of Perfusion Sequences: Perfusion sequences
consist of about 40 time points depicting the pass of the contrast
agent through right ventricle, left ventricle, and myocardium.
As only the myocardial first pass is needed for the derivation
of semi-quantitative perfusion parameters (see Section 1V-A-3),
the motion correction starts from the end of the myocardial base-
line. Because of its central temporal position in the perfusion
sequence and its intensity distribution, the reference time point
is defined as the intersection time of the right and left ventric-
ular intensity curves. Fig. 4 shows a screenshot of the interac-
tive step, where the user has marked two regions in the right
and left ventricular blood pool, respectively. The diagram shows
the corresponding intensity curves and the determined reference
time frame. For registration, this reference image is matched to
the whole-heart image dataset with the method that is described
for late enhancement slice alignment in the previous section
(Fig. 3). As the images are not acquired in the same heart phase,
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Fig. 5. Different kinds of motion in perfusion sequences: The upper row shows
five consecutive time frames of a stress perfusion sequence with out-of-plane
motion (case 7: the left ventricular outflow tract appears in the third image). In
the middle sequence (case 10) the myocardium changes its thickness by contrac-
tion and the lower column (case 1) shows displacement from breathing motion.

scaling and shearing are added and thus affine transformations
are allowed.

As shown in Fig. 4, the user also defines the region of interest
that is to be processed. Time frames that show strong displace-
ment or deformations can also be removed in this step.

As shown by Rogers et al. [32], myocardial tissue moves up to
13 mm in the long-axis direction during contraction exceeding
the usual slice thickness. Due to the extreme sparseness of the
perfusion images, 3-D alignment of the image slices is neither
possible nor useful. Therefore, strong outliers are removed from
the sequence and the following temporal alignment is performed
in 2-D.

The time frame that is aligned with the whole-heart image
serves as reference /I for the motion correction. Diseased
patients often tend to show arrhythmias, which can give rise
to misalignment due to extrasystolic contractile motion. Fig. 5
shows typical types of motion that frequently appear in perfu-
sion image sequences. The motion correction consists of two
steps. First, affine transformations are applied to compensate
the displacement and deformation caused by breathing and
patient motion. To address slight contractile motion, cubic
B-spline transformations are considered in the second phase.
We thereto apply a regular grid of four points in both directions,
and thus the parameter set to be optimized for an image

slice at time point is composed as follows:
=71,.17,,R,S ,S.,5,B , ,B4B , ,Bu
=1, , Zrmax
= tl\/h 7tmax

T, T,: translation in x- and y-direction, respectively

R: rotation angle

Sh: shearing

Sz, Sy: scaling

B, de Boer point coordinates specifying the

B-spline transformation
To register every slice with its corrected temporal prede-
cessor ' _ the parameter set is optimized by applying the

similarity measures S described in Section 111-B-1 to the inter-
section of the corresponding domains D! _ and D that result
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