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Abstract. Patient-specific correlation of perfusion defects to coronary arteries 
which are responsible for blood supply in the affected territories has the 
potential to improve accuracy of diagnosis and intervention planning. The 
correlation of coronary arteries and perfusion defects can be established through 
registration of 3D angiography and 2D perfusion datasets. However, cardiac 
cycle phase mismatch between angiography and perfusion datasets causes the 
vast variation of the myocardium shape in these datasets and precludes the use 
of the standard methods for 2D/3D registration. Research published to date does 
not provide a reliable method of registering 2D perfusion and 3D angiography 
datasets. This paper presents an approach for non-rigid registration of 2D 
perfusion and 3D angiography data; the solution to the registration problem 
relies on the use of the 4D (3D + time) cine series to mediate non-rigid 
registration of perfusion and angiography datasets. The approach is evaluated 
on clinical data and its performance is compared with previously suggested 
methods for perfusion and angiography registration. The evaluation results 
show the utility of the presented method in the context of perfusion analysis 
while highlighting its applicability to other areas of cardiac image analysis. 

Keywords: DCE-MRI, myocardial perfusion, MR angiography, slice-to-
volume registration, mediated registration, spatiotemporal registration. 

1 Introduction 

Cardiovascular Magnetic Resonance (CMR) imaging provides in a single test the 
most comprehensive diagnostic information compared to other standard tests for 
Coronary Heart Disease (CHD) diagnosis; it allows for the assessment of ventricular 
function, tissue viability, coronary anatomy and myocardial perfusion in a single 
examination [1, 2]. In CMR imaging myocardial perfusion is assessed through 
Dynamic Contrast-Enhanced Magnetic Resonance Imaging (DCE-MRI) protocol; 
DCE-MRI is the most promising technique for non-invasive assessment of 
myocardial perfusion without the exposure to ionizing radiation [2]. 2D DCE-MRI 
time series show the quality of perfusion of the myocardium by imaging the passage 
of contrast agent through the heart. One of the goals of perfusion analysis is to 
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establish a reliable correlation between perfusion defects and coronary arteries 
responsible for the defects; this correlation is crucial for successful management of 
patients’ treatment. There are two dominant approaches to perfusion analysis; one 
approach relies on pixel-by-pixel perfusion curves for the whole series; the other 
approach summarizes perfusion defects on a generic population-based bull’s eye plot 
of coronary supply territories introduced by the American Heart Association [3]. In 
spite of the wide-spread use of the latter method it is unable to take into account 
clinically-important variability in coronary anatomy [4]. The accuracy of diagnosis 
and revascularization planning can be improved by correlating perfusion defects to 
the arteries responsible for blood supply in the affected areas of the myocardium in a 
patient-specific model. Registration of DCE-MRI and coronary Magnetic Resonance 
Angiography (MRA) datasets has the potential to provide the solution for patient-
specific mapping of perfusion defects to coronary supply territories. However the 
standard methods of rigid and non-rigid registration are not applicable in this context 
because of the cardiac phase mismatch between DCI-MRI and MRA datasets. 
Myocardium shape variation across the heart cycle precludes the use of rigid slice-to-
volume registration, while the difficulties associated with weak perspective in non-
rigid slice-to-volume registration impede the use of the standard non-rigid techniques. 

In this work we present an approach for mediated spatiotemporal registration 
designed to overcome the difficulties associated with perfusion and angiography 
registration. The method is based on the use of a non-rigid transform obtained from 
the analysis of temporal series (4D MR cine datasets). A non-rigid transform spanning 
the phases from angiography to perfusion is derived from the 4D cine; this transform 
is used as the spatiotemporal registration mediator in the process of correlating 
perfusion defects with the coronary arteries. 

2 Related Work 

The general area of 2D/3D registration can be subdivided into two distinct application 
types. The first type is known as projection-to-volume registration and refers to 
registration of images from projective 2D imaging modalities (i.e. fluoroscopy) to 3D 
volumes. The second type (of relevance to our work) is known as slice-to-volume 
registration and refers to applications where a 2D slice defined by some clipping 
plane in 3D space is registered to a 3D volume. Rigid slice-to-volume registration 
recovers the transform which places the slice into the correct position within the 
volume. Birkfellner et al. in [5] present the case of slice-to-volume registration with a 
set of common similarity metrics in application to fluoroscopic CT images and 
discuss its general applicability to both intra- and inter-modality registration 
problems. Application of slice-to-volume registration to cardiac MR data was first 
attempted in the work described in [6] where the slices and volumes of the same 
cardiac phase were successfully co-registered with a number of similarity metrics. In 
both cases only rigid registration methods are used, since non-rigid slice-to-volume 
registration in 3D can easily become an under-constrained problem. 
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Hennemuth et al. in [7] apply slice-to-volume registration along with other image 
analysis techniques to myocardium viability assessment through the use of three 
cardiac MR modalities: DCE-MRI, MRA and Delayed Enhancement MR (DEMR) 
datasets. The authors propose a solution for fusion of DCE-MRI and DEMR through 
the use of the high-resolution MRA dataset as a reference. In particular, DCE-MRI 
images are registered in 2D to the corresponding reformatted 2D slices from MRA 
with affine transformations excluding 3D motion; citing the results from [8] the 
authors in [7] claim that “3D alignment of 2D image slices is neither possible nor 
useful”. An example of fusion of multiple MR modalities through temporal series 
analysis is presented in [9] where DEMR is transformed into synthetic cine with the 
4D transform derived from the analysis of cine series; this method is offered as a 
solution to myocardium viability assessment through the visualization of suspected 
scar tissue in motion. An example of 4D cine analysis presented in [10] is designed to 
estimate myocardium strain with physically-constrained diffeomorphic demons. 

The approach for mediated spatiotemporal registration proposed in this paper is 
designed to fuse 2D short-axis myocardium perfusion images which were acquired at 
either systolic or diastolic phases of the cardiac cycle with 3D angiography volumes 
acquired during diastole. Contrary to the previous assertions, the approach described 
here shows that 3D alignment of slices is possible through the use of a 4D reference 
dataset to guide non-rigid registration of images acquired at distinct phases of the 
cardiac cycle. The evaluation results confirm that 3D alignment of perfusion slices 
provides better outcomes in comparison to other methods. 

3 Materials and Methods 

3.1 MR Imaging Protocols 

The research described here relies on three types of cardiac CMR data acquired on a 
dedicated cardiac research scanner (1.5 Tesla Intera CV, Philips, The Netherlands). 
The following is a brief summary of the data; further details are given in [11]: 

1. 2D DCE-MRI (stress1 or rest) time series (henceforward referred to as perfusion). 
A T1-weighted saturation-recovery gradient echo pulse sequence combined with 
SENSE is used to assess first pass myocardial perfusion in three short axis slices. 
The stress perfusion study commences approximately four minutes into the 
adenosine infusion administered to induce cardiac stress. An intravenous injection 
of contrast agent is administered during breath hold in end-expiration. The average 
field of view is 360 mm; matrix size 256 × 256. Perfusion series consist of up to 60 
stacks of basal, medial and apical short-axis slices of 10 mm thickness. 

2. 3D MR Angiography datasets (henceforward referred to as angiography). Whole 
heart coronary angiography is acquired using a balanced SSFP sequence and a 

                                                           
1 The experiments in this work do not include perfusion stress series registration, but the 

spatiotemporal registration approach is equally applicable to both rest and stress series. 
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respiratory navigator to compensate for motion during free breathing. Timing of 
the diastolic coronary rest period is estimated from the four-chamber free breathing 
cine scan. The average field of view is 360 mm; matrix size 512 × 512 with up to 
110 slices; slice thickness 1.79 mm. 

3. 4D (3D + time) wall-motion series (henceforward referred to as cine series). In 
clinical practice cine series are used for detecting myocardial wall motion 
abnormalities. Cine series are acquired with SENSE sequence as a contiguous 
stack encompassing both ventricles with at least 20 phases per cardiac cycle in a 
matrix size of 256 × 256 with 10–12 slices per phase (depending on left ventricular 
long axis length) with one to two slices acquired per breath-hold. The average field 
of view is 350 mm; slice thickness 10 mm. 

3.2 Mediated Spatiotemporal Registration 

The registration method proposed here is designed to fuse 2D perfusion short-axis 
images of myocardium acquired at either systolic or diastolic phases of the cardiac 
cycle with 3D angiography volumes acquired during the phase of maximum 
myocardial relaxation. The method is centered around the computation of a non-rigid 
3D transform to be used as a mediator for the non-rigid registration in the multi-step 
process attempting to link two arbitrary phases of a cardiac cycle. Prior to registration 
the cine series were preprocessed to correct for slice misalignment which results from 
the variation in breath-hold positions during series acquisition. The misalignment was 
corrected using the slice-to-volume registration method described in [12]. 

In general, image registration is described by the following equation: T = R(IF, IM), 
where fixed image IF is registered with moving image IM to produce transform T that 
can be used directly to resample the moving image into the coordinate space of the 
fixed image. Fig. 1 shows the stages of mediated spatiotemporal registration; the 
direction of the arrows indicates the direction of the derived transforms. 

At the start of registration a medial or basal2 perfusion slice with maximal 
ventricular contrast is chosen in the perfusion series; this slice is determined by the 
intersection of temporal intensity curves for left and right ventricles as described in 
[7]. The temporal phase tP within the cine series is determined through the 
normalization of cardiac cycle trigger offsets which are recorded in DICOM headers; 
the closest value of a normalized cine trigger offset to the normalized perfusion 
trigger offset determines the matching cine phase tP. Rigid slice-to-volume 
registration with Mutual Information (MI) metric [13] of perfusion slice IP to the 
corresponding phase tP of the cine series IC results in a rigid transform TP defined as 
follows: TP = R(IP, IC). The accuracy of the transform TP is verified visually by 
examining the results of registration presented in a series of checkerboards (one for 
each cine phase) combining perfusion and phase-specific cine images; the 
checkerboards corresponding to cine phase tP are characterized with the minimal 
discontinuities in myocardial boundaries. 

                                                           
2 Apical, medial and basal slices are acquired at different cardiac phases due to the demands of 

the for DCE-MRI protocol. Apical slices were not used in this work. 
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Fig. 1. Stages of mediated spatiotemporal registration. Registration of a perfusion slice to the 
corresponding phase ti in the cine dataset produces a rigid transform TP; registration of the 

whole heart angiography volume to the corresponding phase tj in the cine dataset produces a 
rigid transform TA; non-rigid transform TE is obtained through sequential registration of cine 

phases from ti to jj; the total transform is composed of the transforms TP, TE and TA. 

Similarly, the phase match between angiography volume and cine series is found 
through the normalization of the cardiac cycle trigger offsets; the closest trigger value 
determines cine phase tA. Rigid 3D-to-3D MI-based registration of the angiography 
volume IA to the corresponding cine IC image at phase tA results in a rigid transform TA 
defined as follows: TA = R(IC, IA). Again, the accuracy of the resulting transform TA 
can be confirmed visually by examining the checkerboards after angiography-to-cine 
registration. 

Given the phases of the perfusion image tP and the angiography volume tA the non-
rigid 3D transform TE between the tP and tA phases of the cine series is obtained with 
the composition of the transforms derived from non-rigid pair-wise registration of all 
adjacent phases. The composition of sequential transforms draws on the Eulerian 
registration framework, where the deformation is viewed as flow in time, as opposed 
to the deformation of an elastic material in the Lagrangian framework, where the 
deformation is always calculated as the transform between the first and last stages of 
the process [14]. Thus if a transform between two adjacent phases ti and tj is defined 
as Ti,j = R(ICi, ICj) then the composite transform TE spanning the phases tP and tA is 
defined as follows: TE = Ta,a-1 ⊗ … ⊗ Tj,i ⊗ … ⊗ Tp+1,p, where the indices [p, …, i, j, 
…, a] correspond to the discrete cardiac phases from tP and tA. In the experiments 
described here 3D transformations were obtained independently with two methods for 
non-rigid registration: MI-based registration with B-Spline transforms [15] and 
Demons registration [16]; both methods provided comparable outcomes. In this work 
we present the results for Demons registration. 

It must be noted that the direction of registration at all stages is chosen in such a 
way so as to avoid the need for transform inversion; only direct transforms are used in 
the final composite transform TM defined as follows: TM = TA ⊗ TE ⊗ TP. The 
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application of the transform 
warping of the angiography 
The final step involves extracting a 
angiography volume at the location and orientation of the perfusion slice. 
coronary arteries are 
segmentation) in the angiography volume, the composite angiography
transform would place the arteries into 
segmentation of coronary arteries is not discussed in this work.
perfusion and warped
context of the whole heart 
perfusion context) thus 
defects (if present) and the closest cor
approach, Fig. 2 shows (left to right) reformatted slice
angiography volume 
corresponding perfusion slice
perfusion sequence, reformatted slice
of the final transform 
perfusion and transformed angiography slices.

Fig. 2. Example output 
angiography registration: the checkerboard is 

left) transformed angiography slice (
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application of the transform TM to the angiography volume IA results in the non
angiography volume into the perfusion frame of reference: IP

The final step involves extracting a reformatted double-oblique slice from the 
graphy volume at the location and orientation of the perfusion slice. 

are defined through either manual or automatic localization
in the angiography volume, the composite angiography-to-

transform would place the arteries into the coordinate space of the perfusion slice
egmentation of coronary arteries is not discussed in this work. The overlay of the 

perfusion and warped angiography images displays perfusion information in the 
the whole heart angiography volume (or vice versa, angiography in 

thus establishing the direct correspondence between perfusion 
defects (if present) and the closest coronary arteries. As an example output of 

shows (left to right) reformatted slices extracted from the original 
angiography volume (top and bottom) at the location and orientation of the 
corresponding perfusion slices, basal (top) and medial (bottom) slices from rest 
perfusion sequence, reformatted slices from angiography volume after the application 

transform TM to the angiography volume, and checkerboard overlay
perfusion and transformed angiography slices. 

Example output for registration of basal (top) and medial (bottom) perfusion slices to 
angiography registration: the checkerboard is composed from perfusion image (second from 

left) transformed angiography slice (third image). 

 

results in the non-rigid 
P ≅ TM(IA). 

slice from the 
graphy volume at the location and orientation of the perfusion slice. When 

defined through either manual or automatic localization (or 
-perfusion 

the perfusion slice; 
The overlay of the 

images displays perfusion information in the 
(or vice versa, angiography in 

direct correspondence between perfusion 
As an example output of our 

extracted from the original 
at the location and orientation of the 

, basal (top) and medial (bottom) slices from rest 
from angiography volume after the application 

, and checkerboard overlays of 

 

basal (top) and medial (bottom) perfusion slices to 
composed from perfusion image (second from 
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The phase difference between perfusion and angiography images in Fig. 2 is more 
striking in the case of the medial perfusion slice, because in general medial perfusion 
slices are acquired during systole, while angiography volume are acquired at diastole. 

3.3 Evaluation Methodology 

The evaluation was carried out with ten anonymized clinical datasets chosen with 
prior consent from the pool of data acquired for the CE-MARC study [11]; the 
datasets included five female and five male patients with the average age of 62 years. 
The registration experiments were performed with basal and medial perfusion slices 
with maximal ventricular contrast. The performance of our method was compared 
against 2D affine registration of DCE-MRI and the corresponding reformatted 2D 
slices from MRA without 3D alignment as described in [7]. 

Quantitative evaluation was carried out against ground truth with two types of 
manually annotated data: (1) left-ventricular (LV) endocardial, LV epicardial and 
right-ventricular (RV) endocardial contours for medial and basal slices with maximal 
myocardial contrast in both ventricles in rest perfusion data; the contours were 
manually drawn on QMass MR 6.2.1 from Medis Medical Imaging Systems and 
examined by a cardiologist, (2) manual segmentation of LV endocardial, LV 
epicardial and RV endocardial surfaces in whole heart angiography volumes carried 
out in ITK-SNAP form Penn Image Computing and Science Laboratory. 

The accuracy of spatiotemporal registration was evaluated as the physical distance 
for each voxel from LV endocardial, LV epicardial and RV endocardial contours 
defined in perfusion slices to the segmented LV endocardial, LV epicardial and RV 
endocardial surfaces defined in angiography volumes and warped with the transform 
derived through mediated spatiotemporal registration. This error calculation 
represents the lower bound approximation of the 3D error; the true 3D error is not 
obtainable since the true position of the contours on the segmented LV endocardial, 
LV epicardial and RV endocardial surfaces at phase tA is not known. 

4 Results 

The accuracy of spatiotemporal registration for medial slice is summarized in the 
top row of contour-to-segmentation error distance histograms in Fig. 3: out of the 
three types of contours the LV epicardial contour presents the least difficulty for our 
perfusion-to-angiography registration method because of its relatively large scale and 
simplicity of shape. Although the LV epicardial contours undergo significant 
expansions and contractions throughout the heart cycle, the nature of these 
deformations is most predictable. On the other hand the papillary muscles within the 
LV endocardial contour pose the most difficulty for registration because of their 
proximity to the endocardial surface. The RV endocardial contour is usually of a 
complex shape, however the deformation is successfully recovered in most cases. For 
comparison, the bottom row of histograms shows the contour-to-segmentation 
distances for 2D affine registration without 3D motion; the weaker results are 
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explained by insufficiency in degrees of freedom in 2D affine registration. The 
histograms show that the 2D affine registration has a much stronger bias in the LV 
endocardial contours, which can be explained by the fact that the 2D affine transform 
optimization is guided by the larger mass of the myocardium, while the LV 
endocardial contour including the LV blood pool bears less influence on the 
optimization process. 

 

 

Fig. 3. Comparison of spatiotemporal registration performance (top) vs. 2D affine registration 
(bottom) applied to medial slices. Errors are measured as contour-to-segmentation distances 

(mm) for LV endocardial, LV epicardial and RV endocardial contours. 

Fig. 4 shows the typical results of mediated spatiotemporal registration for one 
dataset; the ground truth contours (basal on top, medial below) are shown as they 
were defined in perfusion data; under each perfusion slice the contours are shown in 
the context of the transformed myocardial segmentations. As it can be seen in the 
example in Fig. 2, the shape difference to be recovered through registration is much 
larger for medial slices. Spatiotemporal registration, however, performs reasonably 
well for both basal and medial slices. 

Another comparison between spatiotemporal and 2D affine registration results is 
shown in Fig. 5; Hausdorff distance and average Hausdorff distance metrics [17] 
measure how closely perfusion contours match the transformed myocardium 
segmentations; these results confirm that spatiotemporal registration is more suitable 
for perfusion-to-angiography registration. In the case of the medial LV endocardial 
and epicardial slices the t-Test indicates statistically-significant difference of the 
average Hausedorff distances (P=0.001 and P=0.011 respectively) between the 
approach presented in this work and the approach in [7]. 

Registration of apical slices has not been evaluated in this work, because the 
implementation of the method for misalignment correction in the 4D cine series needs 
further work; in particular the method in [18] is expected to improve the overall 
accuracy of our approach. 
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Fig. 4. LV endocardial, epicardial and RV endocardial contours in the context of 
and medial (bottom) perfusion 

5 Discussion 

The presented approach
component in a project focusing on a comprehensive analysis of CMR. The 
evaluation of the approach
used for correlating angiography and perfusion datasets by recovering the perfusion
to-angiography phase difference. 
coronary tree segmentation 
coronary supply territories combined with perfusion and myocardium viability data. 
More generally, in combination with automatic myocardium segmentation methods in 
high-resolution whole-
problematic task of myocardium segmentation in low
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LV endocardial, epicardial and RV endocardial contours in the context of basal (top) 
perfusion slices with respect to the transformed segmented volume.

approach to spatiotemporal registration has been developed as a 
component in a project focusing on a comprehensive analysis of CMR. The 

proach presented in this paper indicates that the method can be 
used for correlating angiography and perfusion datasets by recovering the perfusion

angiography phase difference. We intend to use the method in conjunction with 
coronary tree segmentation and perfusion analysis to produce patient-specific maps of 
coronary supply territories combined with perfusion and myocardium viability data. 

, in combination with automatic myocardium segmentation methods in 
-heart angiography volumes our method can be applied to the 

problematic task of myocardium segmentation in low-resolution perfusion data; 
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basal (top) 
with respect to the transformed segmented volume. 

spatiotemporal registration has been developed as a 
component in a project focusing on a comprehensive analysis of CMR. The 

presented in this paper indicates that the method can be 
used for correlating angiography and perfusion datasets by recovering the perfusion-

intend to use the method in conjunction with 
specific maps of 

coronary supply territories combined with perfusion and myocardium viability data. 
, in combination with automatic myocardium segmentation methods in 

method can be applied to the 
resolution perfusion data; 
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application of the transform spanning the phase difference between angiography and 
perfusion phases to automatically segmented myocardium can produce myocardium 
labeling in the whole perfusion series if they were initially corrected for breathing 
motion; to our knowledge this approach for perfusion segmentation has not been 
explored in research literature. 

 
Fig. 5. Comparison of spatiotemporal (SpT) vs. 2D affine (2DAff) registration with Hausdorff 

distance and average Hausdorff distance for basal (previous page) and medial contours. 

Although at this stage the performance of our approach on basal and medial slices 
presents an incremental improvement of the basic 2D affine registration, overall 
spatiotemporal registration has more potential for all short-axis slice locations and 
phase differences; in other words, while both methods demonstrate equivalent 
performance on “easy” data, spatiotemporal registration produces reliable results with 
“difficult” data. The top image in Fig. 6 illustrates that 2D affine registration lacks in 
the number of degrees of freedom to recover the transform between medial perfusion 
slice and angiography; the images below present a case of success of 2D affine 
registration on a basal perfusion slice and a case of failure on a medial perfusion slice. 
The authors believe that although the proposed approach does not explicitly account 
for tissue twist that occurs during myocardial contraction and relaxation, further 
improvements to the approach can implicitly provide suitable accuracy for a very 
reliable mechanism to correlate coronary arteries to perfusion territories. 
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Fig. 6. Examples of successful and failed registration with 2D affine transformation
image demonstrates that 2D a

freedom to bridge large phase
successful transform recovery for a basal slice and a failed result for a medial slice.

In conclusion, the presented approach for spatiotemporal registration 
and angiography datasets improves on the previous methods
because it is capable of recovering deformations for all phases of the cardiac cycle 
and short-axis slice loc
its strength in the analysis of stress perfusion sequences
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