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Purpose: Cardiac computed tomography �CT� and single photon emission computed tomography
�SPECT� provide clinically complementary information in the diagnosis of coronary artery disease
�CAD�. Fused anatomical and physiological data acquired sequentially on separate scanners can be
coregistered to accurately diagnose CAD in specific coronary vessels.
Methods: A fully automated registration method is presented utilizing geometric features from a
reliable segmentation of gated myocardial perfusion SPECT �MPS� volumes, where regions of
myocardium and blood pools are extracted and used as an anatomical mask to de-emphasize the
inhomogeneities of intensity distribution caused by perfusion defects and physiological variations.
A multiresolution approach is employed to represent coarse-to-fine details of both volumes. The
extracted voxels from each level are aligned using a similarity measure with a piecewise constant
image model and minimized using a gradient descent method. The authors then perform limited
nonlinear registration of gated MPS to adjust for phase differences by automatic cardiac phase
matching between CT and MPS. For phase matching, they incorporate nonlinear registration using
thin-plate-spline-based warping. Rigid registration has been compared with manual alignment
�n=45� on 20 stress/rest MPS and coronary CTA data sets acquired from two different sites and five
stress CT perfusion data sets. Phase matching was also compared to expert visual assessment.
Results: As compared with manual alignment obtained from two expert observers, the mean and
standard deviation of absolute registration errors of the proposed method for MPS were 4.3�3.5,
3.6�2.6, and 3.6�2.1 mm for translation and 2.1�3.2°, 0.3�0.8°, and 0.7�1.2° for rotation at
site A and 3.8�2.7, 4.0�2.9, and 2.2�1.8 mm for translation and 1.1�2.0°, 1.6�3.1°, and
1.9�3.8° for rotation at site B. The results for CT perfusion were 3.0�2.9, 3.5�2.4, and
2.8�1.0 mm for translation and 3.0�2.4°, 0.6�0.9°, and 1.2�1.3° for rotation. The registration
error shows that the proposed method achieves registration accuracy of less than 1 voxel
�6.4�6.4�6.4 mm� misalignment. The proposed method was robust for different initializations in
the range from −80 to 70, −80 to 70, and −50 to 50 mm in the x-, y-, and z-axes, respectively.
Validation results of finding best matching phase showed that best matching phases were not
different by more than two phases, as visually determined.
Conclusions: The authors have developed a fast and fully automated method for registration of
contrast cardiac CT with gated MPS which includes nonlinear cardiac phase matching and is
capable of registering these modalities with accuracy �10 mm in 87% of the cases. © 2009
American Association of Physicists in Medicine. �DOI: 10.1118/1.3253301�
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I. INTRODUCTION

The common use of multiple imaging techniques in the same
patient poses a great demand for multimodal image registra-
tion to show functional and anatomical information on a
single interactive fused display. Integration of complemen-
tary information provides the foundation for a variety of
clinical applications,1,2 including localization and boundary
definition of organs and lesions, comparison of anatomical
information with function, planning of radiation therapy, and
image-guided surgery.

Computed tomography �CT� and myocardial perfusion

single photon emission computed tomography �MPS� convey
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different characteristics. This is due to the fact that the CT
image is created by the attenuation of external photons
throughout the thoracic volume, while MPS is created by
emissions of photons primarily in the myocardium, with
poorly perfused regions exhibiting a reduced photon signal.
The advent of multislice CT scanners with rapid rotation has
increased the availability of noninvasive coronary CT an-
giography �CTA�, a promising method for cardiac imaging.
Contrast-enhanced coronary CTA allows depiction of coro-
nary anatomy and noninvasive assessment of coronary artery
stenosis and coronary artery plaque.3 Recently, it has been

suggested that contrast-enhanced cardiac CT can also be
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used to detect ischemic heart disease by assessment of rest
and stress myocardial perfusion during CTA, but this method
of perfusion assessment is not yet in common use.4 Addition-
ally, MPS is a mainstream imaging technique used to esti-
mate myocardial hypoperfusion due to coronary stenosis,5

which, however, cannot be observed by MPS directly. Con-
sequently, it is essential to combine different imaging mo-
dalities that provide clinically complementary information in
the diagnosis, which can be achieved by registration.

It has been proposed that the combination of CTA and
MPS modalities can provide clinically complementary infor-
mation and offer better understanding of perfusion
defects,6–9 and most applications to date utilize manual or
semiautomated image fusion for this purpose.6 For example,
visual analysis of fused MPS and coronary CTA images can
improve the diagnostic value of sequential combined
imaging,7 and manual tools for coronary CTA-MPS fusion
have been developed.6 However, manual alignment is te-
dious and observer dependent, which complicates clinical
protocols and reduces the practicality of such tools. Nakajo
et al.8 proposed a semiautomated coregistration of coronary
CTA with gated MPS using a left ventricle �LV� binary
model of coronary CTA. In their work, gated single photon
emission computed tomography �SPECT� data were regis-
tered and mapped to a left ventricle binary model extracted
from CTA data using manual, rigid, and affine registration
methods with a cost functional of the SPECT count value.
However, manual procedures were involved and the potential
phase mismatch problem was not addressed although gated
SPECT datasets were used for registration. On the other
hand, our group was the first to propose a preliminary auto-
mated multimodal combination of MPS with coronary CTA
scans using presegmented MPS volumes.9 A preliminary ap-
proach from our group9 has dealt with the phase mismatch
problem by assuming that reconstructed CT cardiac phases
were obtained from the ED phase and MPS data could be
integrated to the ED phase using a “motion-frozen”
technique.10 However, one limitation of this approach was
the rigid body assumption, which may be significantly inac-
curate when reconstructed cardiac phases differ in the two
modalities.

In general, there have been other related studies on the
registration of MPS with other cardiac modalities. Faber et
al.11 proposed a point-based registration of the MPS surface
with 3D coronary anatomy reconstructed from invasive 2D
coronary angiography, and it did not use volume registration.
Guetter et al.12 developed a registration method for MPS and
noncontrast CT data to improve attenuation correction. How-
ever, in their study, images were obtained by the hybrid
SPECT-CT scanner �in contrast with different stand-alone
scanners� where images are already in approximate align-
ment, requiring only small correction. Guetter et al.12 pro-
posed a learning-based method that exploits the mutual in-
formation and an intensity co-occurrence prior. However,
this approach used an off-line training process. Besides, all
data sets have to be provided a priori; otherwise, the prior
model may not be incrementally extended as new image data

�e.g., different vendors or abnormal data� are available. In
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related development, Aladl et al.13 proposed an MRI-MPS
volume registration technique which utilized the MRI motion
to presegment the heart for registration with MPS. However,
this approach is not practical for CTA since typically only a
few cardiac phases with acceptable image quality may be
available for analysis due to radiation dose considerations.

Registration methods can be categorized into two types.
“Feature-based” methods rely on local image features such
as edges or relevant anatomical structures, whereas
“intensity-based” methods directly use image intensity and
do not require any additional function for characterizing
structures in image. A number of different measures have
been applied for the computation of dissimilarity and mutual
information and its variant are the most popular approaches,
especially for multimodal image registration.14,15 However,
in most cases, intensity alone is often insufficient, and addi-
tional information needs to be incorporated. This is espe-
cially true for images from abnormal subjects who have in-
herent physiological variations between different modalities.
Consequently, the relationship between two different image
characteristics may vary from case to case, and thus deriva-
tion of additional prior information may not be effective in
this application, since both MPS and cardiac CT datasets
have large variations caused by the different injection con-
trast and perfusion defects, resulting in highly variant inten-
sity distribution, even in the same region. Also, the standard
dissimilarity measure for multimodal image registration such
as mutual information based method16 may not be very ef-
fective without specialized preprocessing.

In this paper, we aim to develop a fast and fully auto-
mated multimodal image registration method for aligning
functional MPS with anatomical CT scans by extending our
preliminary approach.9 Accurate registration of contrast-
enhanced cardiac CT with MPS is challenging as different
anatomical features are visible in different images. For ex-
ample, although the myocardium is visible on both cardiac
CT and MPS, there could be severe perfusion defects present
on MPS images which do not have equivalent appearance on
CT as shown in Fig. 1. Additionally, variation in the intrave-
nous contrast distribution for different patients causes inten-
sity variations on CT images within the blood pool region.

To alleviate the problems and provide robust registration

FIG. 1. Examples of CT �top� and MPS �bottom� volume cross sections
illustrating image variations between patients: �a� and �b� show coronal
views for two different patients. �c� and �d� show the axial/transverse views
for the respective patients.
results regardless of image variations, we proposed to utilize
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the explicit and geometrically characteristic information �i.e.,
segmented boundary of MPS� to find the correspondence and
estimate intensity values in the myocardium and blood pool
regions simultaneously using a variational framework, where
a piecewise constant image model of each segmented region
is incorporated as a similarity measure. Both segmentation
and registration are interrelated17 and heavily subject to im-
age characteristics that provide discriminative power be-
tween the regions of interest and the background. However, a
joint segmentation and registration scheme may not be appli-
cable to our problem since the characteristic features that
define the boundary of regions of interest in MPS are usually
subtle �especially in abnormal datasets� and this will severely
degrade the performance of both segmentation and registra-
tion. Consequently, we have proposed an algorithm that ap-
plies segmentation as an initial step and subsequently regis-
tration procedure.

We first perform rigid registration of the segmented
boundary of gated MPS with cardiac CT. Subsequently, the
best matching cardiac phase is automatically found based on
the cost functional, followed by nonlinear landmark-based
warping of gated MPS to the specific phase matching to the
CT phase. The nonlinear registration is applied within gated
MPS for better visualization of defects to improve spatial
resolution and to remove blurring due to motion artifact. To
our knowledge, our technique is the first to address the issues
of multimodal image registration and cardiac phase matching
problem at the same time. In our application, we only use
segmentation of MPS images, since cardiac CT has relatively
homogeneous intensity distribution compared with MPS vol-
ume. Although the degree of contrast between the blood pool
and myocardium of cardiac CT varies according to the
dataset obtained, the proposed scheme can estimate corre-
sponding intensity values in an alternative manner.

II. MATERIALS AND METHODS

II.A. Description of the method

II.A.1. Preprocessing

A fully automated segmentation algorithm18 for the LV of
gated SPECT previously developed in our laboratory is
adopted to define specific regions of interest, including myo-
cardium, blood pool, and extracardiac region, in the MPS
volume. In this step, all gated MPS volumes are segmented.
This technique has been previously validated19,20 and pro-
vides high accuracy of MPS segmentation.21 In brief, for
each interval of a gated MPS volume, an asymmetric Gauss-
ian is fitted to each profile from which a maximal count
midmyocardial surface is determined. The inflection points
of the Gaussian are taken to be the surface points.

Geometric features of the boundary of a left ventricle ob-
tained from the segmentation of MPS volumes are of great
importance as they can provide the anatomical information
to guide registration. Those regions to be extracted from
MPS volumes usually do not present distinguished boundary
features, resulting in an inhomogeneous intensity distribution

within the same anatomical region as shown in Fig. 2.
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Let I and J be segmented MPS and cardiac CT volumes,
respectively, in �, which correspond to an open and bounded
domain in R3. As stated before, we use only segmented MPS
volumes due to possible large hypoperfusion abnormalities
which would disrupt the cost function. For cardiac CT, we
use original intensities with Gaussian smoothing to suppress
possible noise and artifacts. Both volumes have a different
image size but the transformation is calculated on the same
space. The segmented MPS volume I is the union of three
disjoint regions; namely, the blood pool, myocardium, and
extracardiac structures. We denote regions of blood pool,
myocardium, and extracardiac structures by D1, D2, and D3,
respectively, where �=D1�D2�D3 as shown in Fig. 2�c�.
We assume that CTA has relatively homogeneous intensity
values in blood pool and myocardium and apply a Gaussian-
shaped filter of 3 mm standard deviation to the CTA volume
to reduce the intensity variation due to noise and lower the
CTA image resolution closer to the MPS image.

II.A.2. Registration model

Given preprocessed MPS and CT volumes, we automati-
cally align the centers of the end-diastolic �ED� phase of
segmented MPS and the reconstructed CT volume as an ini-
tialization step, and then apply the proposed multimodal reg-
istration method. An overview of the registration method is
presented in Fig. 3.

FIG. 2. An example of myocardial segmentation of MPS: �a� shows trans-
verse views for an abnormal case �top� and a normal case �bottom�; �b�
shows respective contours from segmentation overlaid on the images from
�a�; �c� illustrates the blood pool �D1�, myocardial �D2�, and extracardiac
�D3� regions; �d� shows 3D contours obtained from the myocardial segmen-
tation, endocardium �surface�, and epicardium �mesh�. Note the robust seg-
mentation result despite abnormality in MPS.
FIG. 3. Overview of the registration procedure.
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Our goal in multimodal registration is to estimate the
transformation T�� · � that maps the MPS gated phase to
the cardiac CT volume. Transformation T�� · � is a rigid
transfor mation of parameters �= �tx , ty , tz ,�x ,�y ,�z� that de-
note translations with respect to the x, y, and z directions
and rotations around in the x, y, and z axes, respectively.
well correlated with CT.
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The optimal transformation T̂�� · � was found by iteratively
shifting and rotating the MPS until the energy functional
defined in Eq. �1� computed with the two volumes is mini-
mized.

The energy functional based on the segmented MPS vol-
ume and CT volume can be defined as
E�c1,c2,c3,�� = �
D1

�c1 − G� � �J � T���x��2dx + �
D2

�c2 − G� � �J � T���x��2dx + �
D3

�c3 − G� � �J � T���x��2dx

= �
�

�D1
�x� · �c1 − G� � �J � T���x��2dx + �

�

�D2
�x� · �c2 − G� � �J � T���x��2dx

+ �
�

�D3
�x� · �c3 − G� � �J � T���x��2dx , �1�
where * denotes convolution operator, c1, c2, and c3 are
constants that approximate the average intensities of regions
D1, D2, and D3, respectively, and G� is a Gaussian kernel
with standard deviation �, T� is a rigid transformation of six

FIG. 4. An example of finding the best matching phase of gated MPS by
minimizing the registration cost functional: �a� plot of cost functional value
across different phases of MPS; �b� overlaid registration result of phase 9
MPS on CT perfusion; �c� overlaid registration result of best matching phase
�16� with CT perfusion. Note that the best matching MPS phase is visually
parameters �, and J �T� is the transformed CT volume. The
characteristic function �D is defined by

�D�x� = �1, x � D

0, x � D .
� �2�

For both CT and MPS volumes, transverse image orientation
is used for the registration process.

II.A.3. Minimization

The optimal values for the parameters �c1 ,c2 ,c3 ,�� that
minimize the given energy functional are obtained by solving
the associated Euler–Lagrange equations, and a gradient de-
scent method is performed. Parametrizing the descent direc-
tion by an artificial time t	0, the derivation of the Euler–
Lagrange equations is given below,

��i

�t
= −

�E

��i
�i = 1,2, . . . ,6� . �3�

In this derivation, we consider only one term in the energy
functional for simplicity, which is given by

−
1

2

�E

��i
= �

�

	�D�x� · �c − G� � �J � T���x��


· � �

��i
�c − G� � �J � T���x���dx . �4�
By setting T��x�=T�� ,x�, we get



5471 Woo et al.: Multimodal image registration of cardiac CT with MPS 5471
�

��i
�G� � �J � T���x�� = �

R2
G��y�

�

��i
	J�T��,x − y��
dy

=�
R2

G��y� � J�T��,x − y��

·
�T��,x − y�

��i
dy . �5�

Furthermore, by setting �J �T��x� /��=Lt�� ,x�
=�J�T�� ,x�� ·�J�� ,x� /��, we obtain

�

��i
�G� � �J � T���x�� = �

R2
G��y�Li��,x − y�dy �6�

=G� � Li��,x� .

Hence, Eq. �3� becomes

−
1

2

�E

��i
= �

�

	�D�x� · �c − G� � �J � T��

· �x��
G� � Li��,x�dx . �7�

By keeping � fixed, the minimization of the energy E with
respect to constants c1, c1, and c3 leads to



c1 =

�
�

�D1
�x� · �G� � �J � T���x��dx

�
�

�D1
dx

c2 =

�
�

�D2
�x� · �G� � �J � T���x��dx

�
�

�D2
dx

c3 =

�
�

�D3
�x� · �G� � �J � T���x��dx

�
�

�D3
dx

.
� �8�

The constant intensity values and transformation parameters
can be minimized using Eqs. �7� and �8� in an alternative
manner. We employ a coarse-to-fine multiresolution scheme
for computational efficiency and robustness.

II.A.4. Cardiac phase matching with thin-plate-
spline warping

It is necessary to match cardiac phases between MPS and
CT since the reconstructed CT cardiac phase may vary. Con-
sequently there could be a mismatch between cardiac phases
of two modalities, which might affect further visual analysis
and image registration. To match the cardiac phase between
these two modalities, we perform rigid registration of gated
MPS to CT, using the ED phase of MPS �since cardiac CT is
usually reconstructed in diastole�, and then evaluate the cost

functional value for all the other phases of gated MPS. Sub-
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sequently, the best matching phase of MPS can be selected
according to the cost value where the minimum value is
found,

k* = arg min
k�	1,. . .,n


Ek�c1,c2,c3,�� , �9�

where k denotes phase number, n is total number of phase,
and Ek�c1 ,c2 ,c3 ,�� denotes the cost functional defined in
Eq. �1� with phase k of MPS. In Fig. 4, we illustrate one
example of cardiac phase matching, where phase 16 is the
best matching phase of MPS �defined as the smallest cost
value�. By using cardiac phase matching, it can be clearly
seen that both the modalities are aligned more accurately as
shown in Fig. 4�c�.

In what follows, derived LV contours are used in combi-
nation with nonlinear registration to compensate for phase
mismatch, thereby creating the average MPS volume,
warped to the best matched cardiac phase that best corre-
sponds to CT. For the nonlinear registration, 3D
thin-plate-spline22 �TPS� is used to model the nonlinear de-
formation between all image phases of gated MPS and the
best matching cardiac phase position. This is similar to the
motion-frozen technique10 which is also previously devel-
oped by our group. This nonlinear registration step is applied
only within gated MPS data for better visualization of de-
fects.

More specifically, once detection of epi- and endocardial
surfaces on the gated MPS images is accomplished using the
technique previously developed,18 the contour points are po-
sitioned on vectors normal to the myocardial surface. These
corresponding points are used as template and target control
points to be registered where the control points are kept un-
changed. Let P denote a template shape surface and Q a
target shape surface. We assume that PL, the landmarks in the
template shape P, are known and fixed. Given n control
points in a template volume p̂= �px , py , pz��R3, the TPS
finds a mapping f from PL to corresponding landmarks QL,
q̂= �qx ,qy ,qz��R3, on the target surface Q. The thin-plate
bending energy, which measures the required energy to de-
form a volume to match these two sets of landmarks, is then
characterized by

d�PL,QL� =� � �
−





L�f�dxdydz , �10�

where

L� · � = � �2

�x2�2

+ � �2

�y2�2

+ � �3

�z2�2

+ 2� �2

�x�y
�2

+ 2� �2

�y�z
�2

+ 2� �2

�z�x
�2

.

The thin-plate bending energy is invariant under any affine
transformation. The TPS model is a transformation that is
able to represent elastic deformation. Successive TPS-based
transformations f1 through fN−1 are computed for phases, that
map I1 through IN−1, respectively, to IN which is the best

matching phase corresponding to the CT phase as shown in
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Fig. 5. The final motion-frozen volume �MFV� can be given
as

MFV =
1

N
��

i=1

N−1

Ii�f i� + IN� . �11�

Note that perfusion defects are observed more clearly in Fig.
5 �final column� using the cardiac phase matching and the
TPS warping that is applied individually to each phase, for
all the cardiac phases. All the registered image frames are
then integrated to represent a final motion-frozen volume in
the cardiac phase, which corresponds to the CT phase. For
example, for a 16-phase gated dataset, 15 image phases are
registered to the best matching phase.

II.B. Validation

II.B.1. Patient selection

Between 1 October 2005 and 31 May 2007, we retrospec-
tively identified 35 consecutive patients �26 men and 9
women; mean age 67�12 years� who underwent myocardial
MPS and coronary CTA within a 90 day period at Cedars-
Sinai Medical Center �site A� or a neighboring outpatient
imaging center �Cardiovascular Medical Group of Southern
California, Beverly Hills, California� �site B�. All had full
datasets available for processing. Additionally, we also retro-
spectively identified five patients who underwent MPS and
stress CT angiography for assessment of myocardial perfu-
sion within 30 days at site A. This study was approved by the
Institutional Review Board at Cedars-Sinai Medical Center.

II.B.2. Coronary CTA: Acquisition and
reconstruction

Coronary CTA was performed on the SOMATOM Defi-
nition dual-source CT �DSCT� scanner �Siemens Medical

FIG. 5. “Motion-frozen” technique: All MPS frames are registered to a com-
mon reference frame IN, which is the best matching MPS phase for the CT
volume. TPS-based warping �Ti� is used to deform and map each frame to
IN. The control points from the segmentation contours serve as landmark
points for TPS warping and corresponding points from the source and target
contours determine the mapping. Final motion-frozen image is obtained by
averaging over all the warped volumes. Note that perfusion defects are
clearly seen in the final image �final column�.
Systems, Forchheim, Germany� at site A and by a Lightspeed
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VCT 64-slice CT scanner �GE Healthcare, Waukesha, WI� at
site B. Prescan beta-blockade was performed at both sites to
attain a heart rate �70 beats /min ��60 beats /min at site B�.
At site A, ECG-gated helical CTA was performed during a
10–12 s breath hold by injecting 92 ml of intravenous con-
trast and using scan parameters of heart-rate dependent pitch
�range of 0.2–0.45�, 330 ms gantry rotation time, 83 ms tem-
poral resolution, 0.6 mm slice thickness, 120 kVp tube volt-
age, and 600 mA s tube current. At site B, ECG-gated helical
CTA was performed during a 9–12 s breath hold by inject-
ing 100 ml of intravenous contrast and using scan parameters
of heart-rate dependent pitch, 350 ms gantry rotation time,
0.625 mm slice thickness, 120 kVp tube voltage, and
300–700 mA tube current depending on patient size. At both
sites, ECG-based dose modulation was used for all patients
to limit radiation dose. The specifications of reconstruction at
both sites are given as follows.

Site A. Retrospectively gated reconstruction of raw CTA
data was routinely performed at 40%, 65%, 70%, 75%, and
80% of the R-R interval using the following parameters:
0.6 mm slice thickness �0.75 mm if BMI�35 kg /m2�,
0.3 mm slice increment, 250 mm field of view, 512�512
matrix, and B26f medium smooth kernel. Reconstructed data
for the cardiac phase with the best quality were transferred to
a separate Windows workstation via DICOM protocol for
coronary CTA-SPECT fusion.

Site B. Raw data from 5% phases of the cardiac cycle
representing 40%–80% of the R-R interval were recon-
structed with 0.625 mm slice thickness, and 250 mm field of
view, using single-segment reconstruction and a standard
convolution kernel. The matrix size was 512�512 with a
transverse pixel spacing of 0.49 mm /pixel. Reconstructed
data for the 75% phase were transferred to a separate Win-
dows workstation via DICOM protocol for coronary CTA-
SPECT fusion.

II.B.3. Stress CT perfusion: Acquisition and
reconstruction

Patients enrolled in the CT perfusion study were part of
an IRB-approved pilot study at the Cedars-Sinai Medical
Center �site A�. Under this protocol, patients with perfusion
defects in their MPS study were recruited for a stress CT
perfusion study within 1 month of their MPS scan. Adenos-
ine �Adenosine, Astellas Pharma, Illinois, US, Inc.� was in-
fused over 5 min at a constant rate of 0.14 mg min−1 kg−1. At
the end of 3 min of adenosine infusion, contrast-enhanced
CT was performed as described in Sec. II B 2. From this
contrast-enhanced stress CT scan, the best-quality cardiac
phase was identified �either 70% or 40% for the patients in
this study, depending on the heart rate at the time of the
scan�. Stress CT perfusion series was retrospectively recon-
structed from this best-quality cardiac phase with the follow-
ing parameters: 512�512 matrix, 250 mm field of view,
1 mm slice thickness, 0.5 mm slice increment, and a smooth
reconstruction kernel �B10f�. The reconstructed stress CT
perfusion data were transferred to a separate Windows work-

station via DICOM protocol for CTA-SPECT fusion.
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II.B.4. Myocardial perfusion SPECT protocol

Rest stress MPS studies were acquired with dual isotope
�Tl–Tc� protocol23 or a low dose-high dose same day Tc
protocol.24 MPS acquisitions were performed with noncircu-
lar orbits, obtaining 64 projections over 180° �45° RAO to
45° LPO�. Acquisitions were performed on Philips Cardi-
oMD or Forte cameras or on Siemens e.cam camera. The
stress was performed with exercise, adenosine injection, or
adenowalk protocol.25 No attenuation or scatter correction
was used. Gated and summed data were reconstructed with
filtered back projection �FBP� and with Butterworth filter
�cutoff of 0.83 cycles /cm, order of 5� to original transverse
orientation without any short axis reorientation. Site A had
16-bin gated acquisition and site B had 8-bin gated acquisi-
tion. The matrix and reconstructed voxel size of MPS are
64�64�24 and 6.4�6.4�6.4 mm, respectively.

II.B.5. Evaluation of automatic registration

To evaluate the performance of the proposed method in
terms of the registration accuracy and robustness, we have
performed a series of experiments on datasets of 20 stress/
rest MPS images and coronary CTA datasets acquired at two
different sites �as mentioned above�, and additionally 5 stress
MPS images and CT perfusion datasets.

The proposed method was also compared to the conven-
tional intensity-based normalized mutual information �NMI�
method without any specialized preprocessing. Registration
results using the proposed registration method and NMI
based method were compared with manual alignment by two
expert observers.

Each image S :D� �0,1� is associated with a probabilistic
model by introducing a local random variable X, which is
uniformly distributed in D, and its related intensity random
variable S�X�. For registration, CT images were chosen as
the reference images M :DM � �0,1�, and MPS images were
chosen as the floating images N :DN� �0,1�. The transfor-
mation is represented by a mapping T� :DN�DM which be-
longs to Hilbert space. The joint intensity distribution of
M�X� and N�T��X�� in the overlap region V=DN�T�

−1�DM�
can be estimated from pixel samples using Parzen window
given by

p�m,n;T� =
1

�V��V


�m − M�x�
�

�
�n − N�x�
�

�dx , �12�

where 
 is a Gaussian kernel and � determines the width of
the window.

The joint histogram and NMI can be defined to represent
the global statistics between two images and have been
widely employed for multimodal image registration and
proven to be less sensitive than mutual information to
changes in the region of overlap.26 The joint histogram H
and NMI N are defined as follows:

H�M,N;T� = − p�m,n;T�log p�m,n;T�dmdn , �13�
� �
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N�M,N;T� =
H�M ;T� + H�N;T�

H�M,N;T�
. �14�

In our experiment, we set the number of histogram to 10,
kernel bandwidth � to 0.4, and number of sample size to 10%
of the total pixel number. Additionally, two levels of multi-
resolution optimization were performed for both the NMI
based method and the proposed method. The algorithm stops
when translation is less than 0.01 mm or iteration reaches the
predefined iteration number of 50 in both methods.

The registration errors were measured by absolute differ-
ence of six parameters �= �tx , ty , tz ,�x ,�y ,�z� between
manual alignment and results obtained from the two meth-
ods. We tested the datasets under the same initialization con-
ditions. For all the datasets, multiple registrations were done
with different initializations �translations of −100–100 mm
in each direction with step size of 10 mm� away from the
ground truth to measure the capture range.

III. RESULTS

The registrations were performed on an Intel Core2 Duo
CPU with a clock speed of 2.5 GHz and 4 GB memory. The
mean computation time for the whole process of the pro-
posed method was 7.6�0.4 s �1.1 s for segmentation, 3.2 s
for rigid registration, and 3.3 s for TPS warping to the best
matching phase�. The NMI based method had a larger error
than the proposed method and the average registration time
was higher 14.8�8.6 s. Our registration of MPS with car-
diac CT achieved a success rate of 87% �6 failed out of 45
datasets�. Registration failure is defined by the error bigger
than 10 mm. Examples of the coronary CTA and MPS pair
and registration results of CT perfusion-MPS registration are

FIG. 6. An example of registration results: original CT image �top�, images
before �middle�, and after �bottom� registration are shown. Errors were 2, 1,
and 0 mm for translation and 1°, 1°, and 0° for rotation, as compared to
visual alignment.
shown in Figs. 6 and 7, respectively.
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Figure 8 plots the translational probes for registering one
representative example case of CT perfusion using the pro-
posed method and NMI based method. Figure 8�a� plots the
result using NMI based method and its NMI values with
different offsets from the ground truth as visually determined
are presented in Fig. 8�b� and Fig. 8�c� plots the result using
the proposed method with different offsets and its cost values
are presented in Fig. 8�d�.

The translational and rotational registration results were
not much different in interobserver variability and in the
stress and rest MPS �p=NS� as shown in Table I. No signifi-
cant differences were observed between the two different
coronary CTA/MPS protocols, as shown in Fig. 9. That is,
4.3�3.7, 3.6�3.6, and 3.6�2.1 mm for translation and
2.1�3.2°, 0.3�0.9°, and 0.7�1.2° for rotation for site A
and 3.8�2.6, 4.0�3.4, and 2.2�2.3 mm for translation and
1.1�2.0°, 1.6�3.1°, and 1.9�3.8° for rotation for site B
�p=NS�. The results of CT perfusion were 3.0�2.9,
3.5�2.4, and 2.8�1.0 mm for translation and 3.0�2.4°,
0.6�0.9°, and 1.2�1.3° for rotation. In Fig. 9 and Table I,
we have compared the different registration results with dif-
ferent data sets. The result shows that the proposed method

TABLE I. Registration error and interobserver variabi

Translatio
�mm�

X Y

NMI based Stress 9.5�8.2 8.8�6.7
Method Rest 7.3�5.6 10.6�8.6
Proposed Stress 4.6�3.4 4.0�3.0
Method Rest 4.3�3.2 3.8�2.4
Interobserver Stress 3.7�2.4 3.5�2.8
Variability Rest 4.3�2.6 3.8�3.1

FIG. 7. An example of registration results �CT perfusion�: original CT image
�top�, images before �middle�, and after �bottom� registration are shown.
Errors were 1, 0, and 4 mm for translation and 5°, 2°, and 3° for the rotation,
as compared to visual alignment.
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performed better than the NMI based method in translation,
and similarly in terms of rotation. In these results, we ex-
cluded the six failed cases. In Table II, we present validation
results of finding the best cardiac matching phase by the
algorithm as compared with the visual ground truth obtained
from an expert observer. It can be observed that best match-
ing phases were not different by more than two phases, as
visually determined.

In Figs. 10 and 11, we have presented the plots of capture
range of each axis with different misalignments, which
shows the proposed method is robust with different initial-
izations compared to NMI based method. Average of five
cases was computed according to the offset misalignment
introduced along each axis. The proposed method provided
robust results using different initializations of translation in
the ranges from −80 to 70, −80 to 70, and −50 to 50 mm
from the manual ground truth in the x-, y-, and z-axes, re-
spectively. As shown in Fig. 11, the capture range of the
NMI based method was much smaller than the proposed
method in the ranges from −20 to 20, −20 to 20, and
−10 to 40 mm in the x-, y-, and z-axes, respectively.

IV. DISCUSSION

In this study, we proposed and evaluated a fully auto-
mated method to register cardiac CT �anatomical informa-
tion� to MPS �physiological information�. Anatomical fea-
tures, segmentations of LV in the MPS volume, were
automatically found in advance to guide the registration pro-
cess. With a piecewise constant image model, both volumes
were then registered using the region-based sum of squared
difference as the similarity measure. The best matching
phase of MPS was subsequently selected based on the mini-
mum cost value, followed by the TPS warping using derived
LV contours to match all image phases of gated MPS to the
best matching cardiac phase position �i.e., the best corre-
sponding to the CT phase�. As compared with existing meth-
ods, we provided a correct solution to the compensation of
the moving heart using the TPS-based warping within gated
MPS. This is the first report describing both the registration
and the phase mismatch problems. The proposed methods
were validated on MPS and cardiac CT �coronary CTA and
CT perfusion� obtained from multiple MPS cameras and two
CT scanners.

Rotation
�°�

Z X Y Z

8.5�6.2 1.8�2.7 1.1�2.3 1.6�3.0
12.7�6.5 2.0�3.8 1.1�2.5 3.1�1.5
2.9�2.1 1.7�2.6 0.9�2.3 1.4�3.1
3.8�2.4 1.8�3.3 0.1�0.3 0.3�0.7
2.2�1.8 3.5�3.1 1.9�3.0 3.1�2.8
3.2�2.9 3.0�3.5 1.8�3.1 2.9�4.7
lity.

n
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The evaluation of our algorithm was performed with the
rigid registration scheme. The subsequent nonlinear registra-
tion was applied only within gated MPS data for the visual-
ization purposes to improve spatial resolution and to remove
blurring due to motion artifact. Consequently, the registration
performance should be measured by the registration scheme
with rigid registration while the nonlinear registration
scheme is solely aimed for better visualization in the obser-
vation of defects. Robust and accurate registration accuracy
was obtained with respect to the ground truth, as visually
determined by two expert observers. The translational error
was less than the size of a MPS voxel, and therefore is fea-
sible to be used for the clinical practice. For rotations in rigid
registration, a small time step in the minimization step was
adopted to constrain the angular movement to −2° to 2°,
since both cardiac CT and MPS were acquired in a similar
posture. Furthermore, the best matching phase was also vali-
dated using visual assessment from an expert observer. Reg-

FIG. 8. Comparison of NMI based method and proposed method: �a� regist
method; �c� the NMI values for translational offsets from the ground truth fo
the ground truth for each axis. Note that the anatomical features are very
Additionally, cost value of the proposed method is optimal at the origin, wh
istration of the patient data achieved 87% success rate with
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accuracy �10 mm. As for the robustness test, the capture
range was used. The capture range represents the range of
positions from which a registration method can converge to
the correct minima/maxima. The proposed method provided
a more robust capture range as compared with that of the
NMI based method. We additionally have presented valida-
tion of best matching phase method compared to visual as-
sessment obtained from an expert observer. Best matching
phases found by our proposed method were not different by
more than two phases, as visually determined. These results
are acceptable since visual assessment is not absolute and in
some cases it was equivocal to find only one phase that cor-
responds to CT phase, as visually determined.

In general, as compared with brain image registration,
both cardiac image registration and its validation are inher-
ently more difficult because of cardiac and respiratory
motion.27 Consequently, rigid registration alone may not be
sufficient, and subsequent nonlinear component should be

result using NMI based method; �b� registration result using the proposed
h axis; �d� the cost values of proposed method for translational offsets from
rent and the image segmentation will aid the registration of MPS to CT.
NMI does not provide any such robust optimum.
ration
r eac
diffe
ereas
used to compensate for changes in organs or tissue due to the
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breathing pattern or movement of internal organs. Since the
exact ground truth is unknown and only visual judgment is
available, quantitative evaluation of the registration is chal-
lenging and subject to interobserver variability. No signifi-
cant differences were observed between interobserver vari-
ability and the results of the proposed method.

Our proposed method might have potential limitations.
First, we applied surface-based registration using segmenta-
tion of left ventricle in MPS. However, this contour-driven
approach will admittedly affect the registration accuracy
when it comes to the poor segmentation result of MPS. In
our system, if the MPS contours are not correct, they are
manually adjusted for the perfusion and fusion analyses of
MPS; therefore from the practical standpoint correct segmen-
tation will be available in all cases, even if adjusted manually
for purposes of MPS analysis. However, in our experiment,
no manual segmentation adjustment aided by user was ob-
served. Secondly, there are several possible image artifacts
such as windmill artifact that might affect the performance of
the proposed method. However, the patients in this study
were without known coronary artery disease, and patients

FIG. 9. Registration errors: �a� translational errors of stress/rest MPS and CT
from site A; �c� translational errors of stress/rest MPS, and CT obtained from
translational errors of stress/rest MPS and perfusion CT; �f� rotational error
with existing coronary artery bypass grafts were excluded
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from the study. There were no datasets that had any metallic
implants. For CTA data, we performed Gaussian smoothing
to suppress noise and artifacts. We have previously published
systematically categorized image artifacts in our patient
population, and percentage of patients with artifacts due to
metallic implants was 3%,28 suggesting that our proposed
method will not be subject to this difficulty in the vast ma-
jority of applicable patients. In our experiment, there were
six failed cases. The reason for failure was that all six
datasets have large atria with different blood pool sizes be-
tween CT and MPS rather than the artifacts present. These
datasets can be considered as outliers of our assumption that
each region should be corresponding in terms of size and
constant intensity level.

Although SPECT/CT scanners become more widely
available, there are two reasons why it will be preferable to
perform register MPS and CTA images acquired on standal-
one machines rather than perform a hybrid MPS/CTA scan.
Firstly, current SPECT/CT scanners are configured with
lower performance CT scanners. Typically it is a CT machine
capable of attenuation correction or calcium scoring but not

ined from site A; �b� rotational errors of stress/rest MPS, and CTA obtained
B; �d� rotational errors of stress/rest MPS, and CT obtained from site B; �e�
tress/rest MPS and perfusion CT.
obta
site

s of s
of high-speed resolution CT angiography. SPECT/CT is not
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offered in with 64-slice scanners which are preferred for CT
angiography. Secondly, from the clinical point of view it is
most valuable to know the results of one test before deciding
if additional test �and additional radiation dose� is required.
For example, when the results are equivocal for CTA in case
of heavily calcified arteries, a second test such as MPS can
be ordered to resolve the diagnostic question—but this can-
not be predicted before the test. On a hybrid SPECT/CT
machine it would be difficult to modify the protocol on the
fly based on the intermediate results of one test and therefore
the use of standalone modalities is more practical clinically.
The selective application of one of these tests or a combina-
tion as presented here will be most cost effective as it will

TABLE II. Evaluation of best matching phase.

Patient No. Stress/Rest
Visual ground truth
�phase/total phase�

Our method
�phase/total phase�

1 Stress 5 /8 7 /8
Rest 6 /8 7 /8

2 Stress 5 /8 7 /8
Rest 6 /8 7 /8

3 Stress 5 /8 7 /8
Rest 7 /8 8 /8

4 Stress 6 /8 7 /8
Rest 6 /8 7 /8

5 Stress 8 /8 8 /8
Rest 1 /8 1 /8

6 Stress 7 /8 7 /8
Rest 1 /8 7 /8

7 Stress 5 /8 6 /8
Rest 5 /8 7 /8

8 Stress 8 /8 7 /8
Rest 8 /8 7 /8

9 Stress 14 /16 15 /16
Rest 16 /16 16 /16

10 Stress 1 /16 15 /16
Rest 15 /16 16 /16

11 Stress 14 /16 14 /16
Rest 12 /16 11 /16

12 Stress 2 /16 1 /16
Rest 2 /16 1 /16

13 Stress 2 /16 1 /16
Rest 2 /16 1 /16

14 Stress 14 /16 16 /16
Rest 15 /16 16 /16

15 Stress 1 /16 1 /16
Rest 2 /16 1 /16

16 Stress 16 /16 16 /16
Rest 16 /16 1 /16

17 Stress 16 /16 1 /16
Rest 14 /16 16 /16

18 Rest 6 /16 6 /16
19 Stress 1 /16 15 /16
20 Stress 1 /16 15 /16
21 Stress 1 /16 16 /16
22 Stress 8 /16 8 /16
allow minimizing the ionizing radiation dose. In addition,
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even if MPS and CTA were performed in the same scanning
session on the hybrid scan, there will likely be residual reg-
istration errors during the respiratory differences, since CT

FIG. 10. Capture ranges of the proposed method: �a� translation errors for
different misalignment initializations along x axis; �b� translation errors for
different misalignment initializations along y axis; �c� translation errors for
different misalignment initializations along z axis.
angiography is performed during a breath hold while MPS is
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performed during normal breathing and software image reg-
istration as presented here may still be required.

The proposed technique can also be extended to PET-CT
fusion since the segmentation technique has been applied

29

FIG. 11. Capture ranges of the NMI based method: �a� translation errors for
different misalignment initializations along x axis; �b� translation errors for
different misalignment initializations along y axis; �c� translation errors for
different misalignment initializations along z axis.
and use in for PET imaging. Consequently, after PET seg-
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mentation, the registration problem would be essentially the
same as for MPS, since no raw MPS data are used in the
registration.

V. CONCLUSIONS

A multimodal image registration method of cardiac CT
with SPECT in a variational framework was presented. A
segmentation method for extracting the blood pool, myocar-
dium, and extracardiac structures from MPS was adopted
prior to registration. In the registration process, these seg-
mented regions in MPS were aligned to the corresponding
regions in contrast CT by utilizing geometrically character-
istic features obtained by MPS segmentation and the homo-
geneity property of intensities within regions of interest in
contrast CT. A specialized cost functional for matching seg-
mented heart image to cardiac CT was designed.

We demonstrated by experimental results that the pro-
posed method outperformed a standard registration method
based on normalized mutual information. The results show
that the proposed approach provides fast, accurate, and ro-
bust registration with error less than the size of a MPS voxel
as tested in datasets from two different sites obtained with
three different acquisition protocols. This fully automated
method may facilitate integrated gated SPECT and cardiac
CT analysis to resolve borderline cases in clinical practice,
while reducing operator time and variability needed for
manual adjustments.
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