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We report the extended application of an automated computer
technique for three-dimensional spatial registration of SPECT and
PET studies. Methods: The technique iteratively reslices a mis
aligned data set until the sum of the absolute differences (SAD) from
a reference data set is minimized. The registration accuracy was
assessed in Hoffman brain phantom studies collected with known
misalignments and transmission studies of a thorax phantom with
fiducial markers. The SAD was compared with three other cost
functions: stochastic sign change criterion, sum of products and
standard deviation (s.d.) of ratios. In clinical neurological and myo-
cardial perfusion studies, registration accuracy was estimated from
the relative locations of landmarks in the reference and registered
data sets. Results: Registration accuracy in the Hoffman brain
phantom studies was -0.07 Â±0.46 mm (mean Â±s.d.) for transla
tions and -0.01 Â±0.20Â°for rotations, with maximum translation and

rotation errors of 1.2 mm and 0.8 degree, respectively. The SAD was
the most accurate and reliable cost function. Registration errors in
the thorax phantom were 3.1 Â±1.7 mm. Mean accuracy in the
neurological studies, estimated from landmark pairs, was 2.0 Â±1.1
mm for SPECT to SPECT and 1.8 Â±1.1 mm for PET to SPECT
registrations. Average registration accuracy in 201TImyocardial per

fusion studies was 2.1 Â±1.2 mm. Conclusion: Our registration
method (a) provided accurate registrations for phantom and clinical
SPECT and PET studies, (b) is fully automated, (c) simplifies com
parison of data sets obtained at different times and with different
modalities, and (d) can be applied retrospectively.
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In functional imaging there is often a need to compare
tomographic patient studies acquired at different times. A
prerequisite for accurate comparison is precise three-dimen
sional registration of data sets. Relatively small, but nonetheless
significant, misalignments may occur in sequential examina
tions, such as PET activation studies using l5O-water or

dynamic PET acquisitions. Large misalignments can occur in
exercise-redistribution 20lTl SPECT studies, WmTc-hexam-

ethyl-propyleneamine oxime (HMPAO) ictal/interictal brain
perfusion studies in patients with epilepsy, other longitudinal
PET or SPECT studies and in intermodality (SPECT to PET)
comparisons (1-5).

Manual reslicing of data using functional-anatomic land
marks is frequently used to register reconstructed studies,
particularly in SPECT. Disadvantages of such methods are
operator subjectivity and the time required to correct for the 6Â°

of motion (three linear and three angular displacements).
Semiautomated techniques lessen this subjectivity, but they
may still be time-consuming or may not correct for all 6Â°of

freedom (4). Techniques that match surface contours have
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found applications in registering MRI and CT studies to PET
examinations but often require manual editing of data to
generate appropriate surfaces and have so far been largely
limited to brain studies (6-11). Typically, differences in activ

ity distributions in sequential SPECT and PET studies using the
same radiotracer are relatively small, and thus the functional-
anatomic information contained in the voxel data can be used
for registration. Techniques that use voxel data may also be
applicable across modalities (e.g., SPECT to PET) or for
different radiopharmaceuticals if the distributions of the respec
tive radiotracers are sufficiently similar. A number of fully
automated techniques based on voxel data have been described
(1,3,12,13). One of these has also been applied to non-
neurological PET studies (13). Except for the technique de
scribed by Woods et al. (14) for MRI to PET registration, these
techniques have only been validated for registration errors in
PET.

In this article, we describe and validate a fully automated
methodology that registers SPECT to SPECT, PET to PET and
SPECT to PET studies of the heart, brain and other organ
systems that is based on functional-anatomic information

contained in voxel data. In a preliminary article (3), we reported
the application of this technique to correct for PET interstudy
motion in 15O-water regional cerebral blood flow activation

studies.

MATERIALS AND METHODS

Image Registration Algorithm
The registration technique is based on the assumption that a

"cost function" can be defined, based on the voxel data, which

reaches an optimum when the two studies are perfectly registered.
The sum of the absolute pixel-by-pixel differences (SAD) ap
proaches a minimum for registered studies and thus fulfils the
requirements for the cost function (3,4,13). The algorithm is
depicted in Figure 1. One study is arbitrarily designated the
reference study, and the second study is registered to it. The
misaligned study is resliced with initial estimates of x, y and z
translations and transaxial, coronal and sagittal rotations. The
resliced data are compared with the reference study, and the SAD
value is calculated. On the basis of this value, a new set of reslice
parameters are estimated by the Simplex multidimensional mini
mization routine (/5). The resliced data are again compared with
the reference data, and the cost function is recalculated. This
procedure is repeated until the sum of the absolute differences is
minimized.

The following published cost functions were also implemented
and tested: (a) stochastic sign change (SSC) criterion, which counts
the number of sign changes in the subtraction data (13,16-18); (b)
sum of pixel-by-pixel products (SProd) (19); and (c) standard
deviation of pixel-by-pixel ratios (SDralio)(1,14).

Global activity differences between the studies are normalized at
each iteration using the global means of the two studies before the
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FIGURE 1. Schematic representation of
registration algorithm. At each iteration,
misaligned data are resliced and com
pared with reference data, and the SAD
(Ildiffl) cost function value is calculated.
The Simplex routine provides new reslic
ing coefficients at each iteration until a
minimum in the cost function is reached.
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cost function is evaluated. Only voxels with counts above a
user-specified threshold contribute to the cost function. The thresh
old value is not critical and has been determined empirically for
each type of study as a fraction of the maximum voxel count in the
reference study (0.2 for brain, 0.15 for heart and 0.0 for regional
whole-body studies). The speed of registration is improved by
computing the cost function from every fourth or eighth voxel,
depending on the number of slices in the study. Trilinear interpo
lation is used for reslicing. Interpolation to isotropie voxel size is
performed before the registration procedure. Differences in matrix

dimensions, number of slices and voxel sizes between the reference
and misaligned studies are automatically adjusted to allow regis
tration of data obtained from different imaging systems or with
different acquisition and reconstruction parameters.

Experimental Design
Studies conducted to evaluate the technique are summarized in

Table 1. The technical accuracy of the technique was assessed in
PET studies of a three-dimensional Hoffman brain phantom (20)
that were collected with known misalignments. These studies were

TABLE 1
Summary of Evaluation Studies

Study type Acquisition/Registration Registration evaluation

Phantom studies
Hoffman brain phantom

Thorax phantom
Patient Studies

Brain SPECT
Brain SPECT/PET

Cardiac SPECT

18F-PET acquisition with known misregistrations and

artificial lesions
Registration of SPECT-PET transmission studies

Registration of pairs of ""Tc-HMPAO SPECT studies
Registration of 18F-FDG PET to "Tc-HMPAO SPECT

studies
Registration of ^"Tl myocardial perfusion SPECT studies

Comparison of registration parameters to known
misregistration

Differences in fiducial marker locations

Differences in landmark locations
Differences in landmark locations

Differences in landmark locations
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TABLE 2
SPECT Acquisition and Reconstruction Parameters

Studycamera201Tl-heart

(Triad XLT)
Ceretec brain

Pad)
Triad XLTCollimatorHigh-resolution

parallel
High-resolution

parallel
Ultra-high-

resolution fan
beamTotal

no. of
projections90Â°

120Â°

120Â°Time

per
projection

(sec)30

30

40Acquisition

matrix128x64

128 x 128

256 x 128PrefilterBW

fc = 0.40,
n = 10
BW fc = 0.60,
n = 8
BW fc = 0.60,
n = 8Reconstruction

matrix64

x64

64X64

128 x 128Pixel

size
(mm)3.6

5.3

1.8

Total number of projections are given. Number of projections collected per detector is total number divided by number of detectors (three for Triad, two
for Biad).

BW = Butterworth filter; fc = cutoff frequency (cycles/cm); n = order of the Butterworth filter.

also used to compare the different cost functions; SPECT and PET
transmission studies of a thorax phantom with fiducial markers
permitted assessment of accuracy in non-neurological studies.

Registration accuracy in clinical neurological and myocardial
SPECT and PET studies was estimated from distances between
easily identifiable landmark pairs. The patients selected for this
assessment were chosen randomly from routine clinical studies.

Instrumentation
All PET studies were performed on an ECAT-951R whole-body

tomograph (Siemens/CTI, Knoxville, TN), a 16-ring system, which
simultaneously acquires 31 slices with a slice separation of 3.38
mm. Studies were reconstructed in a 128 X 128 matrix. SPECT
transmission studies were carried out on a Philips Diagnosi A
gamma camera (Philips Medical Systems, Hamburg, Germany)
with a scanning transmission line source (21). Clinical SPECT
studies were collected on a Trionix TRIAD XLT triple-head or
BIAD-24 dual-head gamma camera (Trionix, Twinsburg, OH). The
SAD cost function was used for registering all clinical studies.
Collection and reconstruction parameters for the clinical SPECT
studies are summarized in Table 2. Sun Spare work stations (Sun
Microsystems, Mountain View, CA) were used for all registrations.
The software was written in C reading directly either ECAT PET
or Trionix SPECT file format. Interfile was used as an intermediate
format to convert files for PET to SPECT registrations (22).

Phantom Studies
Hoffman Brain Phantom. The Hoffman brain phantom (20) was

filled with 340 MBq (0.26 MBq/ml) of I8F and scanned at various
known misalignments from a reference study on the ECAT-951R
scanner. Total data acquisition time was 15 min. Data were
reconstructed with a Hann reconstruction filter (cutoff frequency
fc = 0.5 cycles/pixel) and zoomed to give pixel sizes of 2.4 or 1.9
mm. Calculated attenuation correction with automatic contour
detection was used (23). Misalignments were produced through
gantry tilt, rotation and vertical and horizontal bed motions.
Rotations of up to 16Â°and translations up to 15 mm were

introduced. Translations and rotations determined by the program
to achieve registration were compared with the known misalign
ments for each cost function. Sixteen phantom studies were
registered and analyzed in this manner.

Changes in activity distribution between studies were simulated
by implanting single spherical lesions (radii up to 2 cm), with
activity concentrations increased by up to 45% of the original
activity concentration, into grey matter regions in one of the
phantom studies before registration. A total of 18 lesion studies
were generated, and registration accuracy was compared with that
obtained without lesions.

Thorax Transmission Phantom. PET and SPECT transmission
studies of a thorax phantom were performed. The PET transmission
studies were collected for 20 min on the ECAT-951R using three
rotating 68Ge/68Garod sources. The SPECT data were collected for

40 sec at each of the 64 projection angles using 64 x 64 matrices
with a scanning transmission line source (21 ) containing approx
imately 4 GBq of 99rnTc.Reconstructed full width at half maximum

resolution was 10 mm for the PET study and 17 mm (in-plane) for
the SPECT transmission study. The SPECT transmission study was
registered with the three PET transmission studies of the same
phantom collected at different positions. Each of the three PET
transmission studies was deliberately mispositioned. The studies
were registered with the SAD cost function. Final pixel size and
slice thickness after registration were 3.1 mm for both the PET and
SPECT studies. Small rectangular regions of interest (ROIs) were
placed over each fiducial marker in the transaxial slices. For each
ROI, the pixel-weighted count centroid was calculated over all
pixels in the ROI to give the fiducial marker coordinate. Registra
tion accuracy was estimated from the distances between fiducial
marker coordinate pairs as follows: If (x,, y,) are the coordinates of
the fiducial marker centroid on the reference slice and (x2, y2) the
centroid coordinates on the corresponding registered slice, then

Distance = + Ay2, Eq. 1

where Ax = x2 - x,, and Ay = y2 - y,.

To assess the reproducibility in locating centroids, studies were
analyzed on two separate occasions, several weeks apart. The
distance between corresponding fiducials from the first and second
analyses were calculated using Equation 1 for both the SPECT and
PET studies. In this case, (x,, y,) were the coordinates of the
marker in the first analysis and (x,, y2) the coordinates of the same
marker in the same study from the second analysis.

Patient Studies
Brain SPECT. Nine pairs of brain SPECT examinations were

used for the assessment. Eight of these patients were referred for
assessment of refractory epilepsy and thus had ictal and interictal
studies. The remaining patient had cerebral lupus. The SPECT
acquisitions were carried out at least 15 min after injection of 550
MBq of 99mTc-HMPAO. All data were reconstructed with calcu
lated attenuation correction (/x = 0.11 cm"'). The Triad XLT

fan-beam data were rebinned into parallel projections before
prefiltering, reconstruction and attenuation correction. Both inter
ictal HMPAO and interictal fluorodeoxyglucose (FDG) PET stud
ies were registered with the ictal HMPAO study.

Brain FDG-PET. The FDG-PET studies were available in seven
of the nine brain SPECT examinations used for the assessment. The
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TABLE 3
Three-Dimensional Hoffman Brain Phantom Studies Registration

Errors

Translation errors (mm) Rotation errors (degree)

Cost
functionSADSSCSProdscu,Mean-0.07-0.72(-0.16-0.47(-0.36-0.95(-0.04-t--t-Â±â€¢+â€¢â€¢+â€¢-t-Â±-+-s.d.(n=0.461.570.31)4.070.32)2.360.31)Maximum48)1.15-7.08(-0.84)-11.94(-0.62)-8.06(0.96)Mean-0.011.78(-0.140.75(-0.602.31(0.01-I--H-t--1--*--+-Â±-f-s.d.(n=0.205.300.48)4.780.66)5.560.30)Maximum48)0.8125.49(-1.21)18.09(-1.36)23.37(1.24)

Values in parentheses exclude the unsuccessful registrations.
n is the number of values averaged, that is, three translations (x, y and z)

or three rotations (transverse, coronal and sagittal) from each of 16 registra
tions.

FDG-PET studies were collected for 30 min after a 30-min uptake
period after injection of 370 MBq [I8F]FDG. The data were
reconstructed with a Shepp filter (fc = 0.5 cycles/pixel) and a zoom
of 2.55 to give a pixel size of 1.8 mm. Measured attenuation
correction was performed. PET studies were registered to the ictal
SPECT studies.

Cardiac SPECT. Myocardial 2U1T1perfusion studies were per

formed on the Triad XLT gamma camera according to the
parameters in Table 2. Data from a 180Â°arc (left posterior oblique

to right anterior oblique) were reconstructed. Redistribution (eight
patients) and reinjection (five patients) scans were registered to the
exercise or 0 hr studies. All studies were performed according to
our standard clinical exercise or resting myocardial perfusion
protocols.

Assessment of Registration Accuracy in Patients. A technique
similar to that described for the transmission phantom studies was
used to estimate registration accuracy in patients. Small rectangular
ROIs were centred on functional-anatomic "landmarks," instead

of external fiducials. Distances between landmark pairs in clinical
studies were again calculated with Equation 1, similar to the
transmission phantom studies. Five landmarks were compared
independently for each of the three orthogonal slices for a total of
15 landmarks per study set. The landmarks were spread over the
whole image volume, not just over the central region. Distinct
landmarks were less easily identified in the myocardial studies.
Thus, ROIs were placed on the apex, sections of the myocardial
wall, near the right ventricular attachment point or at the lateral,
septal, inferior, anterior or basal limits of the myocardium. Dis
played slices were magnified (pixel sizes were 1.5 mm for brain
and 1.8 mm for cardiac studies) to assist in accurate placement of
the ROIs.

RESULTS

Phantom Studies
Hoffman Brain Phantom Studies. Technical accuracy for the

Hoffman brain phantom studies is summarized in Table 3. The
SAD cost function achieved the best results and registered all
16 studies satisfactorily with overall accuracy of 1.5 mm and
0.8Â°.The SSC cost function satisfactorily registered 5 studies,

the SProd cost function 1 and the SDraljo cost function 10 of the
16 studies. Satisfactorily registered studies had registration
errors similar to those observed with the SAD cost function
(Table 3). Unsatisfactory registrations were usually visually

FIGURE 2, Representative slices from registrationof Hoffman brain phan
tom PET studies. Top row, reference study. Second row, translational and
rotational misregistrations are apparent in the misaligned study. Third row,
slices after registration. In bottom row, subtraction images (registered study-

reference study) show no significant misregistration artifacts.

obvious and had large errors. Figure 2 illustrates a typical
example of accurate registration with the SAD cost function.
Equally spaced slices through the upper, middle and lower
sections of the phantom (slices 18,29 and 40, respectively, from
a total of 55 slices in the phantom study) are displayed. No
appreciable misalignment artifacts are apparent in the subtrac
tion images after registration.

No systematic registration errors were introduced by the
implanted lesions. Mean differences in calculated translation
and rotation coefficients for studies with lesions compared with
the same study without a lesion were 0.01 Â±0.02 mm (mean Â±
s.d.) and 0.00 Â±0.06Â°,respectively.

Thorax Transmission Phantom. The mean distance between
fiducial marker pairs after registration was 3.1 Â±1.7 mm (n =

15, i.e., five fiducial markers in each of the three misregistered
studies). The maximum distance was 5.9 mm. Figure 3 shows
the close agreement between the fiducial marker coordinates in
the SPECT and PET studies. Slices containing fiducial markers
(slices 10 and 15) and the inferior extent of the "lung" (slice

20) confirm the registration accuracy (Fig. 4). The following
results were obtained for the reproducibility in locating the
markers. The mean distance between the first and second
analysis was 1.4 Â±0.9 mm (n = 15) for the PET studies and 2.6
Â±1.3 mm (n = 15) for the SPECT reconstructions. For the

combined SPECT and PET studies, the mean distance was 2.0
Â± 1.3 mm (n = 30). Maximum distances of 3.2 mm were

observed for the PET and 4.5 mm for the SPECT and combined
studies.
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FIGURE 3. Plot of thorax transmission phantom results. The fiducial marker
centroid x and y coordinates of registered SPECT slices are plotted against
the coordinates of the corresponding markers in the PET slices. Coordinates
are in pixels from the 128 x 128 transverse slices.

Patient Results
Brain SPECT and PET Studies. Distances between landmark

pairs after registration are plotted in Figure 5. Overall mean
distances between landmark pairs for transverse, coronal and
sagittal slices were 2.0 Â± 1.1 mm (n = 135) for SPECT to
SPECT registrations and 1.8 Â±1.1 mm (n = 105) for PET to
SPECT registrations. Maximum distances of 4.8 mm were
observed for SPECT to SPECT registrations and 5.1 mm for
PET to SPECT registrations. Satisfactory registration of ictal,
interictal SPECT and interictal PET studies was achieved
despite the marked focal increase of tracer uptake in the ictal
SPECT study. This registration is illustrated in Figure 6, which
contains slices through the epileptic focus (middle column) as
well as superior and inferior slices to cover most of the brain.

Cardiac SPECT Studies. Figure 7 shows a plot of the
distances between landmark pairs after registration in eight
patients with myocardial perfusion studies. Five of the eight

patients had reinjections in addition to the redistribution studies.
Registration results for both redistribution and reinjection
studies are combined in Figure 7. The overall mean distance
was 2.1 Â±1.2mm(n= 195), with a maximum error of 5.8 mm.

Other Clinical Studies. The technique is successfully applied on
a routine basis to other clinical SPECT and PET studies, such as
67Ga-citrate and regional whole-body PET studies. Satisfactory

registration of FDG PET regional whole-body acquisitions to
67Ga-citrate studies is possible with the technique despite differ

ences in activity distribution between the two tracers (Fig. 8).
Slices through the anterior extent of the liver and the tumor sites
clearly demonstrate the level of registration achieved.

The time taken for the registrations depended on the matrix
size, number of slices in the studies and number of iterations
required to achieve registration. Registration times, using a Sun
Spare 10/41 work station, ranged from 2 min for a 20IT1 study

(64 X 64 matrix) to 15 min for a brain study (128 X 128 matrix).
For total-body studies, with nearly 200 slices, the registration time
is typically 45 min. Since the technique is fully automated, it can
be left running unattended without operator intervention, except
for the initial setup which requires 1-2 min.

DISCUSSION
The main findings from our study are:

1. Our registration technique achieved a high degree of
accuracy.

2. The SAD cost function was the most accurate cost
function in the brain phantom studies.

3. The technique is applicable to functional imaging studies
with similar tracer distributions between studies.

4. The technique is relatively unaffected by localized differ
ences in activity distribution and the range of noise in
clinical studies, such as interictal and ictal HMPAO-
SPECT and FDG-PET brain studies and exercise/redistri
bution 201T1myocardial perfusion studies.

Registration and Cost Function Accuracy
In Hoffman brain phantom studies, our technique attained a high

degree of registration accuracy. Localized differences in activity

FIGURE 4. Representative slices of
thorax phantom. Top row shows slices
from a reference PET transmission
study with registered SPECT study be
low. Fiducial markers are indicated by
white arrows. Satisfactory registration is
seen, despite differences in resolution
and noise between PET and SPECT
studies.
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FIGURE 5. Distances, in millimeters,be
tween landmark pairs after registration of
""Tc-HMPAO SPECT to SPECT studies
(solid diamonds) and FDG-PET to "Tc-

HMPAO SPECT data (open diamonds).
Data are shown for landmarks in the
transverse, coronal and sagittal slices.
Mean Â± s.d. is also plotted for each
orthogonal slice set (squares and vertical
lines).
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FIGURE 6. Registered SPECT and PET
studies in a patient with intractable focal
epilepsy. Reference ictal SPECT study
(top row) shows increased perfusion in
the left temporal lobe, with corresponding
slight reduction in registered interictal
SPECT study (middle row). Registered
interictal FDG-PET scan (bottom row)
shows left temporal lobe glucose hypo-

metabolism.
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FIGURE 7. Distances between landmark
pairs in 201T1myocardial perfusion studies

after registration. Data for both redistribu
tion and reinjection studies registered to
exercise (or 0 hr) studies are included in
the plot. Mean Â±s.d. is also plotted for
each of the orthogonal slice sets.

distributions and moderate levels of noise had a minimal effect on
the final accuracy. The accuracy of SPECT to PET transmission
phantom registration shows that the technique is not limited to
neurological emission studies. The larger errors observed in the
transmission phantom experiment are at least partly attributable to
errors in localizing the fiducial markers. In fact, the registration
errors are only marginally larger than the reproducibility in
locating the markers in the SPECT studies. Thus, the registration
errors are considered to be conservative estimates.

We found that the SAD cost function was the most reliable cost
function. The other cost functions had varying degrees of success
in accurately registering the phantom studies. In some studies,
registration accuracy approached that of the SAD, but with others

there were large errors and clear misregistrations. These results
suggest that the optimization routine was trapped by a local
optimum (maximum or minimum depending on cost function). It
was thus prevented from reaching the global optimum of properly
registered studies. Hoh et al. (13) avoided this problem with the
SSC cost function by using the final reslicing parameters of the
SAD registration as starting values for the SSC registration. Thus,
the SSC registration started near its global optimum, which reduces
the likelihood of convergence to a local optimum, which may be
encountered when optimizing the SSC from large initial misregis
trations. Despite the theoretical advantage of the SSC, Hoh et al.
(13) concluded that the SSC did not significantly improve the
accuracy achieved with the SAD. We had less success with the SDrjtjo

FIGURE 8. Coronal slices of 67Ga-citrate SPECT study of a patient with gastric lymphoma (top row) with slices of the registered regional whole-body FDG-

PET study (bottom row). Despite marked regional differences in activity distribution, satisfactory matching of the data sets is apparent. Direct comparison of
67Ga-citrate and FDG uptake in multiple tumor sites (arrows) is possible. (Note: Arms were excluded in SPECT acquisition but present in PET field of view.)
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cost function than that reported by Woods et al. (1,14), who used a
different minimization routine. There may have been differences in the
detailed implementation of the cost function to explain our lower
success rate with their cost function. Our results do suggest, however,
that the SAD cost function is relatively free of local minima compared
with the other cost functions.

For clinical studies, we estimated the registration accuracy
directly from the image data by localizing corresponding landmarks in
the reference and registered studies. This step avoids problems with
fiducial markers, which are rarely reliable if the studies are weeks or
months apart and which do not always have a fixed relationship
between the organ of interest and the external markers in, for example,
cardiac studies. As we reported, however, for the transmission phan
tom analysis, there is an uncertainty associated in locating the
landmarks. Thus, we consider that our registration error estimates are
conservative. Despite this, we observed an average landmark registra
tion error of about 2 mm for both neurological and cardiac clinical
studies.

Limitations
Voxel-based registration techniques assume that the activity

distribution of the studies being registered is similar. Our data and
that of others (1,13,18) show that even large focal differences in
activity distributions have little effect on the final registration
accuracy. Thus, registration is not prevented by tracer distribution
differences in clinical studies acquired with the same radiophar-

maceutical but at different times (e.g., interictal/ictal HMPAO
brain studies and exercise/redistribution 20IT1 myocardial perfusion

studies).
When different radiotracers were used, the performance of our

technique depended on the relative contributions that regions with
disparate tracer uptake made to the cost function. For example,
relatively higher FDG uptake, compared with 67Ga uptake, was seen

in the heart and right kidney (Fig. 8). The cost function value from
these organs could be reduced by incorrectly reslicing the PET data to
overlap the heart or kidney from the FDG-PET study with the liver of
the 67Ga SPECT study. This reslicing would, however, increase the

cost function because of misregistration of areas with congruent
uptake (liver, rumor, etc). Registration was successful because areas
with corresponding uptake (e.g., liver, tumor) dominated the cost
function over incongruent uptake regions (heart, kidney). The success
of our technique in registering data sets with different radiotracers
depends on physical size, relative uptake and location relative to other
structures of regions with disparate uptake. There is no definite cutoff
point; rather, the more marked the tracer distribution differences the
more increased the likelihood of trapping in local minima and
misregistration. For certain combinations of radiotracers, however, our
technique consistently misregistered the data. For example, in patients
with brain tumors, our technique registered the high scalp uptake of
the 20IT1 brain SPECT study mainly to the cortical uptake of FDG in

superior regions of the brain. In addition, our technique is also unlikely
to correctly register "mTc bone SPECT studies to 67Ga SPECT or

FDG-PET studies. For these study combinations, transmission studies,

if performed, could be used for registration of the emission data.

Clinical Applications
We apply our technique routinely to intramodality registration of

sequential HMPAO brain, 201T1 myocardial perfusion and 67Ga

SPECT studies, as well as FDG brain, regional whole-body and
'5O-water PET studies. Across modalities, we use the technique for
registering HMPAO-SPECT and FDG-PET brain studies, 201T1

SPECT and FDG/NH3 PET myocardial viability studies, as well as
67Ga SPECT and FDG-PET regional whole-body studies. The

technique produces accurate registration for direct visual compar
ison and eliminates operator time required to manually reslice and
match slices for review. Parametric images (e.g., subtraction

images) derived from registered studies, however, should be
interpreted with caution. Even with perfect registration, partial
volume effects, attenuation correction inaccuracies and differences
in resolution and count statistics may cause artifacts in parametric
images, particularly in SPECT studies. Registration techniques
should not be regarded as a substitute for care and consistency in
patient positioning. Attention to consistent and reproducible patient
positioning minimizes registration errors while providing optimum
results from registration of multiple patient studies.

CONCLUSION
Our automated image registration technique is accurate in

both phantom and clinical studies. It can be successfully applied
to a range of SPECT and PET studies as well as PET to SPECT
registrations. Its routine clinical use in our department greatly
facilitates direct comparison of longitudinal SPECT and PET
studies. It requires minimal operator time and virtually elimi
nates the need for reanalysis of data. The technique successfully
registers studies with marked local differences in activity
distributions. Transmission data may be used where direct
registration based on emission data is not possible because of
distribution differences of the radiopharmaceuticals used.
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