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Myocardial Perfusion Imaging with a Combined
X-Ray CT and SPECT System

Kathrin Kalki, Stephen C. Blankespoor, J. Keenan Brown, Bruce H. Hasegawa, Michael W. Dae, Michael Chin

and Carol Stillson

UCSF Physics Research Laboratory, Department of Radiology, Bioengineering Graduate Group and Cardiovascular Research
Institute, University of California San Francisco, San Francisco, California

We evaluated a novel combined x-ray CT and SPECT medical
imaging system for quantitative in vivo measurements of ™ Tc-
sestamibi uptake in an animal model of myocardial perfusion.
Methods: Correlated emission-transmission myocardial images
were obtained from 7- to 10-kg pigs. The x-ray CT image was used
to generate an object-specific attenuation map that was incorpo-
rated into an iterative ML-EM algorithm for reconstruction and
attenuation correction of the coregistered SPECT images. The pixel
intensities in the SPECT images were calibrated in units of radionu-
clide concentrations (MBq/g), then compared against in vitro %™ Tc
activity concentration measured from the excised myocardium. In
addition, the coregistered x-ray CT image was used to determine
anatomical boundaries for quantitation of myocardial regions with
low perfusion. Results: The accuracy of the quantitative measure-
ment of in vivo activity concentration in the porcine myocardium was
improved by object-specific attenuation correction. However, an
additional correction for partial volume errors was required to
retrieve the true activity concentration from the reconstructed
SPECT images. Conclusion: Accurate absolute SPECT quantitation
required object-specific correction for attenuation and partial vol-
ume effects. Additional anatomical information from the x-ray CT
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image was helpful in defining regions of interest for quantitation of
the SPECT images.

Key Words: SPECT; quantification; myocardial perfusion; image
coregistration
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Absolute quantitation of radionuclide uptake from SPECT is
compromised by photon attenuation, scattered radiation and
partial volume errors (/,2). Therefore, several investigators
have incorporated transmission measurements into reconstruc-
tion of the radionuclide image for compensation of photon
attenuation. SPECT images also have been coregistered with
images from x-ray CT or MRI (3,4) to improve anatomical
definition, localization and quantitative accuracy of functional
information obtained with SPECT.

We are developing a new imaging device, christened the
emission-transmission CT (ETCT) system, which uses a com-
mon detector and imaging geometry to obtain a co-registered
functional data from SPECT and anatomical data from x-ray
CT. For quantitative measurements, the transmission CT image
can be used to generate an object-specific attenuation map for
attenuation compensation of the SPECT data. In this study we
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demonstrate quantitation of radiolabeled tracers in a porcine
model of myocardial perfusion by comparing in vivo radio-
tracer uptake measurements from the ETCT system with in
vitro uptake measurements obtained from excised tissue sam-
ples.

MATERIALS AND METHODS

Detailed descriptions of the emission-transmission CT (ETCT)
system and phantom studies have been published elsewhere (5-7)
and will be reviewed briefly here. The ETCT system uses a
23-element high-purity germanium (HPGe) array with a 2-mm
detector pitch (8) to acquire both x-ray transmission and radionu-
clide emission data in a third-generation fanbeam geometry. The
detector array is translated along a 35° arc centered at the x-ray
focus to acquire a full projection set of the object. The x-ray tube
and detector are mounted on a gantry that rotates both around a
stationary object to provide a 22-cm reconstruction diameter. The
data acquisition system has counting rates (>10° cps/channel) and
energy resolution (14% at 140 keV) that allow the x-ray and
radionuclide photons to be recorded with a single-detector array, in
either simultaneous or sequential scans. Because of the small
detector size, the ETCT prototype system presently requires about
2.5 hr to acquire a single SPECT slice with 1110-2220 MBq (30-60
mCi) of *™Tc and 1 hr for a single-slice x-ray CT scan.

The x-ray tube is operated at 100 kVp with 1 mA tube current.
Transmission data were generated with the x-ray tube (100 kVp, 1
mA) filtered with 0.5 mm of gadolinium and were recorded with a
65- to 110-keV energy window. The **™Tc radionuclide data were
recorded with a 20% symmetric energy window. The spatial
resolutions of the SPECT and x-ray CT modes in the ETCT system
were determined from resolution phantoms to be about 6 mm
FWHM (SPECT) and 1.8 mm FWHM (x-ray CT). Both emission
and transmission data were acquired with 193 detector bins at 2°
increments over a 360° rotation angle. Emission sinograms con-
tained approximately 5 X 10° total counts, while transmission
sinograms contained approximately 5 X 10* counts.

Animal Study Protocol

Animal studies were performed with the ETCT system to obtain
absolute in vivo measurements of myocardial radiotracer uptake
compared to in vitro activity measurements from the excised heart.
The animal study protocol was approved by the institutional
committee on animal research. Six pigs (8-10 kg) were anesthe-
sized, mechanically respirated and had their ECG monitored
continuously. Before the imaging study 1110-2220 MBq (30-60
mCi) ¥™Tc-sestamibi was injected intravenously. In two pigs, the
regional myocardial blood flow was modified by a vasodilator
(dipyridamole) and in two other animals by LAD occlusion. The
occlusion was maintained for 6 min (2 min during and 4 min after
99MTc-sestamibi injection) to allow for blood clearance of the
radiopharmaceutical.

The animal was placed in an acrylic specimen tube, and x-ray
CT images were obtained in a commercial x-ray CT scanner to
identify an appropriate plane for the single-slice imaging study in
the ETCT system. The animal and specimen tube then were
transfered to the ETCT system where an ungated SPECT scan and
an x-ray CT scan were acquired sequentially over 4—5 hr. Imme-
diately after the imaging experiment, the animal was euthanized,
and the imaging plane was marked by thin needles inserted through
the thorax and myocardium. The heart was removed, and a 1-cm
slice was dissected corresponding to the imaging plane. For the
control animals, and for those receiving dipyridamole, the right
ventricle was separated from the excised slice, and the left ventricle
was divided into four roughly equal-sized pieces using the junction

of right ventricle and anterior wall as a reference point. For
occlusion experiments, the occlusion was repeated at the end of the
imaging study, and a blue dye was injected to mark perfused and
unperfused areas before euthanizing the animal. The unperfused,
occluded tissue was isolated, and the normally perfused myocar-
dium was divided into equal-sized samples. For each tissue sample
the myocardial wall thickness was determined with a vernier
caliper neglecting any fat and other nonmyocardial tissue. The
individual tissue samples were weighed and their activities were
measured by placing them on the face of a scintillation camera with
a vial containing a known activity of *™Tc as a calibration source.

image Reconstruction

X-ray CT data were reconstructed with filtered backprojection
using a Ram-Lak filter to generate a 256 X 256 image (1.1-mm
pixel width). Transmission images also were reconstructed as 64 X
64 and 128 X 128 images, corresponding to the spatial resolution
of the emission images, for use as attenuation maps. The x-ray CT
transmission image was linearly scaled to generate an object-
specific map of attenuation coefficients. The scaling factor was
determined by dividing the tabulated value for water u = 0.152
cm™' at 140 keV photon energy by the CT value obtained from an
uniform water phantom. This scaling factor used to scale all
regions (bone, soft tissue, lung) of the CT images.

SPECT images were reconstructed using 30 iterations of an
iterative maximum likelihood-expectation maximization (ML-EM)
algorithm (9, 10) with and without attenuation correction. Images
were reconstructed as 128 X 128 or 64 X 64 images corresponding
to pixel widths of 2.2 mm and 4.4 mm, respectively. No scatter
correction was performed, but the emission data were corrected for
physical decay. In the reconstructed emission images, pixel values
were calibrated in absolute units (MBq/g) using tomographic data
from a 20-cm diameter cylindrical phantom filled with a known
uniform concentration of **™Tc and reconstructed with attenuation
correction. Measurements on a thorax-like phantom containing
various attenuating materials (air, water and Teflon™) verified that
the activity concentration could be reconstructed to *= 8% of the
true value.

Radionuclide Quantitation

ROIs were defined on the SPECT images to correspond to the
excised tissue samples in the reconstructed SPECT images using a
thresholding technique to segment the myocardium from back-
ground regions. When the segmentation procedure failed to sepa-
rate the myocardium from background due to a perfusion defect, an
outer boundary estimate for the myocardium was defined by
outlining the heart contour in the correlated x-ray CT image. The
mean pixel value in each ROI was calibrated in units MBq/g as
described above. Therefore, for each ROI, the in vivo activity
uptake, the in vitro activity uptake and the in vitro measured wall
thickness were known.

A linear regression line was determined to compare in vivo and
in vitro measurements, using the in vitro measurements as inde-
pendent variables. Individual errors of 20% in the measured
activity concentration resulting from errors due to reconstruction
noise, pixel calibration and ROI selection were assumed for each in
vivo value. We also estimated an in vivo value of 0.01 MBgq/g from
the background of the reconstructed SPECT images for a region
with zero in vitro activity uptake.

Correction for Partial-Volume Effects

Recovery coefficients (//) for the true activity concentration
were determined from a SPECT resolution phantom containing
cylindrical hot lesions with diameters between 5 mm and 38 mm.
The ratio of the mean pixel value in each lesion relative to that in
the largest lesion (38 mm diameter) was then plotted as a function
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of lesion diameter (Fig. 1). We deduced from this curve that for
7-mm objects, typical of the left ventricular wall, only half of the
true activity is recovered and for 3-mm objects, typical of the right
ventricular wall, only 35% is recovered. In this study, we used
these results to define recovery coefficients to correct ROI-based
activity measurements obtained from the SPECT images.

RESULTS

Attenuation Correction

The inherent coregistration obtained with the ETCT system is
shown in an overlay (Fig. 2) of a high-resolution x-ray CT and
the corresponding SPECT image generated without using any
markers or postacquisition registration procedures. This dem-
onstrates that the ETCT system aligns the CT-derived attenua-
tion map with the SPECT imaging plane and allows the
distribution of the radioactive tracer to be located accurately in
the coregistered x-ray CT image.

The attenuation map is shown as a 256 X 256 matrix in
Figure 3 with horizontal and vertical profiles. The values of the
reconstructed attenuation coefficients correspond well to the
tabulated values with the exception of bone. These results
indicate that our calibration method, which is based on a linear
scaling of the attenuation coefficient for water, is only approx-
imate, especially for high Z material such as bone (/2).
However, we neglected the underestimated attenuation coeffi-
cient for bone since these regions contributed only a few
isolated pixels to the attenuation map.

We also compared SPECT images reconstructed with the
object-specific attenuation map against SPECT images recon-
structed with homogeneous or no attenuation correction (Fig.
4). Global variations in SPECT pixel intensity were assessed by
defining a 17 X 17 pixel around the mycoardium, in which the
sum of all pixels was about 10% with homogeneous attenuation
correction and 50% lower with no attenuation correction,
compared with the image reconstruction with object-specific
attenuation correction. To investigate whether the regional
distribution of intensity throughout the myocardium is affected,
the maximum pixel values in the 17 X 17 myocardial region
were normalized to the maximum value within the same region
defined for the attenuation-corrected image. Difference images
were formed between the attenuation-corrected image and the
normalized images reconstructed with homogeneous attenua-
tion correction or with no correction. The pixel values in
resulting difference images were as high as 10% relative to
pixel values in the attenuation-corrected images, with the
largest error occurring primarily in the pericardial areas and
near the posterior wall. These results imply that the accuracy of
quantitation of SPECT images depends on whether an object-
specific or homogeneous attenuation correction is used for
image reconstruction. Although these effects are rather subtle
for data acquired from small animals used in this study, these
results show that homogeneous or no attenuation correction
causes the pixel intensity not just to scale differently compared
to SPECT images reconstructed with object-specific attenua-
tion, but also can cause a difference in regional intensity
distribution.

Quantitation of SPECT Images

The in vivo values of *™Tc-sestamibi uptake in myocardial
SPECT images reconstructed without attenuation correction are
plotted in Figure 5 against corresponding in vitro activity
uptake values obtained directly from the excised tissue samples.
For a total number of n = 30 samples (i.e., five tissue samples
per myocardial slice) we obtained a correlation coefficient of
r = 0.77 between the two measurements. However, the in vivo
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FIGURE 1. Measured activity concentration relative to the true activity
concentration in each hot lesion as a function of lesion diameter. The 50%
brightest pixels in each lesion were used to determine the mean pixel
intensity.

uptake measurement is clearly too low compared to the true in
vitro activity concentrations, as reflected in the slope of the
regression line y = 0.17 (* 0.03) x + 0.01 (= 0.002) MBgq,
where y and x denote the in vivo and in vitro activity uptake,
respectively, with their standard deviations given in parenthesis.
If the SPECT reconstruction is performed with an object-
specific attenuation map quantified using the same ROIs, the
correlation coefficient does not change significantly (r = 0.84),
but the in vivo values are higher (y = 0.42 (=0.02) x + 0.01
(£0.03)MBq) (Fig. 5B). Therefore, even with object-specific
attenuation correction, only about 40% of the true activity was
recovered from the reconstructed SPECT images.
Consequently, additional factors must be considered to im-
prove accuracy in the in vivo activity uptake measurement. For
example, partial volume errors occur in the radionuclide image
since the mean myocardial wall thickness of the left ventricle
(measured with calipers from the excised tissue samples) was
only 7 = 1.5 mm for all imaged heart slices, while the mean

SPECT

FIGURE 2. Overlay of x-ray CT (gray) and coregistered SPECT image (red) of
a porcine thorax and myocardium. SPECT and CT images are separate (eft).
The combined SPECT/CT image (right).
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thickness of the right ventricle was even smaller (3 = 1 mm).
Using these values, a recovery factor for the activity concen-
tration was determined for the left ventricular wall (2.0) and the
right ventricular wall (2.85) from the calibration curve (Fig. 1)
as described in the Materials and Methods section. No attempt
was made to correct ROIs individually with the corresponding
wall thicknesses, since the wall thickness measured in vitro
does not take into account wall motion that introduces an error
of at least 1.5 mm between the in vivo and in vitro data. The
corrections are, therefore, only approximate and potentially
would be more accurate with an in vivo measurement of wall
thickness. Nevertheless, Figure SC shows that with correction
for both attenuation and geometric system response, the quan-
titative agreement between in vivo and in vitro measurement of
activity uptake is quite good (y = 0.91 (*0.02) x + 0.01
(*£0.002) MBq, r = 0.81). These results show that in the case
of small animals imaged with the ETCT system, the accuracy of
absolute SPECT quantitation is determined in roughly equal
parts by proper attenuation correction and compensation for
partial volume errors.

(a) Exact

\¢)

(b) Uniform

v

0.21

bone

heart

acrylic

soft tissue

FIGURE 3. Linearly scaled attenuation
map of the porcine thorax based on the
attenuation coefficient of water at 140
keV. Two profiles through the map show
the values of the linear attenuation coef-
ficient for different materials.

pixel location

DISCUSSION

Numerous studies on phantoms, animals and humans dem-
onstrate that correction for photon attenuation is crucial for
obtaining an accurate measurement of radiotracer distribution
using SPECT (2,13,14). Uniform attenuation maps can be used
for correction of relatively homogeneous areas such as the head
and abdomen, but for cardiac imaging, an object-specific
attenuation correction is necessary to quantify regional myocar-
dial perfusion accurately. In myocardial studies, the limited
spatial resolution of the SPECT system also introduces artifac-
tual inhomogeneities into the apparent radiotracer distribution
(15). The relative effects of attenuation correction, spatial
resolution and ROI selection on radionuclide quantitation have
been studied here in a porcine model of myocardial perfusion
using an imaging system that combines SPECT and x-ray CT.

In our SPECT study of small animals, attenuation correction
proved to be straightforward since an object-specific attenua-
tion map could be readily obtained from the coregistered x-ray
CT image. Derivation of an object-specific attenuation map
using linear scaling procedure of the polychromatic x-ray data

(¢) Null

FIGURE 4. SPECT images of the porcine
myocardium reconstructed with: (a) an
object-specific attenuation map; (b) a ho-
mogeneous attenuation map using pu =
0.152 cm as attenuation coefficient for
140-keV photons; and (c) without attenu-
ation comection. The attenuation maps
are shown in the top row and myocardial
ROils of the reconstructed SPECT images
in the middle row with gray scale bars
indicating the pixel values in arbitrary
units. Difference images between the
SPECT ROI reconstructed with object-
specific attenuation comection and
SPECT images reconstructed without at-
tenuation correction or homogeneous at-
tenuation cormection are shown in the
bottom row with their pixel values.
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FIGURE 5. Comparison of ®*™Tc-sestamibi uptake measured from the
reconstructed SPECT images in vivo and the comresponding excised tissue
samples in vitro. SPECT images were reconstructed: (a) with no attenuation
correction; (b) with object-specific attenuation correction; and (c) with both
attenuation correction and correction for partial volume emors. Different
symbols comrespond to results from different animals.

proved to be sufficient for the relatively small animals imaged
here. More accurate attenuation maps can be obtained with
piece-wise calibration or with dual-energy techniques (6,12)
and may be necessary for human studies, especially when
higher levels of accuracy are needed.

However, our measurements show that object-specific atten-
uation correction only accounts for roughly 50% in the error in

correlating in vivo and in vitro measurements of ™ Tc concen-
tration in the myocardium. The overall accuracy was markedly
improved by correcting for partial volume errors. As pointed
out before, we did not use any scatter correction schemes that
might have further contributed to the inaccuracy of the quanti-
tation, although a scatter contribution is contained in the pixel
calibration factor obtained from the uniform water phantom and
used for the animal SPECT images. However, if the mean
scatter fraction (which is <30% for the uniformity phantom
with our 20% energy windows) does not differ too much
between the phantom and the animal study, then the difference
in pixel value in the reconstructed image should be smaller than
about 10% (16). Other factors, such as ROI selection and
background subtraction, also are important in obtaining quan-
titatively accurate radionuclide measurements with SPECT. In
addition, image blurring due to respiratory motion and myocar-
dial wall motion decreases the precision of the uptake measure-
ments (/5) since ROI determination becomes less reproducible
and less well defined.

Since SNR and spatial resolution of the transmission image
are higher than for the corresponding emission image, the
precision of the reconstructed SPECT image is expected to be
influenced more by noise in the emission data than in the
transmission data (/7, /8). Moreover, partial volume errors and
inaccuracies in ROI definition can be attacked in radionuclide
images using correlated CT images since, in comparison to
transmission images obtained with scanning line sources, those
obtained with an x-ray source have improved spatial resolution
(1.6 mm vs. 6 mm) and a significantly higher signal-to-noise
ratio (by a factor of 100 or more). Our data do not show, in a
statistically significant way, that x-ray CT supported ROI
definition increases the precision of quantitation, but we are
conducting further studies to substantiate our qualitative find-
ings.

Practical Considerations

Results from the ETCT as reported in this manuscript are not
intended to define specific methods of implementation, but do
suggest that combining x-ray CT with SPECT in a direct way
may improve quantitative assessment of internally distributed
radiopharmaceuticals in comparison to conventional imaging
techniques. At present, the long scan times and the small
reconstruction circle obtained with our prototype system pre-
clude clinical studies on humans with this device. However,
these experimental results demonstrate that it is possible to
record both emission and transmission datasets with a single
detector, and upgrading our prototype system would provide
proportionate improvements in scan times and detection sensi-
tivity. Furthermore, emission-transmission systems have been
proposed, which use commercially available detector technol-
ogies to combine x-ray CT and SPECT (19) or x-ray CT and
PET (20) and may make emission-transmission systems possi-
ble and clinically practical.

CONCLUSION

We evaluated a novel combined x-ray CT and SPECT
medical imaging system for quantitative in vivo measurements
of **™Tc-sestamibi uptake in an animal model of myocardial
perfusion. This was done using the x-ray CT image that was
used to generate an object-specific attenuation map attenuation
correction of the coregistered SPECT images. In correlated
emission-transmission myocardial images from 7- to 10-kg
pigs, the accuracy of the in vivo activity concentration mea-
surement was improved by object-specific attenuation correc-
tion, but additional corrections for partial-volume errors were
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required to retrieve the true myocardnal activity concentration
when compared against the in vitro ®™Tc activity concentration
measured from the excised myocardium.
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Effects of Cilazapril and Verapamil on Myocardial
Iodine-125-Metaiodobenzylguanidine Accumulation
in Cardiomyopathic BIO 53.58 Hamsters
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Sympathetic nervous system activation is important in the patho-
physiology of congestive heart failure. However, little about how the
treatment for heart failure may influence myocardial sympathetic
nervous activity has been established. In this study, we evaluated
effects of cilazapril (CLZ) and verapamil (VER) on myocardial sym-
pathetic nervous activity in cardiomyopathic BIO 53.58 hamsters
using ['?5imetaiodobenzylguanidine (['2°IMIBG). Methods: We
used BIO 53.58 hamsters aged 3, 6 and 10 mo and age-matched
normal F1b hamsters. We divided BIO 53.58 hamsters into un-
treated, CLZ- and VER-treated groups. We measured myocardial
[‘25I]MIBG uptakes and norepinephrine concentrations and evalu-
ated the extent of fibrosis and the distribution of ['2°[|MIBG. Results:
The myocardial ['2°|MIBG uptake was significantly lower in BIO
63.58 hamsters aged 6 and 10 mo than in age-matched Fib
hamsters. Myocardial ['2°[[MIBG uptake was significantly correlated
to myocardial norepinephrine concentration in BIO 53.58 hamsters.
Myocardial ['2°]MIBG uptake was significantly higher in both of the
treated groups than in the untreated group. The extent of myocardial
fibrosis was significantly lower in both of the treated groups than in
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the untreated group. The myocardial ['25]MIBG uptake showed a
sugnlﬁcant inverse correlation with the extent of fibrosis. Myocardial
["*MIBG distribution was highly heterogeneous in the untreated
BI05358hamsters whereas it was homogeneous in the Fib
hamsters aged 6 mo and the treated BIO 53.58 hamsters.
Conclusion: In BIO 53.58 hamsters, myocardial ['2°]MIBG uptake
decreased with the progression of cardiomyopathy, and the de-
creased uptake was improved by treatment with CLZ and VER.
Thus, myocardial ['25]MIBG uptake can reflect the effects of treat-
ment on cardiomyopathy, as well as the progression of cardiomy-
opathy.
Key Words: iodine-125I-MIBG; cardiomyopathy; angiotensin-con-
verting enzyme inhibitor; calcium antagonist; sympathetic nervous
activity
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Activation of the sympathetic nervous system is important in
the pathophysiology of congestive heart failure (/). The con-
centration of norepinephrine (NE) in the coronary sinus or
myocardium and myocardial NE spillover have been deter-
mined as indices of the myocardial sympathetic nervous activity
(2—4). These methods, however, were invasive and unsuitable
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