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Abstract: Cardiac single photon emission computed tomography (SPECT) cameras typically rotate too slowly around
a patient to capture changes in the blood pool activity distribution and provide accurate kinetic parameters. A spa-
tiotemporal iterative reconstruction method to overcome these limitations was investigated. Dynamic rest/stress
99mTe-methoxyisobutylisonitrile (°*"Tc-MIBI) SPECT/CT was performed along with reference standard rest/stress
dynamic positron emission tomography (PET/CT) **N-NH, in five patients. The SPECT data were reconstructed us-
ing conventional and spatiotemporal iterative reconstruction methods. The spatiotemporal reconstruction yielded
improved image quality, defined here as a statistically significant (p<0.01) 50% contrast enhancement. We did not
observe a statistically significant difference between the correlations of the conventional and spatiotemporal SPECT
myocardial uptake K, values with PET K, values (r=0.25, 0.88, respectively) (p<0.17). These results indicate the
clinical feasibility of quantitative, dynamic SPECT/CT using **"Tc-MIBI and warrant further investigation. Spatiotem-
poral reconstruction clearly provides an advantage over a conventional reconstruction in computing K.
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Introduction

Quantitative, dynamic myocardial perfusion
imaging (MPI) in positron emission tomography
(PET) using tracers such as *°0-H,0, *N-NH,,
and #Rb yields kinetic parameters such as
myocardial blood flow and flow reserve that pro-
vide additional technical and clinical informa-
tion not available from static MPI acquisitions
[1-4]. Single photon emission computed tomog-
raphy (SPECT) is the clinical workhorse for MPI
but is not clinically used to obtain absolute
kinetic parameters [5]. In dynamic acquisitions,
the slowly rotating cameras typical of SPECT
scanners yield inconsistent projections.

Nevertheless, there have been a few studies of
kinetic parameter estimation using dynamic
SPECT. For example, quantification of regional
myocardial blood flow using a nonstress proto-

col has been performed, with validation using
®N-NH, PET [6]. Preliminary work comparing
Kinetic parameters obtained from spatiotempo-
ral-reconstructed, PET-derived, SPECT data has
also shown that the 1 min acquisition times
typical of clinical SPECT scanners may be suffi-
cient for quantitatively accurate kinetic param-
eter estimation [7]. These initial results and our
current efforts of estimating kinetic parameters
such as myocardial blood flow using dynamic
SPECT all indicate that there could be a signifi-
cant economic advantage over the same
parameter estimation using dynamic PET [8].

Here, we performed a clinical study of five
patients using a dynamic rest/stress *°"Tc-MIBI
SPECT protocol and a clinical, dynamic, rest/
stress **N-NH, PET protocol. We reconstructed
the SPECT data using a commercial maximum-
likelihood expectation-maximization (MLEM)
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reconstruction software package and a spatio-
temporal MLEM (ST-MLEM) reconstruction [7].

Materials and methods
Patient population

Five patients were recruited at the San
Francisco VA Medical Center (San Francisco,
CA) to test a new dynamic SPECT MPI protocol.
In addition, the patients underwent clinical PET
MPI studies at the University of California San
Francisco Outpatient Imaging Center at China
Basin (San Francisco, CA). The study was
approved by the VA Medical Center Committee
on Human Research as well as the University of
California, San Francisco, Committee on
Human Research (Institutional Review Board).
The patients were considered for study if a
myocardial perfusion study had been request-
ed by their clinician. The recruited patients
gave written consent to be part of the study.
The patients had risk factors but no prior his-
tory of coronary artery disease (CAD).

Dynamic and clinical SPECT acquisition proto-
col

The rest/stress MPI acquisition, following a
low-/high-activity single isotope single-day pro-
tocol was performed using a SPECT/CT scanner
(Precedence 16, Philips Healthcare). The scan-
ner has two L-configured (i.e., oriented 90° to
each other) detector heads, each with a low-
energy high-resolution (LEHR) collimator.
Projection data were binned into 128x128
matrix having 3.2x3.2 mm? pixels, over 36 pro-
jection angles spanning 0-180°.

The patients were instructed to fast for 4 hours
and to not smoke or consume anything with
caffeine or xantines 24 hours prior to the test.
None of the subjects was taking beta-blockers,
statins or nitrates. The imaging protocol began
with a dynamic rest image acquisition. Imaging
began just prior to activity infusion, with
patients lying in supine positions. The dynamic
image acquisition consisted of twelve back-
and-forth rotations, with each 180° rotation
(90° per head) taking 54 seconds to acquire
(total ~ 12 min). Once the scanner heads began
rotating, each patient received continuous two-
minute infusions of approximately 370 MBq (10
mCi) of °MTc-MIBI (Cardiolite; Bristol-Myers
Squibb Medical Imaging) using a Harvard
Apparatus Model 975 pump, with a typical
+20% variation in activity between patients.
The patients then waited 45 minutes before a
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clinical, non-dynamic, rest SPECT/CT scan was
performed, consisting of a single 180° rotation
over 25 minutes. A CT scan for attenuation cor-
rection (AC) was acquired just before the clini-
cal scan. Fifteen minutes after the completion
of the rest clinical scan, and with the patient
still in the scanner, the patients underwent an
equivalent stress dynamic/clinical SPECT MPI
acquisition, with a 0.4 mg bolus injection of a
regadenoson stress agent (Lexiscan; Astellas
Pharma, Inc.) followed by a °°™Tc-MIBI activity of
1150 MBq again using a 2 minute infusion.
Data acquisition started when activity was
observed in real-time moving from the arm to
the subclavian vein in the scanner field-of-view
for both rest and stress studies. Another CT
scan for AC was performed just before the clini-
cal, non-dynamic, stress scan. Although the
whole rest-stress SPECT MPI scans including
our research dynamic SPECT sessions took at
least 2.5 hours or more, it should be noted that
even a clinical SPECT MPI protocol alone can
consume a long time when both rest and stress
scans are acquired on the same day. In addi-
tion, when the soft tissue attenuation is sus-
pected or the patient requires a prone position-
ing, the scan time could be even longer [8-10].

PET acquisition and image reconstruction
protocol

The SPECT patient cohort also had **N-NH,
PET/CT MPI scans performed within 1 to 17
days using a PET/CT scanner (Discovery VCT,
GE Healthcare) following a standard clinical
protocol based on ASNC guidelines [11]. None
of the patients in the cohort experienced a car-
diac event in between the two scans. A
12.5-minute dynamic rest scan was performed
with a 740 MBq 13N-NH3 bolus injection, fol-
lowed by a 45 minute break, and then a phar-
macologic stress scan with *N-NH, using the
same stress agent administration (regadeno-
son) as with the stress SPECT scans. Each of
the 25 dynamic frames of the PET data was
reconstructed using 2D filtered back-projection
(FBP) with a Hanning window and a 4.8 mm
convolution kernel. Data were corrected for
attenuation and randoms.

Conventional and spatiotemporal iterative
reconstruction

The dynamic SPECT data from each rotation
were reconstructed using the Philips Astonish
ordered-subsets-expectation-maximization-
based (OS-EM) reconstruction software pack-
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age, yielding a set of twelve 2D image sets per
dynamic scan with dimensions 128><128><NZ,
where N, was the patient-dependent number of
reconstructed slices. A total of 54 MLEM itera-
tions (i.e., 1 OS-EM subset) were used per
reconstruction with AC. Attenuation maps for
the AC reconstruction were generated by co-
registering the acquired CT data using the
Philips JetStream Workstation.

The same projection data were also recon-
structed using a ST-MLEM reconstruction soft-
ware package developed by Lawrence Berkeley
National Laboratory (LBNL) [7]. The LBNL
reconstruction used an MLEM algorithm with
AC to iteratively reconstruct the coefficients of
a set of quadratic B-spline basis functions per
voxel. The ST-MLEM-reconstructed basis func-
tion coefficients were converted into time-activ-
ity data, with the basis functions sampled at an
approximately three times higher rate than the
12 time points from the ST-MLEM reconstruc-
tion, yielding 37 time points. The midpoints of
each temporal frame were selected for the time
points for the time-activity data (e.g., 27 s for a
54 s frame). Since we reconstructed a total of
37 time points (i.e., 37 frames of dynamic
SPECT), the increased reconstruction time was
proportional to the number of dynamic frames
required for our data analysis.

No depth-dependent resolution recovery or
partial volume correction was performed for
either the MLEM or ST-MLEM reconstruction.
The reconstructed SPECT data were 3D
Gaussian-filtered (9x9x9 voxel kernel, 6.4 mm
full-width half-maximum (FWHM)) in MATLAB
for basic image quality evaluation. The filter
parameters were chosen to yield images com-
parable to those obtained using GE Myovation
software using a Butterworth filter with a cutoff
frequency of 0.4 cm™, an order of 5, an 16x16
voxel kernel, based on vendor recommended
settings.

Time-activity curves (TACs) of tissue and input
function were generated by calculating average
activity values in left myocardial and blood pool
ROls. The left atrium was chosen to represent
the blood pool [12]. ROIs were first drawn on
the filtered PET data and then copied and man-
ually registered to the SPECT data.

Data analysis

The uptake rate constant (K,) for °*"Tc-MIBI
SPECT was each computed using a one-tissue-
compartment model
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C,(t) = [K,exp(-k,t) ® (1-F)C 1 +£.C,() +C, (1)

Where C (t) was the modeled myocardial tissue
TAC, C,(t) the input left atrial TAC, k, the myocar-
dial washout coefficient, fS the fraction of blood
of the input activity in the tissue compartment,
and ® denotes the one-dimensional convolu-
tion operation [3]. C, is the leftover rest activity
visible in stress data and was set to zero for
rest data. The unknown parameters K, k,, f,
and C, were determined by fitting the first five
minutes of the PET and SPECT TACs to Equation
1 using the interior point nonlinear optimization
method available in Mathematica (Wolfram
Research, Inc.) subject to the following con-
straints: all parameters were assumed to be
greater than zero and the maximum value of
was 0.50, a constraint well above typical the
0.17-0.20 spillover fractions described else-
where for ®°™Tc-MIBI [6]. The tracer distribution
volume was assumed to be one. We also used
the same one-tissue-compartment model for
the K, calculations for **N-NH_ PET.

Six out of the ten scans (i.e., rest scans from
patients 1, 2, and 4, and stress scans from
patients 1, 4, and 5) were used for kinetic anal-
ysis, as four of the acquisitions had started
late, resulting in missing blood pool TAC data.
The criterion for selecting data sets included
for kinetic analysis was that the MLEM-
reconstructed blood pool TAC should have not
reached 75% of the peak blood pool value by t
= 27 s (the first rotation).

Contrast scores were determined by calculat-
ing the ratio between the average values of the
left myocardial and blood pool/left atrial ROIs
for SPECT during the last two rotations (108 s
total) for the SPECT data and during the last
300 s duration for the PET data. The scores
were used as a metric for image quality. PET
contrast was similarly calculated using the final
PET frame (600 to 900 seconds).

MLEM TACs were normalized so that the peak
blood pool activity was set equal to unity. The
ST-MLEM TACs were then scaled so that the
mean value of the activity in the last 216 s of
the left myocardial curve was equal to that of
the normalized MLEM TAC, respectively for rest
and stress.

Statistical analyses

An unpaired t-test assuming unequal variance
was used to determine statistically significant

Am J Nucl Med Mol Imaging 2014;4(1):53-59



Myocardial blood flow in SPECT/CT

=0=ST-MLEM blood pool
=8=5T-MLEM myocardium
== MLEM blood pool

=ir= MLEM myocardium

SPECT Rest

Normalized activity (A.U.) >
Normalized aclivity (A.U.) 0

> —
MLEM (621 s) ST-MLEM

=0=3T-MLEM blood pool
===ST-MLEM myocardium
== MLEM blood pool
== MLEM myocardium

SPECT Stress

MLEM (27 s) ST-MLEM (18 s) (648's) MLEM (27s) ST-MLEM (18s) MLEM (621 s) ST-MLEM (648 s)
C PET R =s-Blood pool D
| est 00d pOOI
— 400 =2=N\yocardium PET Stress =4=Blood pool
D: S 4.00 =d=|]yocardium
< 300 4 <
e =
2 =
© 200 G
> o 200
L] o
& 100 ® o _
] @ ]
£ £
2 o000 o 2 oo d
0 100 200 300 400 500 600 700 300 400 500 600 700
Time (s) Time (s)

Figure 1. Five-minute TACs obtained using MLEM (gray) and ST-MLEM (red) SPECT reconstructions, along with trans-
verse cross-sections of the left myocardium, of A rest, B stress data, and **N-NH, PET C rest and D stress data, all
from the same patient. The blood pool/left atrial and left myocardial ROIs are shown in C and D.

Table 1. Contrast Scores

Data Set

PET MLEM SPECT ST-MLEM SPECT

Results

MLEM vs. ST-MLEM SPECT time activity

Patient 1-Rest ~ 10.8 26 51 curves and transaxial myocardial images
Patient 2 - Rest 11.3 2.7 4.3
Patient 3 - Rest 2.9 1.5 2.8 Figure 1 shows blood pool and left myo-
Patient 4 - Rest 3.9 1.6 3.3 cardial TACs from a typical patient obtained
Patient 5 - Rest 56 18 4.4 using the SPECT reconstructions, along
Patient 1 - Stress 10,1 33 5.4 with transverse 'cross-sectlonal views .of
) the left myocardium. The left myocardial
Patient 2 - Stress  11.7 3.8 3.3 curve was equal to that of the normalized
Patient 3 - Stress 8.3 5.0 4.2 MLEM TAC, respectively for rest and stress.
Patient 4 - Stress 4.9 2.7 5.6 Dynamic PET data for the same patient as
Patient 5 - Stress 9.5 2.8 3.4 in Figure 1A and 1B are shown in Figure

differences between the SPECT and PET con-
trast scores. Pearson’s linear correlation coef-
ficient was used to determine the correlation
between the PET and SPECT myocardial uptake
coefficients. The significance of the difference
between correlation coefficients was calculat-
ed using the Fisher rto-z transformation.
Unpaired Bland-Altman plots were used to
check systematic or bias errors in the SPECT
myocardial uptake coefficients with respect to
the reference standard PET data. A two-tailed
p-value less than 0.05 was considered to be
statistically significant.
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1C and 1D.
Comparing contrast scores

Table 1 contains the contrast scores for all
data sets. Figure 2A shows the mean contrast
scores for the five rest and five stress scans,
with the error bars representing a single stan-
dard deviation (SD). Figure 2B contains late-
time SPECT images illustrating typical differ-
ences in contrast between rest and stress and
between MLEM and ST-MLEM reconstructions.
In both rest and stress, the PET data had the
highest contrast, followed by ST-MLEM SPECT
and then MLEM SPECT. In the rest studies,
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Figure 2. A: Contrast scores for PET, MLEM SPECT, and ST-MLEM SPECT data, at rest and stress. An asterisk (*)
indicates a statistically significant difference (p<0.05) between the data sets. B: Late-time rest and stress SPECT
images using MLEM and ST-MLEM reconstructions.
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Figure 3. A: Correlations between SPECT and PET K, values, with r equal to 0.25 and 0.88 for the MLEM and ST-
MLEM SPECT data, respectively, and B: Bland-Altman plot of the SPECT K, data using the PET K values as the
reference standard.

ST-MLEM SPECT yielded a statistically signifi- cally significant difference between the correla-
cant 50% increase in contrast over MLEM tion coefficients (p<0.17). Both SPECT K, sets
SPECT (p<0.01). There was no statistically sig- exhibited similar negative biases with respect
nificant difference between the PET and to PET K,, -0.54 and -0.60 for MLEM and
ST-MLEM SPECT data (p<0.178) while for the ST-MLEM SPECT, respectively (Figure 3B). The
PET and MLEM SPECT data, there was a statis- MLEM SPECT data had a slightly larger varia-
tically significant difference (p<0.05). At stress, tion in the Bland-Altman plot than the ST-MLEM
there was no statistically significant difference SPECT data (Figure 3B), and a larger 95% confi-
between the MLEM and ST-MLEM SPECT con- dence interval (0.61 versus 0.30, respecti-
trast (p<0.21). Both stress SPECT data sets vely).

had lower contrast than PET (p<0.01).
Discussion

Myocardial uptake parameters
The ST-MLEM reconstruction appears to

We compared the reference standard PET K, improve the late-time image quality (> 120 s)
values with those computed from the MLEM for rest SPECT images, as the left myocardium
SPECT and ST-MLEM SPECT (Figure 3). The cor- appears less noisy and the contrast scores are
relation coefficient, r, with respect to the PET K higher than those obtained using the MLEM
data was 0.25 for the MLEM SPECT data and reconstruction. This is to be expected, as the
0.88 for ST-MLEM SPECT. There was no statisti- ST-MLEM algorithm is able to use statistics
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from all rotations and weight the contributions
using linear sums of basis functions while the
MLEM reconstruction only uses projections
from a single rotation. Another effect is the
smoothing of the frame-to-frame variations in
the TACs.

However, one possible advantage of the
ST-MLEM reconstruction over MLEM for stress
data is that the ST-MLEM TACs were weighted
sums of continuous functions and thus can
naturally be sampled at t = O s. Thus, the left-
over rest activity at the beginning of the stress
scan can be determined from the iterative esti-
mate of the background activity of the entire
projection data set. The ST-MLEM therefore
can automatically compensate for any residual
activity (e.g. activity at stress from a previous
rest study), without any explicit image subtrac-
tion. This feature of ST-MLEM may allow a more
optimum rest/stress protocol - one which
avoids the necessity of a low-high-activity regi-
men. This feature has yet to be thoroughly
tested.

The correlations between the SPECT and PET
K, values are limited by the fact that *™Tc-MIBI
and **N-NH, PET are different tracers and thus
have different pharmacokinetics (e.g. MIBI has
much lower extraction than NH,). Nevertheless,
the MLEM and ST-MLEM TACs yielded statisti-
cally indistinguishable, although different, K,
correlations with the PET K, data. A larger
patient cohort would be needed to determine if
there were any real differences in correlation.
The slope of the correlation for the MLEM data
was 0.25, similar to values of 0.20-0.30
observed in similar studies comparing myocar-
dial flow obtained using °°"Tc-MIBI scintigraphy
with *°0-H,0 PET and with **N-NH, PET [6, 13].
In comparison, ST-MLEM yielded a higher slope
of 0.69, while still having a similar bias of ~
-0.60. We suspect with larger patient data sets
that this slope might further deviate from 1 as
we expect to observe a nonlinear extraction at
higher flow rates relative to the **N-NH, PET
extraction [4]. The slightly higher negative bias
of the ST-MLEM K| data compared with MLEM
might be due in part to ST-MLEM overestima-
tion of the blood pool TAC, as illustrated in
Figure 1A, which in turn might be due to the
ST-MLEM basis functions not sufficiently repre-
senting a complete set of basis functions for
the SPECT data.
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Although the dynamic SPECT acquisition and
its ability to accurately estimate kinetic param-
eters such as myocardial blood flow using con-
ventional two-headed gamma camera is our
focus of the current study, we also have to note
that recently introduced dedicated cardiac
SPECT scanners such as D-SPECT (Spectrum
Dynamics, Caesarea, Israel), Cardiac (Cardiac,
Canton, MI), and Discovery NM 530 ¢ and NM/
CT 570 ¢ (GE Healthcare, Tirat Carmel, Israel)
can be used to acquire dynamic MPI data for
the same parameter estimation. Since the
newer technologies implemented in these dedi-
cated cardiac SPECT systems may provide
improved sensitivity and/or spatial resolution,
the results obtainable from these scanners
could also provide improved parameter estima-
tion accuracy over the results reported here
using the conventional technology. One impor-
tant potential improvement using a newer tech-
nology that offers higher sensitivity is that we
should be able to use a lower administered
dose of °°"Tc-based radiopharmaceuticals
such as °°"Tc-MIBI than currently administered
amount for dynamic or conventional static
SPECT MPI.

Conclusion

Myocardial to blood pool contrast measure-
ments indicate that the ST-MLEM reconstruc-
tion shows significantly improved image quality
compared to MLEM reconstruction of dynamic
%mTc-MIBI MPI rest data. Myocardial uptake
coefficient estimation of K, with ®*"Tc-MIBI and
ST-MLEM provided reasonable agreement with
PET data (r=0.88, p<0.17), but we were unable
to show that it was significantly better than with
MLEM. A larger number of patients would be
necessary to determine if the ST-MLEM is truly
better than MLEM, and whether such recon-
structions could be part of a quantitative SPECT
protocol.
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