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Myocardial perfusion imaging (MPI) is well established in the
diagnosis and workup of patients with known or suspected
coronary artery disease (CAD); however, it can underestimate
the extent of obstructive CAD. Quantification of myocardial
perfusion reserve with PET can assist in the diagnosis of
multivessel CAD. We evaluated the feasibility of dynamic
tomographic SPECT imaging and quantification of a retention
index to describe global and regional myocardial perfusion
reserve using a dedicated solid-state cardiac camera. Methods:
Ninety-five consecutive patients (64 men and 31 women;
median age, 67 y) underwent dynamic SPECT imaging with
99mTc-sestamibi at rest and at peak vasodilator stress, followed
by standard gated MPI. The dynamic images were recon-
structed into 60–70 frames, 3–6 s/frame, using ordered-subsets
expectation maximization with 4 iterations and 32 subsets. Fac-
tor analysis was used to estimate blood-pool time–activity
curves, used as input functions in a 2-compartment kinetic
model. K1 values (99mTc-sestamibi uptake) were calculated for
the stress and rest images, and K2 values (99mTc-sestamibi
washout) were set to zero. Myocardial perfusion reserve
(MPR) index was calculated as the ratio of the stress and rest
K1 values. Standard MPI was evaluated semiquantitatively, and
total perfusion deficit (TPD) of at least 5% was defined as ab-
normal. Results: Global MPR index was higher in patients with
normal MPI (n 5 51) than in patients with abnormal MPI (1.61
[interquartile range (IQR), 1.33–2.03] vs. 1.27 [IQR, 1.12–1.61],
P 5 0.0002). By multivariable regression analysis, global MPR
index was associated with global stress TPD, age, and smok-
ing. Regional MPR index was associated with the same varia-
bles and with regional stress TPD. Sixteen patients undergoing
invasive coronary angiography had 20 vessels with stenosis of
at least 50%. The MPR index was 1.11 (IQR, 1.01–1.21) versus
1.30 (IQR, 1.12–1.67) in territories supplied by obstructed and

nonobstructed arteries, respectively (P5 0.02). MPR index showed
a stepwise reduction with increasing extent of obstructive CAD
(P 5 0.02). Conclusion: Dynamic tomographic imaging and quan-
tification of a retention index describing global and regional per-
fusion reserve are feasible using a solid-state camera. Preliminary
results show that the MPR index is lower in patients with perfusion
defects and in regions supplied by obstructed coronary arteries.
Further studies are needed to establish the clinical role of this tech-
nique as an aid to semiquantitative analysis of MPI.
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Myocardial perfusion imaging (MPI) is an established,
valuable tool to evaluate patients with known or suspected

coronary artery disease (CAD) for the purpose of diagnos-

ing flow-limiting disease (1), stratifying risk (2), and man-

aging patients (3). Although the standard semiquantitative

approach remains a sensitive means for diagnosing or rul-

ing out the presence of obstructive CAD in individual pa-

tients, it often reveals only the coronary territory subtended

by the vessel with the most severely flow-limiting stenosis,

underestimating the extent of disease elsewhere in the cor-

onary tree. This limitation is due to the fact that coronary

vasodilator reserve is diffusely abnormal in patients with

extensive CAD, leading to the so-called balanced reduction

in myocardial perfusion, reduced flow heterogeneity, and

underestimation of the extent of underlying obstructive

CAD (4). Absolute quantification of myocardial flow re-

serve has been proposed as a potential approach to over-

coming this limitation. Indeed, small proof-of-concept

studies with PET (5,6) have shown that the use of quanti-

tative analysis of myocardial flow reserve (the ratio of peak
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myocardial blood flow to resting myocardial blood flow)
can improve the diagnostic accuracy of MPI.
Quantification of tomographic myocardial perfusion from

dynamic PET images is well established (7–9). Previous
studies have suggested that it is also possible to quantify
myocardial perfusion reserve using dynamic planar scintig-
raphy and 99mTc tracers in humans (10–15) or dynamic
SPECT and 201Tl in animals (16–18). Although these studies
provided initial proof of concept, they also highlighted the
limitations of conventional SPECT systems for the dynamic
collection of tomographic data necessary to quantify rapid
changes in radiotracer concentration. In addition, during
rapid image acquisition, mechanical and patient safety con-
straints can limit the detector orbit to circular paths at in-
creased distances from the patient, resulting in degraded
spatial resolution. This is compounded by the relatively lim-
ited temporal resolution of conventional scintillation crystals
for collecting an adequate number of counts during rapidly
changing tracer concentrations. Thus, our objective was to
determine the feasibility of dynamic tomographic imaging
for quantification of regional and global myocardial perfu-
sion and perfusion reserve in humans using a novel camera
system equipped with cadmium zinc telluride crystals, allow-
ing increased sensitivity and spatial resolution.

MATERIALS AND METHODS

Study Cohort
Ninety-five consecutive patients with suspected or known stable

CAD referred for clinical pharmacologic stress myocardial
perfusion SPECT imaging were prospectively enrolled and were
included in this analysis. The study was conducted at 2 clinical
sites, University College London Hospitals, National Health Ser-
vice Trust, London, U.K. (55 patients), and Brigham and Women’s
Hospital, Boston, Massachusetts (40 patients). Patients referred
for exercise stress testing were excluded from participation, as
were those with significant valvular heart disease and left ventric-
ular dysfunction (left ventricular ejection fraction , 50%). At
Brigham and Women’s Hospital, patients were recruited from a
pool of approximately 700 patients referred for pharmacologic
stress MPI during the same study period. At University College
London, patients were recruited from a pool of approximately
1,000 patients referred for MPI during the study period. For each
subject, information about their past medical history and coronary
risk factors was collected at the time of their imaging study.

The study was approved by the local ethics committee (Uni-
versity College London Hospitals) and by Partners Healthcare
Institutional Review Board (Brigham and Women’s Hospital); all
study procedures were in accordance with institutional guidelines,
and a requirement for individual informed consent was waived.

SPECT Imaging
Patients were imaged using a solid-state dedicated cardiac camera

(D-SPECT; Spectrum Dynamics) after an overnight fast. They
refrained from caffeine and methylxanthine-containing substances
and drugs for at least 24 h before their scans. MPI was performed at
rest and at peak vasodilator stress (with adenosine in 55 patients and
dipyridamole in 40 patients) using 99mTc-sestamibi as a perfusion
tracer delivered via an automatic injector (Quickfit; MEDRAD) to
control the quality and reproducibility of the radiotracer injection.

To enable positioning of the heart in the field of view, a test
dose of 40–100 MBq of 99mTc-sestamibi was first injected at rest
for a prescan of 60 s. Beginning with the intravenous bolus ad-
ministration of the remainder of the resting 99mTc-sestamibi dose
(200–800 MBq), serial 3- to 6-s images were acquired in list mode
for 6 min. Routine gated resting images were acquired in list mode
after dynamic imaging. With the patient positioned in the scanner,
pharmacologic stress was then performed using an intravenous in-
fusion of adenosine (0.140 mg/kg/min for 6 min) or dipyridamole
(0.142 mg/kg/min for 4 min). At peak stress, a second dose of
99mTc-sestamibi (720–1,375 MBq) was injected and list-mode
images were recorded in the same manner, followed by gated stress
imaging. Eighty-five patients underwent a 1-d rest–stress protocol,
and 10 patients (body mass index . 35) had a 2-d protocol. The
average radiation exposure per study was 11.19 mSv (19,20). Heart
rate, blood pressure, and 12-lead electrocardiogram were recorded
at baseline and every minute during and after pharmacologic stress.

Routine rest–stress gated MPI was performed for 6 min (120
projections per detector, 3 s per projection) and 4 min (120 pro-
jections per detector, 2 s per projection) at University College
London Hospitals and for 6 min (120 projections per detector,
2 s per projection) and 4 min (120 projections per detector, 1 s
per projection) at Brigham and Women’s Hospital. Acquisition
times had to be adjusted at the 2 sites to account for differences
in the injected radiotracer activities.

Quantification of Myocardial Perfusion Images
List-mode dynamic acquisition data were reformatted and re-

constructed into 60–70 frames. Images were reconstructed using
ordered-subsets expectation maximization with 4 iterations and 32
subsets, using 3 · 3 matrix smoothing. Factor analysis was used to
generate left and right ventricular blood pool time–activity curves
from the reconstructed multiframe dataset, as described previously
(21). These curves served as input functions in kinetic analysis.
Regional dynamic curves corresponding to cardiac territories were
determined from regions of interest placed in the mid-myocardial
wall. Regional and global time–activity curves were fitted to a
2-compartment kinetic model, with input functions derived using
factor analysis. K1 parameter values (99mTc-sestamibi uptake)
were calculated for the stress and rest images, and K2 values
(99mTc-sestamibi washout) were set to zero. The myocardial per-
fusion reserve (MPR) index was then calculated as the ratio of the
stress and rest K1 values (MPR index 5 K1 stress/K1 rest).

Relative myocardial perfusion was also evaluated semiquanti-
tatively comparing each patient’s normalized polar map with a pre-
viously validated reference database for the solid-state camera
(22). The total perfusion deficit (TPD) score was calculated using
QPS software. A global TPD score of 5% or greater was defined as
abnormal (23). Fixed defects were defined as a TPD stress 2 TPD
rest score of 3% or less.

The semiquantitative analyses for TPD measurements and the
MPR index computations were done independently and were then
combined for statistical analysis. Interreader reliability for both
regional and global MPR index estimates was assessed in 10
randomly selected patients (5 patients from each center) by 3
independent readers per site.

Invasive Coronary Angiography
Sixteen patients underwent coronary angiography within 90 d of

the index SPECT study with no intervening coronary event, inter-
ventional procedure, or change in symptoms. Cineangiograms of
the coronary arteries were obtained in multiple projections using
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a standard technique. The angiographic criterion used to define the
presence of significant CAD was a visually determined diameter
stenosis of at least 50% in the left main, left anterior descending,
left circumflex, or right coronary artery and its main branch vessels.
Vessels supplied by patent bypass grafts were considered patent.

Statistical Analysis
Continuous data are presented as median with interquartile

ranges (IQRs). Statistical significance was assessed using Wilcoxon
tests, Fisher exact tests, and x2 tests for continuous, dichotomous,
and categoric variables, respectively. Pearson correlations were
computed to assess relationships between continuous predictors
and global MPR index. Two-sided P values of less than 0.05 were
considered statistically significant. All statistical analyses were per-
formed using SAS 9.3 (SAS Institute Inc.).

To evaluate the independent predictors of global MPR index,
forward-stepwise linear regression was performed with an entry
criterion of P # 0.15 and a removal criterion of P . 0.05. In-
dependent predictors of regional MPR index among age, body
mass index, sex, diabetes, hypertension, dyslipidemia, smoking,
prior CAD history, symptoms, relative MPI findings, and stress
and rest left ventricular ejection fraction were identified using gen-
eralized linear mixed models with per-patient random intercepts.
Predictor variables were added to the model in a forward-stepwise
manner, analogous to the procedure used for global MPR index.

The interreader reliability was assessed with type 1 intraclass
correlation coefficients, which were 0.94 (95% CI, 0.85–0.98) for
global MPR index and 0.88 (95% CI, 0.74–0.97) for regional MPR
index.

RESULTS

Characteristics of the Study Cohort

½Table 1� Table 1 summarizes the characteristics of the study pop-
ulation. One third of patients in the study were women.
Forty-eight (50.5%) patients had a body mass index of 30
or more. Dyslipidemia and hypertension were highly prev-
alent in the study cohort (60% and 69%, respectively),
whereas diabetes was present in 37% of the patients. By
semiquantitative analysis, 51 patients had normal scan
results and 44 had abnormal results (19 patients had fixed
perfusion defects, and 25 had reversible defects).

Tomographic Dynamic SPECT Imaging

½Fig: 1� Figure 1 shows a typical example of sequential images
for a mid-ventricular short-axis slice after the intravenous
injection of 99mTc-sestamibi during vasodilator stress, and
their corresponding RV and LV blood pool (input function)
and tissue time–activity curves. The images demonstrate
initial visualization of the RV and LV blood pools, and
subsequent gradual accumulation of the radiotracer in myo-
cardial tissue over time. Despite the short dynamic frames
(6 s) and the lack of postreconstruction filtering, high-qual-
ity images were obtained, reflecting the high sensitivity and
resolution of the imaging system and the robustness of the
dynamic imaging approach.

Quantitative Analysis of Kinetic SPECT Data

Per-Patient Analysis.½Table 2� Table 2 summarizes the global and
regional estimates of myocardial perfusion from the kinetic

analysis of the SPECT images. As expected, global MPR
index was higher in patients with normal scans than in those
with abnormal myocardial perfusion by semiquantitative
analysis (1.61 [IQR, 1.33–2.03] vs. 1.27 [IQR, 1.12–
1.61], P 5 0.0002, ½Fig: 2�Fig. 2). Multivariable regression analy-
sis for global MPR index showed statistically significant
associations with global stress TPD (P 5 0.001) ( ½Fig: 3�Fig. 3),
age (P 5 0.008), and smoking history (P 5 0.03). Left
ventricular ejection fraction was not a significant predictor,
perhaps because it was normal in nearly all the patients.
There were no statistically significant differences between
the MPR index values of men and women (1.45 [IQR,
1.22–1.76] vs. 1.58 [IQR, 1.27–1.87], P5 0.38) or between
patients who had pharmacologic stress with adenosine or
dipyridamole (1.35 [IQR, 1.17–1.75] vs. 1.49 [IQR, 1.30–
1.84], P 5 0.22). We did not observe any systematic dif-
ference between the input function obtained with adenosine
or dipyridamole.

Per-Vessel Analysis. Table 2 summarizes the regional
estimates of MPR index for the study cohort. MPR index
was lower in territories with abnormal TPD ($5%) than in
those with normal TPD (1.27 [IQR: 1.10–1.54] vs. 1.45
[IQR: 1.20–1.83], P 5 0.003). Multivariable regression
analysis for regional MPR index also showed statistically
significant associations with regional stress TPD (P 5
0.0502), global stress TPD (P 5 0.002), age (P 5 0.01),
and smoking history (P 5 0.04).

TABLE 1
Clinical Characteristics of Study Patients

Characteristic Data

Demographics
Age (y) 67 (56–74)
Female sex 31 (33%)

Hypertension 69 (86%)

Body mass index 30 (25.6–33.8)

Coronary risk factors
Dyslipidemia 60 (63%)

Diabetes 35 (37%)

Family history of CAD 35 (36%)

Tobacco use 30 (32%)
Medical history
Prior myocardial infarction 21 (22%)

Prior coronary artery bypass graft surgery 21 (22%)

Prior percutaneous coronary intervention 30 (32%)

Symptom status
Chest pain 56 (65%)
Angina 42 (44%)

Nonanginal chest pain 18 (19%)

Dyspnea 33 (23%)
SPECT data
Left ventricular ejection fraction 63 (53–69)

Global stress TPD 4 (2–8)

Normal scan 51 (54%)

Data are median followed by IQR in parentheses, or n followed

by percentage in parentheses (n 5 95).
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Subgroup Analysis of Patients with Invasive
Coronary Angiography

Among the 16 patients undergoing coronary angiogra-
phy, 4 had 1-vessel disease, 5 had 2-vessel disease, and 2
had 3-vessel disease. Overall, there were 20 vessels with at
least 50% stenosis and 28 vessels with nonobstructive
atherosclerosis.
MPR index was lower in territories supplied by coronary

arteries with at least 50% stenosis than in those with
nonobstructive disease (1.11 [IQR, 1.01–121] vs. 1.30
[IQR, 1.12–1.67], P 5 0.002,½Fig: 4� Fig. 4). Global MPR index
showed a stepwise decrease with increasing extent of
obstructive CAD on angiography (P 5 0.02,½Fig: 5� Fig. 5). In
the 7 patients with 2- or 3-vessel disease, MPR index
was 1.08 (IQR, 0.95–1.23), compared with 1.18 (IQR,
1.12–1.51) for the 4 patients with 1-vessel disease and
1.58 (IQR, 1.30–1.75) for the 5 patients with no obstruc-
tive lesions.

½Fig: 6� Figure 6 shows an example of the potential added
diagnostic value of MPR index in a patient with 2-vessel
disease and no significant perfusion abnormalities on
99mTc-sestamibi MPI.

DISCUSSION

Myocardial perfusion SPECT is a robust and widely used
imaging tool in the evaluation of patients with known or
suspected CAD. Although its diagnostic and prognostic
value is well established, there is increasing recognition
that this technique often underestimates the extent of ob-
structive CAD in patients with severe multivessel disease

FIGURE 1. Example dynamic acquisition results. Right and left ventricular blood pool and myocardial tissue time–activity curves (upper
panel). Corresponding 6-s images, midventricular short-axis slice (lower panel). RV 5 right ventricle; LV 5 left ventricle.

RGB

TABLE 2
Global and Regional Myocardial Perfusion Estimates

from Dynamic SPECT

MPR index (K1 stress/K1 rest) Data

Global estimate (left ventricular) 1.46 (1.22–1.79)
Regional estimate
Left anterior descending coronary

artery territory

1.4 (1.17–1.75)

Left circumflex coronary artery

territory

1.4 (1.15–1.74)

Right coronary artery territory 1.53 (1.22–2.01)

Data are median followed by IQR in parentheses (n 5 95).
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(4,6). In addition, a normal MPI result does not necessarily
identify truly low-risk subgroups among high-risk cohorts
(24,25). Recent evidence suggests that quantitative esti-
mates of myocardial perfusion reserve may be useful im-
aging markers of clinical risk that can help identify low-risk
individuals, thereby enhancing the value of MPI for risk
stratification (26,27). These measurements are feasible in
clinical practice using PET (6–8,28–32) but have not been
applied to patients with SPECT.
Nonetheless, several studies have demonstrated that it is

possible to obtain absolute indices of regional myocardial
perfusion using dynamic SPECT in experimental animal
models (16–18). The use of dynamic SPECT with 99mTc-
teboroxime as the flow tracer combined with compartmen-
tal modeling to compute absolute myocardial blood flow
has been previously reported (33–35). The translation of
this approach to the clinical setting has been difficult be-
cause of limitations in the detector sensitivity and temporal
resolution of conventional SPECT systems, which are crit-
ical for quantification of rapid changes in radiotracer activ-
ity in the blood pool and myocardial tissue. As a result,
prior studies attempting to quantify myocardial perfusion
reserve with 99mTc-based tracers relied on planar imaging
(11–15,36). The procedure is based on the microsphere
method, that is, the assumption that myocardial uptake of
the radiotracer is proportional to myocardial blood flow.
First-pass planar imaging is performed, and right pulmo-
nary artery counts are used as the arterial input function.
Indices of myocardial perfusion at stress and rest are
obtained by dividing myocardial counts by the input func-
tion. An index of myocardial perfusion reserve can then be
obtained by dividing myocardial perfusion values for stress
and rest. This method has several disadvantages. First, cor-
rections for attenuation, scatter, and partial-volume effects
are not possible. Second, estimates of regional and segmen-
tal blood flow are challenging because of overlapping struc-
tures. Nonetheless, estimates obtained with this technique
demonstrated a reasonable correlation with measurements
obtained using intravascular Doppler ultrasound (12) and
15O-H2O PET (11), with systematic underestimation of
flow measurements at high flow rates. Daniele et al. (15)
have recently demonstrated that estimates of CFR, obtained
using this method in a group of 99 patients, provided in-
cremental prognostic information over the information
from clinical and perfusion data, mainly in patients with

normal MPI results. In these patients, a reduced flow reserve
index was associated with higher rates of major adverse
cardiac events (5.2% vs. 0.7%, 5.8-y mean follow-up).

To our knowledge, this is the first report evaluating the
feasibility of dynamic tomographic imaging and quantifi-
cation of regional and global myocardial perfusion and
perfusion reserve in humans using a novel camera system
equipped with cadmium zinc telluride crystals and 99mTc-
sestamibi. Our findings demonstrate that dynamic SPECT
imaging coupled with kinetic analysis of myocardial radio-
tracer concentration in human myocardium is feasible and
reproducible. We showed that regions of abnormal perfu-
sion by semiquantitative analysis display appropriate reduc-
tions in myocardial perfusion reserve compared with that of
visually normal remote myocardium. We also showed pre-
liminary evidence that global measures of MPR index
obtained with 99mTc agents and SPECT correlate inversely
with the extent of obstructive CAD on coronary angiogra-
phy. Among patients with correlative invasive coronary an-
giography, MPR index values were significantly lower in
territories subtended by vessels with severe stenoses than in
territories supplied by nonobstructed coronary arteries. Fur-
thermore, there was a significant stepwise reduction in
global MPR index values with increasing extent of obstruc-
tive CAD. Given the growing importance of absolute quan-
tification of myocardial perfusion and perfusion reserve in
diagnosis and, especially, risk prediction, we believe that
our findings may have important implications to bolster the
role of SPECT in the evaluation of patients with known or
suspected CAD.

FIGURE 2. Global MPR in-

dex in normal and abnormal
MPI. Filled circles represent

data points outside error bars.

FIGURE 3. Correlation of global MPR index (MPRI) and global

stress TPD.

FIGURE 4. Regional MPR in-

dex (MPRI) by coronary angiog-

raphy findings. Obstructive 5
$50%.
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The relatively small difference in MPR index between
patients with normal and abnormal relative MPI may be due
to several reasons. First, the MPR index is a retention index
that does not model radiotracer extraction, and the some-
what limited range is related, at least in part, to the roll-off
in the extraction of sestamibi at higher flow rates. In fact,
the use of a similar retention index with 82Rb PET yielded
a similarly narrow range of MPR index (6). Second, most of
our patients have coronary risk factors including dyslipide-
mia, hypertension, and diabetes, and about one third of the
patients had known CAD. These factors have been shown in
prior PET studies to be associated with reduced CFR even
in the absence of focal epicardial stenosis, reflecting both
diffuse coronary atherosclerosis and microvascular dys-
function. Consequently, the MPR index in patients without
relative MPI abnormalities is likely abnormal, thereby
diminishing the observed difference between patients with
and without relative MPI abnormalities.
There were some limitations to this study. 99mTc-sesta-

mibi was used as the perfusion agent for the measurement
of MPR index. Consequently, retention estimates at high
flow rates may be underestimated because of the nonlinear
relationship between radiotracer extraction and myocardial
blood flow. Therefore further studies in larger patient co-
horts may be required to define the normal limits of MPR
index measurements for this tracer.

Because corrections for attenuation and scatter were not
available, quantitation of myocardial blood flow in mL/min/g
of myocardium could not be obtained. However, because we
defined MPR index as a ratio of tracer uptake at stress and at
rest, attenuation should be similar in both scans. With further
hardware and software developments, absolute quantitation
of flow using SPECT may soon become feasible.

The study was conducted on a novel dedicated cardiac
camera with solid-state detectors, which is currently not
widely used, and therefore the generalizability of this
approach is limited at present.

Although the improved count sensitivity of this camera
may allow dynamic studies using a lower injected dose, the
impact of a lower injected dose on the accuracy and re-
producibility of dynamic imaging will need to be defined
in future studies.

No gold standard was available to confirm the accuracy
of the MPR index measurements. However, we could dem-
onstrate good correlations between MPR index and visual
estimates of global and regional myocardial perfusion (i.e.,
TPD) and, in a subgroup of patients, anatomic measures
of CAD severity. Unfortunately, only a few patients were
referred for coronary angiography despite regional perfusion
abnormalities, reflecting conservative medical management
of patients with modest disease burdens. Future studies, on
larger patient cohorts, comparing MPR index values with
a well-established absolute perfusion technique such as PET
are warranted.

CONCLUSION

Dynamic tomographic imaging and quantification of a
retention index describing regional and global myocardial
perfusion and perfusion reserve in humans are feasible and
reproducible using a novel SPECT camera system equipped
with cadmium zinc telluride crystals. SPECT measures of

FIGURE 5. Global MPR in-

dex by angiographic disease

extent. VD 5 vessel disease

($50%).

FIGURE 6. Case example: 70-y-old man

with body mass index of 19.5 and previous

infarction. (A) Stress (top row) and rest (bot-

tom row) 99mTc-sestamibi MPI showing nor-
mal myocardial perfusion. (B) Regional MPR

index (MPRi) is low in left anterior descend-

ing (LAD) and right coronary artery (RCA)

territories. Coronary angiography confirmed
proximal obstruction of left anterior

descending coronary artery and severe dif-

fuse disease of right coronary artery. LCX 5
left circumflex artery.

RGB
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myocardial perfusion reserve are lower in patients with
perfusion defects and in territories supplied by obstructed
arteries and show a stepwise decrease with increasing
extent of obstructive CAD. Further studies are warranted
to establish the role of this technique in the clinical workup
of patients with known or suspected CAD.
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