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Abstract
Purpose Conventional dual-head single photon emission
computed tomography (SPECT)/CT systems capable of
fast dynamic SPECT (DySPECT) imaging have a poten-
tial for flow quantitation. This study introduced a new
method to quantify myocardial blood flow (MBF) and
myocardial flow reserve (MFR) with DySPECT scan and
evaluated the diagnostic performance of detecting coro-
nary artery disease (CAD) compared with perfusion using

invasive coronary angiography (CAG) as the reference
standard.
Methods This study included 21 patients with suspected or
known CADwho had received DySPECT, ECG-gated SPECT
(GSPECT), and CAG (13 with ≥50 % stenosis in any vessel;
non-CAD group: 8 with patent arteries or <50 % stenosis).
DySPECT and GSPECT scans were performed on a widely
used dual-head SPECT/CT scanner. The DySPECT imaging
protocol utilized 12-min multiple back-and-forth gantry rota-
tions during injections of 99mTc-sestamibi (MIBI) tracer at rest
or dipyridamole-stress stages. DySPECT images were recon-
structed with full physical corrections and converted to the
physical unit of becquerels per milliliter. Stress MBF (SMBF),
rest MBF (RMBF), and MFR were quantified by a one-tissue
compartment flow model using time-activity curves derived
from DySPECT images. Perfusion images were processed for
GSPECT scan and interpreted to obtain summed stress score
(SSS) and summed difference score (SDS). Receiver-operating
characteristic (ROC) analyses were conducted to evaluate the
diagnostic performance of flow and perfusion.
Results Using the criteria of ≥50 % stenosis as positive CAD,
areas under the ROC curve (AUCs) of flow assessment were
overall significantly greater than those of perfusion. For
patient-based analysis, AUCs for MFR, SMBF, SSS, and
SDS were 0.91±0.07, 0.86±0.09, 0.64±0.12, and 0.59±0.13.
For vessel-based analysis, AUCs for MFR, SMBF, SSS, and
SDS were 0.81±0.05, 0.76±0.06, 0.62±0.07, and 0.56±0.08,
respectively.
Conclusion The preliminary data suggest that MBF quantita-
tion with a conventional SPECT/CT system and the flow
quantitation method is a clinically effective approach to en-
hance CAD detection.
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Introduction

Besides the standard myocardial perfusion imaging (MPI)
with single photon emission computed tomography (SPECT),
noninvasive assessment of absolute myocardial blood flow
(MBF) with positron emission tomography (PET) in millili-
ters per minute per gram and myocardial flow reserve (MFR)
derived from stress to rest flow ratio has been continuously
emerging as a clinical tool to detect the early stage of coronary
atherosclerosis, stratify risks for cardiac events, and predict
patient outcomes [1–7]. It has been reported that adding PET
flow information to the relative perfusion imaging provides
incremental diagnostic value for detection of coronary artery
disease (CAD) [8–10] as PET flow itself can be an indepen-
dent indicator of multivessel CAD [11, 12], representing a
comprehensive tool to evaluate microvascular dysfunction
with or without conventional cardiac risks [13, 14].

Although PET flow quantitation has been clinically
marked as a powerful tool for diagnosis and prognosis of
CAD at various clinical stages [15–17], in reality, it is not
generally available in many areas around the world (e.g.,
Asian countries). The main challenge is posed by the fact that
the production of PET tracers demands either high start-up
costs to install an on-site cyclotron within the hospital (15O-
water and 13N-ammonia) which may only be economically
affordable by large medical centers or relatively high ongoing
costs to purchase commercial generators on a monthly basis
(82Rb) which may not be economically realistic for clinical
utilization. As a result, PET flow imaging has not been em-
braced by healthcare systems in these areas. Myocardial per-
fusion SPECT with 99mTc-labeled myocardial perfusion
tracers (99mTc-sestamibi and 99mTc-tetrofosmin) remains the
clinical standard for MPI worldwide [18]. Thus, flow quanti-
tation with SPECT, when available, may be a practical solu-
tion to overcome challenges confronted by PET imaging and
to warrant a widespread clinical utilization. In fact, modern
SPECTand SPECT/CT instrumentation has been improved to
attain high temporal resolution for dynamic data acquisition,
although this unique capability in the past was not well inves-
tigated to design relevant protocols for clinical utilization.
Furthermore, iterative reconstruction techniques with full
physical corrections [19, 20] and the past experience of
PET flow imaging collectively affirm development of a
quantitative method for MBF quantitation with SPECT
imaging.

This work presents a new method to achieve SPECT
flow quantitation with a widely used SPECT/CT scanner
by utilizing information derived from quantified dynamic
SPECT (DySPECT) images and a compartment flow
model for flow calculation comparable to the established
PET methods [21–23]. An integrated SPECT imaging
protocol was developed to acquire both flow and perfu-
sion data with the same tracer injections. The diagnostic

performance of SPECT flow and perfusion was assessed
by comparing both parameters to luminal stenosis con-
firmed by invasive coronary angiography (CAG).

Materials and methods

DySPECT data acquisition

DySPECT data and CT images for attenuation correction
(AC) were acquired on a commercially available dual-
head SPECT/CT scanner (Symbia T, Siemens Medical
Solutions, Malvern, PA, USA). The scanner was equipped
with 0.95-cm thickness of NaI(Tl) crystal for gamma
photon detection and functioned to perform fast back-
and-forth or continuous gantry rotation with a maximum
speed of 10 s per rotation. In a DySPECT scan, the L-
shaped detectors were rotated from the patient’s right
anterior oblique (RAO) to left posterior oblique (LPO)
positions to acquire a full set of projections with 64 views
within a 180°degree arc and returned from LPO to RAO
to acquire another set of projection data, and so forth. A
DySPECT scan consisted of 10×10+5×20+4×60+1×
280 s for a duration of 12 min, and in total, 20 back-
and-forth rotations were acquired to produce 1,280 pro-
jection views by using acquisition parameters of continu-
ous mode, circular orbit, low-energy high-resolution
(LEHR) collimator, 64×64 matrix, 1.78 zoom factor,
5.39 mm pixel size, and multiple energy windows (126–
154 keV and 109–125 keV). CT images for AC were
acquired with a low radiation dose CT scan (120 keV,
35 mA, 12 s).

DySPECT image reconstruction

DySPECT images were reconstructed with ordered sub-
sets expectation maximization (OSEM, 3 iterations/16
subsets) [24] incorporated with full physical corrections
for scatter, attenuation, isotope decay, collimator blur,
and image noise [25–29]. Prior to image reconstruction,
scatter correction (SC) was performed by subtracting
estimated scatter count density (counts in pixel) to gen-
erate scatter-corrected projection data with the formula
as follows [25]:

SP ¼ Wp

2WS
⋅PS ð1Þ

where SP is the estimated scatter count density in
photopeak energy window (126–154 keV), and PS represents
count density in the scatter window (109–125 keV). WP and
Ws are their energy window width. Each view of projection
data was then normalized with the duration of their
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corresponding rotation and an exponential factor depicting
isotope decay as follows:

1

D
⋅exp 0:693�tR;A=TTc99m½ � ð2Þ

where D is the duration of a rotation, and tR,A is the time
stamp relative to the starting point of the DySPECT scan and
indexed by the rotation and projection angle. TTc99m is the
physical half-life of the 99mTc isotope. For AC, CT images
were converted to 140-keV μ-map using the conversion for-
mula as follows [26]:

μ140 ¼ μwater⋅
HU

1000
þ 1:0

� �
for HU < 0

μ140 ¼ μwater⋅ 0:665⋅
HU

1000
þ 1:0

� �
for HU ≥0

ð3Þ

where HU is Hounsfield unit in CT images, and μwater=
0.154 cm −1 is the attenuation coefficient of water for 140 keV
photons. To implement AC, an attenuation matrix functioned
to record photon attenuation for image pixels pointing to all
projection angles was pre-calculated and then applied to pre-
updated images in the forward projection step of OSEM. Prior
to AC, μ-map and DySPECT images were fused to verify
transmission/emission misregistration by searching unregis-
tered heart locations in both images (e.g., any part of myocar-
dium locations in lung fields of the μ-map). Manual realign-
ment was performed to shift the μ-map for misregistration
correction before generating the attenuation matrix. For reso-
lution recovery (RR) of images, depth-dependent point spread
functions were physicallymeasured for the SPECT/CTsystem
and applied in the forward projection step of OSEM [27].
Noise suppression (NS) for images was achieved by
implementing a statistical method to model Poisson noise in
the reconstruction process [28, 29]. For the remaining
DySPECT images, the residual activity in the myocardium
from the stress injection was estimated from images of the first
frame and propagated to subtract the residual myocardial
uptake in the subsequent frames.

Assessment of image resolution

To verify the spatial resolution of reconstructed images,
seven point sources with 21.1 MBq 99mTc activity on
average for each source were lined up 5 cm apart to
create angularly varied distances (17.2–53.9 cm) during
the DySPECT acquisition. Prior to image reconstruction,
dynamic projection views were summed to create a
single set of static projection data. Images were then
reconstructed with OSEM + RR. To measure the spatial
resolution, images were resampled to a smaller pixel
size of 1.35 mm. Line profiles of 99mTc activity were
then obtained by drawing straight lines across the center

of point sources on orthogonal planes in resampled
images. For each point source, line profiles were fitted
with a Gaussian function to measure image resolution
presented by the full-width at half-maximum (FWHM)
in millimeters.

Determination of conversion factor to becquerels per milliliter

The conversion factor serves to translate the unit of
counts per second per pixel (cps/pixel) in reconstructed
images to the physical unit of becquerels per milliliter.
An assessment of camera linearity was performed with a
cylindrical phantom (radius 16 cm, height 20 cm) ini-
tially filled in 1,731.6 MBq 99mTc water solution. Dur-
ing 24.7 h, 14 DySPECT scans were acquired within
every 1–3 h with the count rate dropping from 150 to
10 kcps in both detectors. Each dynamic projection
datum was processed with SC and normalization and
then integrated to create static projection data by
weighting the duration of the individual rotation to the
total time of the DySPECT scan. Images were recon-
structed with additional corrections of AC, RR, and NS
as previously described. A cylindrical region of interest
(ROI) was drawn across five image slices (slice thick-
ness 5.39 mm) from the center of the phantom as
102.7 cm3 and placed in phantom images to generate
mean pixel values in the unit of counts per second per
pixel. They were compared with known activity concen-
trations in the unit of becquerels per milliliter. A linear
regression was performed to obtain the conversion fac-
tor as the slope of two variables.

SPECT flow quantitation

To quantify SPECT flow, we utilized the quantitative method
built in a PET software package (FlowQuant, University of
Ottawa Hospital, Ottawa, ON, Canada) [30]. The method
employed a one-tissue compartment flow model to calculate
kinetic parameters (K1 and k2) from the time-activity curve
(TAC) obtained in regions of the left ventricle and atrium and
myocardial tissue as follows:

Cmyo tð Þ ¼ FBV ⋅Ca tð Þ þ 1−FBVð Þ⋅K1e
−k2t⊗Ca tð Þ ð4Þ

where K1 (ml/min per g) and k2 (min −1) characterize the
rate of tracer uptake from blood to myocardial tissue and the
rate of tracer washout from the tissue, respectively. Cmyo(t) is
the measured activity concentration in the myocardium ob-
tained from DySPECT images, assumed to consist of arterial
blood input Ca(t) and true myocardial uptake as a convoluted
function of K1, k2, and Ca(t).FBV refers to the fractional blood
volume in Cm(t) coming from Ca(t), and (1-FBV) is the
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rest of the fraction contributed from the true myocardial
uptake. By applying the process of curve fitting, K1, k2,
and FBV were solved to numerical values. MBF (ml/
min per g) was then calculated from K1 with additional

compensation for tracer extraction, E, in the myocardi-
um as follows:

K1 ¼ MBF⋅E MBFð Þ ¼ MBF⋅ 1−a⋅e−β=MBF
� �

ð5Þ

where α and β are physiological parameters derived from
the effective capillary permeability surface (PS) area product
(ml/min per g) counting E as a function of MBF [31, 32]. This
study utilized the 99mTc-sestamibi (MIBI) extraction fraction
curve reported from an animal study (α=0.87 and β=0.44)
[23, 33]. To compensate for the physiological variance at rest
stage, rest MBF was additionally corrected for the baseline
heart rate and blood pressure by a factor of rate pressure
product/10,000 bpm × mmHg [35]. MFR was calculated as
the ratio of stress MBF (SMBF) to rest MBF (RMBF). Flow
values of the entire myocardium were then presented in polar

Fig. 1 A comprehensive imaging protocol integrating DySPECT with
clinical GSPECT using the same rest and stress MIBI injections

Fig. 2 Top: Schematic
illustration of SPECT scan with
camera gantry rotated around 7
point sources from positions of
RAO, LAO, anterior (ANT),
lateral (LAT) to LPO and returned
from LPO to RAO, and so forth.
d1 and d7 are distances of point 1
and point 7 from detector
surfaces. Distances of other
sources are in between. Middle:
The reconstructed images with
OSEM or OSEM + RR for 7
points. Bottom: Corresponding
image resolution presented in
FWHM (mm)
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maps to calculate global MBF and MFR and for regional
MBF and MFR in three coronary territories.

Patient population

This study included 21 patients with suspected or known
CAD who had received DySPECT and ECG-gated SPECT
(GSPECT) scans and CAG procedure (13 patients with ≥50%
stenosis in any vessel and 8 with patent arteries or <50 %
stenosis). Each research subject agreed to sign a written con-
sent approved by the Institutional Research Ethics Board in
Show Chwan Memorial Hospital, Changhua, Taiwan.

Integrated SPECT imaging protocol

This study utilized the same MIBI injections for DySPECT
and GSPECT scans. After proper patient preparation and
giving the patient 500 ml water, a CT scout scan was per-
formed to position the patient’s heart inside the SPECT field
of view. Dipyridamole vasodilator was infused for 4 min to
achieve hyperemicmyocardial flowwith a dose of 0.56mg/kg.
After waiting for an additional 3 min, DySPECT was started
and followed by a 370 MBq MIBI dose injection within 10 s.
A low-dose CT for AC then followed for stress AC. After the
completion of the stress DySPECTscan, the patient got off the
scanner and returned for the routine clinical stress GSPECT
within 45–60 min. After 3 h, at physiological rest state, the
DySPECTscanwas repeated with the same imaging setup and
an injection of 1,000 MBq MIBI. A second low-dose CT scan
then followed for rest AC. The routine clinical rest GSPECT
was performed within 45–60 min thereafter. The integrated
SPECT imaging protocol is illustrated in Fig. 1.

Analysis of perfusion images

Perfusion images were processed without and with AC (com-
bined with SC, RR, and NS) using the standard platform
provided by the vender (syngo, Siemens, USA). Non-AC
and AC image sets were interpreted simultaneously by two
experienced nuclear medicine physicians to score perfusion
defects with a 5-point scale (0=normal, 1=mildly reduced,
2=moderately reduced, 3=severely reduced, and 4=absent
uptake) for 17 segments [35]. Summed stress score (SSS)
and summed rest score (SRS) were calculated by adding
individual segmental scores and utilized to derive summed
difference score (SDS) as SSS − SRS.

Invasive coronary angiography

CAG was performed according to the standard clinical proce-
dure for all study subjects within 21±18 days (0–73). The
percentage of luminal diameter stenosis in coronary arteries
was quantitatively measured with a commercial software

(Innova 2100-IQ, GE Healthcare, Wauwatosa, WI, USA)
operated by an experienced cardiologist. Positive CAD was
defined as at least one lesion causing ≥50% luminal narrowing
(obstructive lesion) in any vessel of left anterior descending
(LAD), left circumflex (LCX), and right coronary artery
(RCA) territories, otherwise non-CAD as patent or only
<50 % luminal narrowing (nonobstructive lesion) in all of
the three coronary arteries.

Statistical analysis

Continuous variables from image analysis were expressed
as mean ± standard deviation, tested by Student’s t test
and analyzed with receiver-operating characteristic (ROC)
statistics. Noncontinuous variables from patient clinical
characteristics were expressed in number and percentage.
Using CAG findings as the reference standard, patient-
based (PB) and vessel-based (VB) ROC analyses were
performed to retrospectively analyze the area under the
curve (AUC) for SMBF, MFR, SSS, and SDS. The asso-
ciated cutoff value to separate normal and abnormal
groups for each index was then determined to generate
largest AUC. Pairwise comparison for flow and perfusion

Fig. 3 Top: Linear regression of SPECT camera count rate and 99mTc
activity in the phantom. Bottom: Linear regression of pixel value in
reconstructed images in cps/pixel and true 99mTc concentration in Bq/ml
in the phantom
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AUCs was conducted to evaluate the difference of diag-
nostic performance between quantitative flow and perfu-
sion. A p value <0.05 was considered statistically
significant.

Results

When images were reconstructed with OSEM only, the image
resolution (FWHM) for seven point sources were 17.1–17.8
(mean = 17.4), 11.9–24.3 (18.5), and 15.7–21.8 mm (18.7) in
x, y, and z directions as highly distance-dependent and non-
isotropic. With OSEM + RR, the image resolution was im-
proved to being less dependent on distance and more isotropic
as 8.6–10.1 (9.6), 9.1–10.9 (9.7), and 7.7–8.8 mm (8.2) in

three directions, respectively (Fig. 2). Line profiles for point
sources obtained from OSEM and OSEM + RR images over-
all had excellent correlation coefficients (R2>0.99) as
regressed with the Gaussian function.

The relation of count rate of detectors and 99mTc activities
in the phantom was completely linear (R2=0.999) as no count
loss was verified up to 150 kcps count rate (Fig. 3). Mean
pixel values in reconstructed images were perfectly linear to
activity concentrations in the phantom (R2=0.999) to give the
conversion factor as 60,264 Bq/ml per cps/pixel.

With the injection of 370 MBq MIBI for stress and
1,000 MBq for rest, the average count density in the left
ventricular region during the phase of MIBI activity filling
into the left ventricular cavity was 8.4±3.2 cps/pixel for stress
and 24.4±8.1 cps/pixel for rest. The peak count rate reported

Fig. 4 An example of 20
dynamic projection views
acquired at RAO (a), ANT (b),
ANT (c), and LPO (d) positions
from a rest DySPECT scan. e
Mean myocardial count density at
the ANT position calculated for
rest and stress DySPECT scans
from all study subjects
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from the SPECT camera system was 36.2±9.8 kcps for stress
and 103±28.6 kcps for rest. As myocardial uptake was stabi-
lized in the last frame, average count density in the myocardial
region was 1.75±0.17 cps/pixel for stress and 5.17±0.80 cps/
pixel for rest as presented in Fig. 4. An example of rest and
stress reconstructed DySPECT images in the vertical long axis
view and corresponding TACs obtained from the left ventric-
ular cavity and the overall myocardium can be found in Fig. 5.

Clinical characteristics of 21 study subjects are shown in
Table 1 [34]. In the CAD group, 13 of them (62 %) presented
≥50 % luminal stenosis in any of the major coronary arteries
as 5 one-vessel CAD, 4 two-vessel CAD, and 4 three-vessel
CAD. There were a total of 38 obstructive lesions in 25
coronary artery territories as 21 lesions in LAD, 11 lesions
in LCX, and 6 lesions in RCA. In the non-CAD group, only

one nonobstructive lesion (stenosis = 30 %) was found in
LAD, and the rest of the arteries were patent. The list of
luminal stenosis and associated locations in vessels is shown
in Table 2.

Global kinetic, flow, and perfusion parameters for
CAD and non-CAD groups are shown in Table 3. Global
rest K1 and RMBF in these two groups were similar,
while global stress K1, SMBF, and MFR in the CAD
group were significantly lower than those of the non-
CAD group (Fig. 6). SRS, SSS, and SDS for the CAD
group were also lower, but the difference was not statis-
tically significant. ROC curves of SMBF, MFR, SSS, and
SDS for PB and VB analyses are displayed in Fig. 7.
AUC and pairwise comparison between flow values and
perfusion scores are shown in Table 4.

Fig. 5 An example of rest and
stress TACs obtained from the left
ventricular cavity and the overall
myocardium in DySPECT
images. Letters present time
frames and their corresponding
images in the vertical long axis
view
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In PB analysis, MFR AUC was significantly greater than
those of SSS and SDS. SMBF AUC was greater, but not

statistically significant. The cutoff criterion to define a patient
with CAD was ≤2.0 MFR with sensitivity (SEN) = 84.6 %,
specificity (SPE) = 100 %, positive predictive value (PPV) =
100 %, and negative predictive value (NPV) = 80.0 % (power
= 0.9). The cutoff criterion for SMBF was ≤1.96 ml/min per g
with SEN = 84.5 %, SPE = 100 %, PPV = 100 %, and NPV =
79.6 % (power = 0.8). There was no statistical difference
between the MFR AUC and SMBF AUC or SSS AUC and
SDS AUC. The cutoff criterion for SDS was ≥2 with SEN =
69.2 %, SPE = 70.1 %, PPV = 78.9 %, and NPV = 58.3 %
(power<0.8). The cutoff criterion for SSS was ≥3 with SEN =
69.2 %, SPE = 62.5 %, PPV = 74.9 %, and NPV = 55.5 %
(power<0.8). Figure 8 shows an example of three-vessel
CAD confirmed by CAG and uncovered as globally severe
ischemic myocardium by stress MBF = 0.54 and MFR = 1.0,
but defined as within normal limits by perfusion images.

In VB analysis, MFR AUC was significantly greater than
those of SSS and SDS. SMBFAUC was also greater but not
significant. The difference of MFR AUC vs SMBF AUC or
SSSAUC or SDSAUCwas overall not significant. The cutoff
criterion for MFR to determine a vessel with CAD was ≤1.70
with SEN = 76.0 %, SPE = 84.2, PPV = 76.0, and NPV =
84.2 % (power=0.95). The cutoff criterion for SBMF was
≤1.51 ml/min per g with SEN = 80.0%, SPE = 76.3%, PPV =
69.0 %, and NPV = 85.2 % (power=0.95). The cutoff crite-
rion for SDS was ≥1 with SEN = 60.0 %, SPE = 52.6 %, PPV
= 45.5 %, and NPV = 66.6 % (power<0.8). The cutoff
criterion for SSS was ≥2 with SEN = 56.0 %, SPE =
62.8 %, PPV = 49.7 %, and NPV = 68.4 % (power<0.8).

Discussion

In this study, we presented a newmethod to quantifyMBF and
MFR with MIBI myocardial perfusion tracer, a conventional
SPECT/CT system capable of DySPECT scan, iterative re-
construction with full physical corrections for quantitative

Table 1 Patient characteristics (n=21)

Characteristics Data

Age 73±7

Men 12 (57 %)

Body mass index 25.7±5.6

Hypertension 14 (67 %)

Diabetes 5 (24 %)

Hyperlipidemia 10 (48 %)

Tobacco use 3 (14 %)

Family history of CAD 4 (19 %)

Prior percutaneous coronary intervention 6 (29 %)

Prior coronary artery bypass grafting 0

Prior myocardial infarction 4 (19 %)

Table 2 List of severity of luminal narrowing measured by CAG for
CAD patients who had stenosis ≥50 % in any of the vessels with
diameters ≥2.0 mm

Number LAD LCX RCA

1 P: 30 % NS NS
D: 70 %

2 OM1: 70 % NS NS

3 D: 70 % NS NS

4 P: 60 % NS NS

5 M: 70 % NS NS
D2: 85 %

6 O: 75 % O: 80 % NS
P: 70 % (IS) M: 80 %

7 P: 100 % OM1: 95 % NS
M: 100 %

D: 100 %

D1: 80 %

8 P: 50 % NS P: 80 %

9 P: 80 % OM2: 70 % NS

10 M: 75 % P: 100 % P: 100 %

D: 70 % (IS) M: 100 % M: 100 %

D: 100 % D: 100 %

11 D: 80 % D: 50 % PL: 80 %

12 D1: 90 % M: 90 % PD: 80 %
D: 100 %

OM1: 50 %

13 P: 70 % P: 70 % M: 80 %

M: 80 % OM1: 70 % D: 85 %
D1: 80 %

S1: 90 %

S2: 80 %

O orifice, P proximal,Mmiddle, D distal, D1 diagonal 1, D2 diagonal 2,
S1 septal 1, S2 septal 2,OM1 obtuse marginal 1,OM2 obtuse marginal 2,
PD posterior descending, PL posterior left, NS no stenosis

Table 3 Global kinetic parameters, flow values, and perfusion scores in
CAD and non-CAD groups

non-CAD CAD p value

Rest K1 (ml/min per g) 0.40±0.06 0.44±0.11 0.271

Stress K1 (ml/min per g) 0.62±0.76 0.47±0.16 0.022

Rest K2 (min −1) 0.094±0.022 0.104±0.037 0.50

Stress K2 (min −1) 0.145±0.017 0.114±0.055 0.149

SMBF (ml/min per g) 2.36±0.40 1.42±0.97 0.021

RMBF (ml/min per g) 0.81±0.27 0.93±0.48 0.283

MFR 3.37±0.82 1.61±0.88 <0.001

SSS 1.9±1.6 6.7±7.1 0.076

SRS 0.6±0.7 3.8±5.3 0.112

SDS 1.3±1.2 2.8±2.9 0.179
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images in becquerels per milliliter, and kinetic modeling for
flow calculation. Unlike those previous SPECT studies
[36–40], our method to derive MFR from absolute MBF (in
ml/min per g) was highly comparable with PET methods
[21–23, 30]; thus, the performance of flow calculation may
bemore consistent in terms of avoiding physical interferences.
In this study, the spatial resolution of DySPECT images was
improved to twofold (from 18.2 to 9.2 mm on average) with
OSEM+RR which provided an optimal image resolution to
extract arterial and myocardial TACs. However, this improved
but imperfect resolution still caused a significant amount of
spillover from the left ventricle to the myocardium when
MIBI activity was filling the left ventricular cavity (Fig. 5).
The spillover effect was parameterized as FBV in the flow
model (Eq. 4). The value was reported in a range of 0.2–0.6,
depending on the physical size of the myocardium. This study
did not include an additional kinetic parameter, k3, to depict

the interactive activity of the MIBI tracer and mitochondria
using a two-tissue compartment model. In fact, the flow
calculation often failed as k3 was introduced, possibly due to
the uncertainty from image noise, but further investigation
would be needed for clarification. In contrast to PET imaging,
which is proficient in simultaneously acquiring all projection
(or sinogram) views while the tracer is still rapidly circulating
in the patient, the nature of DySPECT imaging as fast as 10 s
per rotation may not be proficient in tracing fast tracer move-
ment in all projections as illustrated by the second frame of the
LPO view in Fig. 4. However, this inconsistency was previ-
ously verified by a separate Monte Carlo simulation study and
confirmed <10 % error in flow calculation with such temporal
resolution [41]. In our study, MIBI doses for DySPECT
imaging utilized clinical doses for GSPECT (stress:
370 MBq, rest: 1,000 MBq). The doses were sufficient to
generate good image accuracy to extract TACs for patients

Fig. 6 Individual plot of global/
vessel SMBF and MFR in non-
CAD and CAD groups
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with 20.3–36.2 body mass index (BMI, average 25.7). For
patients with a BMI greater than this range, BMI-adjusted
MIBI dose may be considered if image accuracy is substan-
tially degraded. Furthermore, because of using the same dose
injections for DySPECT and GSPECT scans, the imaging
protocol did not request giving extra radiation to patients,
but only adding extra imaging time for the DySPECT scan
while the patient was waiting; thus, the integrated imaging
SPECT protocol can be efficient for clinical utilization. In
DySPECT scans, elevated uptake in liver usually became
detectable about 90–120 s after MIBI injection as shown in

Fig. 7 PB and VB ROC curves of SMBF, MFR, SSS, and SDS to detect
CAD using CAG as the reference standard
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Fig. 4. However, the impact of liver spillover to TAC accuracy
should depend on its relative location to the myocardium and
was varied patient by patient in our study. Under extreme
conditions, the liver and myocardial inferior wall might share
the same image voxel, and their boundary may become not
differentiable. A protocol of routinely giving patients a sub-
stantial amount of water may be implemented to enlarge the
stomach size in order to propel the liver away from the
myocardium to eliminate the liver interference. As shown in
Fig. 5, typical rest and stress TACs reached optimal clearance
of MIBI activity in the left ventricular cavity and stabilized
myocardial uptake at 5 min after MIBI injections; thus, it may
be feasible to shorten the DySPECT scan time to 5 min to still
provide sufficient data, but the impact on flow calculation
needs further investigation.

In this study, the diagnostic performance of flow and per-
fusion in ROC analyses utilizing CAG as the reference stan-
dard favored flow to detect CAD. This finding is concordant
with several previous PETstudies using 13N-ammonia or 82Rb
as flow tracers [8–10]. Figure 8 demonstrated a case with
completely homogeneous perfusion images and no evidence
of transient ischemic dilatation, but SMBF and MFR were
overall below the CAD threshold, and CAG confirmed three-
vessel CAD. Several studies also highlighted that myocardial
perfusion SPECTwas very limited to detect multivessel CAD
(two or three) [42, 43]; thus, low diagnostic sensitivity (0.48)
and underestimated CAD severity were observed. In our
study, there was a relatively high prevalence of patients (8 of
the 13 CAD patients; 62 %) with multivessel CAD confirmed
by CAG. More likely the extent and severity of the perfusion

Fig. 8 A 71-year-old male
patient with hyperlipidemia and
no history of CAD complained of
chest pain unrelated to increased
physical activity. He was ordered
to receive GSPECTwith
DySPECT scans for CAD
evaluation. Top: The GSPECT
scan revealed no evidence of
myocardial perfusion abnormality
on the stress/rest images, and no
transient ischemic dilatation was
found. Middle: The quantitative
flow values from his DySPECT
scan were SMBF = 0.54 ml/min
per g, RMBF= 0.53 ml/min per g,
and MFR = 1.0, which were
extensively lower than the CAD
thresholds (SMBF = 1.96 and
MFR = 2.0) determined in this
study. Bottom: Because of the
concern of continuous symptoms,
CAGwas performed 31 days after
the SPECT imaging. CAG
confirmed severe luminal stenosis
in LAD, LCX, and RCA coronary
arteries as severe three-vessel
CAD
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abnormality with perfusion scores in this population would
also be underrated to report lower AUC values than those
values (0.74–0.84) published in the literature [44, 45]. Due to
the limited ability of perfusion images to differentiate between
severe multivessel disease and normal perfusion, differences
of SSS and SDS in the CAD and non-CAD groups were not
statistically significant in our study. However, statistical dif-
ferences of these two groups were achievable by the analysis
of flow parameters (SMBF: p=0.021; MBF: p<0.001). Con-
sequently, adding SPECT flow quantitation to the routine
perfusion assessment may be substantially valuable to rule
out an underestimated perfusion abnormality and potential
false-negative diagnosis of multivessel CAD. In the future,
clinical implementation of SPECT flow quantitation may be
very important, particularly for Asian countries where myo-
cardial PET tracers are unavailable or economically unafford-
able and myocardial perfusion SPECT is still used as the main
clinical tool for CAD diagnosis. The new method developed
in this study for SPECT flow quantitation therefore may offer
a simple and effective solution to fill in the gap.

Study limitation

This study adopted MIBI extraction from a nonhuman study
to calculate MBF from K1 for patients due to the reason that
human extraction has not been available. Although not ideal,
flow parameters with animalMIBI extraction were still able to
differentiate between CAD and non-CAD patients. To address
this imperfectness, our group is currently pursuing a compar-
ative study ofMIBI K1 to

13N-ammonia PET flow in the same
healthy volunteers to obtain human MIBI extraction fraction
data. Besides, this study did not address the impact of intra-
scan patient motion to affect the accuracy of flow calculation,
and motion correction algorithms were not implemented. A
future study should be pursued to address this important issue.
This study only included a limited number of patients (n=
21) who had received MIBI DySPECT, GSPECT, and
CAG for comparison. In fact, the statistical power of
ROC analyses for this small group of patients still met
the minimal criteria for statistical satisfaction (power ≥
0.80). An extended study with large cohorts should be
pursued to reconfirm the incremental value of SPECT
flow quantitation found in this study.

Conclusion

Flow quantitation with quantitative dynamic SPECT is a
superior method over myocardial perfusion SPECT for CAD
detection as perfusion images often underestimate the extent
and severity of perfusion abnormalities in the population with

multivessel CAD. SPECT flow quantitation with the conven-
tional SPECT/CT system is effective to enhance CAD detec-
tion without adding extra radiation burden to patients.
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