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Abstract
Objectives The aim of this study was to evaluate the accuracy
of myocardial blood flow (MBF) quantitation of 99mTc-
Sestamibi (MIBI) single photon emission computed tomogra-
phy (SPECT) compared with 13N-Ammonia (NH3) position
emission tomography (PET) on the same cohorts.
Background Recent advances of SPECT technologies have
been applied to develop MBF quantitation as a promising tool
to diagnose coronary artery disease (CAD) for areas where
PET MBF quantitation is not available. However, whether
the SPECT approach can achieve the same level of accuracy
as the PET approach for clinical use still needs further
investigations.
Methods Twelve healthy volunteers (HVT) and 16 clinical
patients with CAD received both MIBI SPECT and NH3

PET flow scans. Dynamic SPECT images acquired with high
temporary resolution were fully corrected for physical factors
and processed to quantify K1 using the standard compartmen-
tal modeling. HumanMIBI tracer extraction fraction (EF) was
determined by comparing MIBI K1 and NH3 flow on the
HVT group and then used to convert flow values from K1
for all subjects. MIBI and NH3 flow values were systemati-
cally compared to validate the SPECT approach.
Results The human MIBI EF was determined as [1.0-
0.816*exp(−0.267/MBF)]. Global and regional MBF and
myocardial flow reserve (MFR) of MIBI SPECT and NH3
PET were highly correlated for all subjects (global R2:
MBF = 0.92, MFR = 0.78; regional R2: MBF ≥ 0.88, MFR ≥
0.71). No significant differences for rest flow, stress flow, and
MFR between these two approaches were observed (All p ≥
0.088). Bland-Altman plots overall revealed small bias be-
tween MIBI SPECT and NH3 PET (global: ΔMBF =
−0.03Lml/min/g, ΔMFR= 0.07; regional: ΔMBF = −0.07 −
0.06 , ΔMFR= −0.02 − 0.22).
Conclusions Quantitation with SPECT technologies can be
accurate to measure myocardial blood flow as PET quantita-
tion while comprehensive imaging factors of SPECT to derive
the variability between these two approaches were fully ad-
dressed and corrected.
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DBP Diastolic blood pressure
EF Extraction fraction
FFR Fraction flow reserve
HR Heart rate
HVT Healthy volunteers
LAD Left anterior descending
LCX Left circumflex
MBF Myocardial blood flow
MFR Myocardial flow reserve
MIBI 99mTc-Sestamibi
NH3 13N-Ammonia
PET Positron emission tomography
RCA Right coronary artery
RMBF Rest MBF
SBP Systolic blood pressure
SD Standard deviation
SMBF Stress MBF
SPECT Single photon emission computed tomography
VOI Volume of interest

Introduction

Cardiac positron emission tomography (PET) with 13N-
Ammonia (NH3) and 82Rb myocardial perfusion tracers for
myocardial blood flow (MBF) quantitation in absolute terms
(mL/min/g) has been recognized as a powerful tool for diagno-
sis and prognosis of coronary artery disease (CAD) at various
clinical stages [1–4]. Primarily, PET enhances detection of
multi-vessel disease and subclinical abnormalities while pro-
viding prognostic information to predict patient outcomes
[5–7]. In particular, non-invasive PET imaging has been con-
sidered a more precise diagnostic tool to reflect the physiolog-
ical condition of myocardium than the invasive approach of
fraction flow reserve (FFR) to assess coronary function
[8–10]. In 2012, Gould et al. established the paradigm of flow
diagram to guide the clinical interpretation of flow status
connecting with pathological conditions by 82Rb PET and clar-
ified the integration of important flow data into routine clinical
workflow [2]. However, despite the achievement of PET MBF
quantitation, to use this tool practically remains challenging in
many areas around the world (e.g. Asian countries) due to the
high cost of PET myocardial perfusion tracers as the major
obstacle to convince healthcare systems to embrace this tech-
nology. Recently, single photon emission computed tomogra-
phy (SPECT) to perform MBF quantitation has been continu-
ously reported and positioned as an alternative tool to evade the
financial barrier of cardiac PET imaging [11–19]. Even though
the image quality and interpretation confidence were tradition-
ally higher with PET than with SPECT in many clinical situa-
tions [20, 21], the diagnostic accuracy of 99mTc SPECT is cur-
rently closer to that of NH3 or 82Rb PET by several key tech-
nological advances, including novel iterative reconstruction

with full physical corrections, a semiconductor detector for en-
hanced photon detection, and an innovative collimator design.
These advances, promising the next level of SPECT quantita-
tion, may potentially become the mandatory component to per-
form SPECTMBF quantitation in the future. However, because
SPECT MBF quantitation has just emerged recently, whether
the quantitative accuracy by any new advanced technologies
can meet the standard established by PET MBF quantitation
is still being investigated [22]. Consequently, data from the
direct comparison of flow values quantified by SPECT and
PET modalities on the same cohorts would be necessary to
address the skeptics, and strong clinical data from evidence-
based studies would be the key to move the tool into practical
use. In this study, we directly compared MBF quantitation with
99mTc-Sestamibi (MIBI) SPECT and that of NH3 PET on the
same healthy and clinical cohorts to assess the level of accuracy
of the SPECT approach. We further discuss representative clin-
ical cases from the routine use of this clinical tool.

Methods

Patient population

This study enrolled 12 healthy volunteers (HVT) and 16 clini-
cal patients who received both SPECT and PET flow scans
within 2 weeks. The HVT group, with mean age of 37 (30 to
41) years and mean body mass index (BMI) of 24.8 (16 to 32),
had no evidence of CAD as assessed by risks, history, and
physical/electrocardiography examination. The clinical group,
withmean age of 51 (34 to 74) years andmean BMI of 25.9 (22
to 35), presented either CAD risk factors, clinical symptoms, or
both with suspected or known CAD. They were stable at the
time they underwent SPECT and PET flow studies.

Table 1 Characteristics of Study Subjects

Characteristics HVT (n = 12) Clinical (n = 16)

Age (years) 37 (30 to 41) 51 (34 to 74)

Male 8 (67 %) 13 (81 %)

Body mass index 24.8 (16 to 32) 25.9 (22 to 35)

Hypertension 0 11 (69 %)

Hyperlipidemia 0 6 (38 %)

Diabetes 0 2 (13 %)

Tobacco use 0 2 (13 %)

Family history of CAD 0 4 (25 %)

Dyspnea 0 2 (13 %)

Angina 0 9 (56 %)

Prior PCI 0 2 (13 %)

Prior MI 0 1 (6 %)

HVT healthy volunteers, CAD coronary artery disease, PCI percutaneous
coronary intervention,MI myocardial infarction
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Characteristics of study subjects are listed in Table 1. This study
was designed to use the HVT group to obtain the human MIBI
tracer extraction fraction (EF) curve by comparing MIBI K1
and NH3 flow. The corrective curve was applied to convert
MIBI K1 to flow values for the study subjects to validate
SPECTMBF quantitation. Each enrolled subject agreed to sign
a written consent approved by the institutional research ethics
board in Taipei Veterans General Hospital, Taipei, Taiwan.

NH3 PET/CT MBF quantification

All PET studies were performed on a whole-body 64-slice
PET/computed tomography (PET/CT) scanner (Discovery
STE, GE Healthcare, USA) with 2-dimensional listmode data
acquisition. Healthy and clinical subjects were imaged post an
overnight fasting and refrained from caffeine-containing bev-
erages or theophylline-containing medications for 18 h before
the study. PET image data were acquired at rest and post
dipyridamole vasodilator stress with peripheral intravenous
bolus (5 mL in 5–10 s) administration of NH3 doses
(rest = 15 mCi, stress = 25 mCi). The rest PET scan was
started 10 s prior to the rest NH3 injection. After 1 h, the
pharmacological stress PET scan was started at the 7th min
post 4-min dipyridamole infusion (0.56 mg/kg) and 10 s be-
fore the stress NH3 injection. Two CT-based transmission
scans (120 kVp, 40 mA, 8 s) were respectively obtained prior
to the 15-min rest PET scan and post the 15-min stress PET
scan, for the purpose of attenuation correction. All dynamic
PET dynamic sinograms (31 frames) were rebinned from the
listmode data as 15x10 s + 10x15 s + 5x60 s + 1x380s and
reconstructed with the iterative reconstruction integrating full
corrections for attenuation, scatter, randoms, dead-time, geo-
metry efficiency, and noise filtering by the manufacturer
recommended protocol. For individual study, the registration
of CT attenuation map with PET images was verified visually
and corrected for misregistration by manual 3D translation
prior to finalizing the reconstruction of dynamic PET images.

Reconstructed dynamic images of each NH3 PET flow
study were then processed with a commercially available pro-
gram (Syngo MBF, Siemens, USA) dedicated to NH3 PET
MBF quantitation. The program used a two-compartment
model with four kinetic parameters, including one vascular
volume for spillover estimation and three transport coeffi-
cients (K1: uptake rate, K2: washout rate, and K3: metabolic
rate) to calculate flow values previously developed by
Hutchins et al. [23]. Each study was processed automatically
with a quality control step to confirm or modify the results of
automatic reorientation [24, 25]. In the program, the arterial
input function was initially determined by a 10x10x10 mm
volume of interest (VOI) placed on the mitral valve plane
between the left ventricle and atrium post the automated pro-
cess of myocardial contour. In the situation of overextension
in septal wall, the program allows manual adjustment to

achieve reasonable boundary that also reforms the realistic
mitral valve plane. The program presented global quantitative
flow values MBF in mL/g/min for stress and rest, and MFR as
stress MBF (SMBF) divided by rest MBF (RMBF). Regional
values for flow and MFR were listed for the three main coro-
nary artery territories (LAD: left anterior descending; LCX:
left circumflex; RCA: right coronary artery) in the standard
polar map format.

MIBI SPECT MBF quantification

SPECT flow data were acquired on a conventional dual-head
SPECT scanner (ECAM, Siemens, USA) using CT images
from the PET flow study for attenuation correction. The scan-
ner equipped with 0.95 cm thickness of NaI(Tl) crystal and
low-energy all-purpose collimators for gamma photon detec-
tion functioned to perform fast back-and-forth or continuous
gantry rotation with a maximum speed of 10 s per rotation. A
dynamic SPECT scan consisted of 10x10 s + 5x20 s + 4x60
s + 1x280 s for a duration of 12 min, and a total of 20 back-
and-forth rotations were acquired to produce 1280 projection
views by using acquisition parameters of continuous mode,
circular orbit, low-energy all-purpose collimator, 64 × 64 ma-
trix, 1.78 zoom factor, 5.39 mm pixel size, and multiple ener-
gy windows (126–154 keV and 109–125 keV). All subjects
were scanned with the same fasting and caffeine refrained
protocol as that of PET study. They received rest and
dipyridamole-stress dynamic SPECT scans with two separate
5.0 mL bolus injections (5–10 s) of 99mTc-Sestamibi (MIBI)
tracers as 10 mCi dose for the rest scan and 30 mCi for the
stress scan. The rest SPECT scan was started 10 s prior to the
rest MIBI injection, while the pharmacological stress SPECT
scan was started at 7 min post 4-min dipyridamole infusion
(0.56 mg/kg) and 10 s before the stress MIBI injection. The
time interval between rest and stress dynamic SPECT scans
was within 3–4 h. To reduce the interference of MIBI uptake
in the liver, a strategy giving 300–500 mL water to each pa-
tient prior to individual MIBI injection was implemented to
enhance the distance between myocardium and liver by ex-
tending the stomach volume to propel the liver. Dynamic
SPECT projection data were corrected for Tc99m isotope de-
cay and reconstructed with iterative algorithm to generate dy-
namic image data with full physical corrections, including
noise reduction, scatter correction, resolution recovery, and
attenuation correction, described in separated references [12,
13]. Additionally, angular inconsistency due to initial incom-
ing MIBI activity into the SPECT field-of-view was corrected
by compensating photon counts in empty angles using projec-
tion and forward-projection of those angles with photon
counts. The registration of SPECT images and CT attenuation
map from the PET/CT scan was verified visually and manu-
ally corrected for misregistration by 3D translation. The resid-
ual activity in myocardium due to the prior rest injection was
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estimated from the first frame of stress dynamic images and
used to subtract the residual myocardial uptake in the subse-
quent frames. Static perfusion images with stableMIBI uptake
were extracted from the last frame (440–720 s) of dynamic
images and processed to obtain myocardial boundary with
ellipsoid geometry estimation and the manual determination
of mitral plane. The arterial input function was automatically
created by positioning a rectangular VOI (dimension = 10 ×
10 × 40 mm) within regions of the left ventricle and atrium
with a 1:2 volume ratio and adjusted manually when needed.
To quantify MIBI MBF, a two-compartment model with three
kinetic parameters, including one vascular volume for spill-
over estimation and two transport coefficients, was used in
curve fitting by numeric optimization with the Levenberg–
Marquardt method. The two-compartment flow equation is:

Cmyo tð Þ ¼ FBV ⋅Ca tð Þ þ 1−FBVð Þ⋅K1⋅e−K2⋅t⊗Ca tð Þ ð1Þ

where K1 (mL/min/g) and K2 (min−1) characterizing 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 myocar-
dium obtained from dynamic SPECT images, assumed to
consist of the spillover activity from arterial input Ca(t)
and true myocardial uptake as a convoluted term of K1,
K2, and Ca(t). FBV (fraction of blood volume) is the
fraction of spillover term from the blood-pool region into
the myocardium region, and (1-FBV) is the rest of the
activity fraction contributed by the true myocardial up-
take. Prior to the kinetic modeling, the dynamic polar
map from the early frame of myocardium before incom-
ing MIBI activity into the left heart region was analyzed
with two regions of interest placed in septal and lateral
walls, respectively. The renormalizing factor was deter-
mined by activity ratio between these two regions and
utilized to correct the activity in septal wall region due
to the right ventricle spillover. Each MIBI SPECT flow
study was processed with a program (MyoFlowQ,
Taiwan) dedicated for SPECT MBF quantitation. The
program incorporated image reconstruction and flow pro-
cessing in a single platform to present global and region-
al quantitative flow information in polar maps.

For the HVT group, the non-linear regression of
global/regional MIBI K1 and NH3 flow parameters was
initially performed to derive the human MIBI tracer ex-
traction fraction (EF) as a flow-dependent function using
the Renkin-Crone model [1.0-a*exp(−b/MBF)). The
MIBI EF function was applied back to calculate SMBF,
RMBF and MFR values for the HVT group in order to
verify if any technical issue in flow conversion from
MIB K1 and EF. The same MIBI EF function was then
used to convert flows for the clinical group to validate
MBF quantitation in the clinical group.

Statistical analysis

Continuous variables were expressed as mean ± standard
deviation (mean ± SD) and tested the difference of mean
values by paired t-test statistics. Scatter plots for SPECT
RMBF, SMBF, and MFR were created and correlated
with those of PET with linear regression. Z-test was
employed to test if significant difference between two
correlation coefficients for global and regional analyses.
Bland-Altman statistics were used to acquire difference
and 95 % confidence interval (CI) of agreement (±1.96
SD) for SPECT and PET flow parameters. Non-
continuous variables from patient clinical characteristics
were expressed in number and percentage. A p-value
<0.05 was considered statistically significant.

Results

Physiological states during SPECT and PET flow scans

In the HVT group, rest heart rate (HR) as (SPECT = 72.7 ±
11.9 beats per minute vs PET = 69.3 ± 9.5, p = 0.057), rest
systolic blood pressure (SBP) as (118.8 ± 14.5 mmHg vs.
123.7 ± 16.7, p = 0.082), rest diastolic blood pressure (DBP)
(79.3 ± 8.9 mmHg vs. 75.6 ± 9.5, p = 0.072) were overall not
significantly different. Peak-stress HR (89.3 ± 9.4 vs. 85.8 ±
0.4, p = 0.29), SBP (114.4 ± 10.2 vs. 113.7 ± 11.8, p = 0.83),
and DBP (68.95 ± 7.7 vs. 69.4 ± 9.3, p = 0.78) were also not
significantly different. In the clinical group, similar findings
were observed: rest HR: 68.0 ± 14.1 vs. 64.6 ± 11.2, p = 0.45;
rest SBP: 139.2 ± 22.1 vs. 144.1 ± 25.6, p = 0.33; rest DBP:
83.0 ± 15.7 vs. 85.1 ± 21.3, p = 0.46; peak-stress HR: 74.6 ±
11.8 vs. 72.5 ± 11.9, p = 0.53; peak-stress SBP: 144.1 ± 25.6
vs. 136.7 ± 18.1, p = 0.28; and peak-stress DBP: 85.1 ± 21.3
vs. 80.7 ± 13.1, p = 0.34.

Assessment of MIBI tracer extraction fraction

Figure 1a shows the non-linear regression of global MIBI K1
and EF as functions of global NH3 MBF in the HVT group
(24 flow points). Figure 1b shows the same analysis for re-
gional MIBI K1 and EF as functions of regional NH3MBF in
the same HVT group (72 flow points). For each flow data
point, MIBI EF was calculated by MIBI K1 divided by true
MBF derived from NH3 PET. A strong correlation coefficient
(R2) of 0.92 and low mean square residuals (MSR) of 0.0043
were observed (p < 0.0001) for the global non-linear regres-
sion. Physiological parameters (a, b) fitted to the Renkin-
Crone model were 0.811 (95 % CI: 0.779–0.845) and 0.261
(95 % CI: 0.167–0.354). In the regional non-linear regression,
R2 was slightly lower (0.82), but still had a lowMSR (0.0088)
to generate a = 0.821 (95 % CI: 0.794–0.848) and b = 0.272
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(95 % CI: 0.198–0.346) (p < 0.0001). Both global and region-
al analyses demonstrated that the MIBI EF rapidly de-
creased with augmentation of MBF that would demand
a flow-dependent correction to compensate for underesti-
mation of flow measurement. In this study, mean physi-
ological parameters (a = 0.816 and b = 0.267) derived
from global and regional analyses determined the human
MIBI EF as [1–0.816*exp(−0.267/MBF)], and it was
used in the subsequent flow conversion from MIBI K1
to MBF for all subjects. In comparison of human MIBI
EF with the previously published MIBI EF from animal
data [26, 27], the human curve presented significantly
lower EF in the range of typical rest flow (∼1.0 mL/
min/g) and slightly higher EF in the range of hyperemic
flow Fig. 1c. The crossing point between these two
curves was 2.71 mL/min/g.

SPECT MBF Quantitation in HVT and clinical cohorts

Table 2 shows kinetic values from the curve fitting of
Eq 1. for HVT and clinical cohorts. There were significant
differences between rest and stress values for K1, K2, and
R2 , respectively, in the HVT group (p values: <0.0001,
0.011, 0.020) and the clinical group (< 0.0001, 0.034,
0.005) as consistently higher K1, K2, and R2 of stress
than those of rest were observed. However, in comparison
between HVT and clinical groups, only stress K1
encompassed significant difference (p = 0.0082) while there
was no significant difference for all other values (all
p > 0.337).

In the HVT group, using the human MIBI EF to convert
global RMBF and SMBF, R2, linear slope and interception of
SPECTMBF correlated with PETMBFwere 0.92, 1.101, and
−0.005, as shown in Fig. 2a. Bland-Altman plot revealed
small positive bias as Δ = 0.01 mL/min/g (95 % CI = −0.61
− 0.64) (Fig. 2b). The result indicated there was no potential
technical issue in the process of flow conversion from
MIBI K1 and EF. Differences for mean RMBF, SMBF,
and MFR values from the global myocardium between
SPECT and PET approaches were overall insignificant as
shown in Table 3. In the clinical group, using the same
mean MIBI EF to convert global RMBF and SMBF, R2,
linear slope and interception of SPECT MBF correlated
with PET MBF were 0.90, 0.847, and 0.262 as shown in
Fig. 2c. Bland-Altman plot revealed small negative bias
as Δ = −0.06 mL/min/g (95 % CI = −0.58 − 0.47)
(Fig. 2d). The result indicated that flow conversion from
MIBI K1 and EF can be reliable for the clinical group.
Furthermore, differences for mean RMBF, SMBF, and
MFR values from the global myocardium between
SPECT and PET approaches were also insignificant, as
shown in Table 3. Correlation coefficients of SPECT
MBF and PET MBF between HVT and clinical groups
were not significantly different (p = 0.407). In comparison
of RMBF, SMBF and MFR between HVT and clinical
groups, there was no significant difference for RMBF
(p = 0.747) while significant difference for SMBF (p =
0.0019) and MFR (p = 0.0001) were observed. Similar
results were also found in PET MBF quantitation (p-value:
RMBF = 0.526, SMBF = 0.0005, MFR = 0.0002).

Fig. 1 Assessment of K1 and extraction fraction ofMIBI tracer. a) global
MIBI K1 and EF as a function of NH3 flow, b) regional MIBI K1 and EF
as a function of NH3 flow, c) global-regional combined MIBI K1 and EF

from this study (human) compared with animal data (animal) [28, 29] and
ideal characteristic (ideal). NH3 13N-Ammonia, MIBI 99mTc-Sestamibi,
K1 uptake rate (unit: ml/min/g), EF extraction fraction
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SPECT and PET MBF quantitation in all subjects

In combined data of HVT and clinical groups for all subjects,
R2, linear slope, and offset between SPECT and PET MBF
were 0.92, 1.040, −0.088, and 0.78, 0.868, 0.459 for MFR
comparison (Fig. 3). MBF had a higher correlation coefficient
than that of MFR (p = 0.0113). Bland-Altman analysis re-
vealed small negative bias asΔ = −0.03 mL/min/g (95 %
CI = −0.60 − 0.54) for MBF and small positive bias as
Δ = 0.07 (95 % CI = −0.73 − 0.87) for MFR.

Split into three vessels, regional R2 and linear slope for
MBF were LAD = (0.89, 1.02), LCX = (0.88, 1.03) and
RCA = (0.89, 1.03) (Fig. 4). Differences among correlation
coefficients of MBF in three vessels were overall insignificant
(LAD vs. LCX: p = 0.812; LAD vs. RCA: p = 0.98; LCX vs.
RCA: p = 0.812). Bland-Altman analysis revealed no bias in
LAD (95 % CI = −0.67 − 0.67), small negative bias of

Δ = −0.07 mL/min/g in LCX (95 % CI = −0.74 − 0.59), and
small positive bias of Δ = 0.06 in RCA (95 % CI = −0.60 −
0.71). Regional R2 and linear slope for MFR for all study
subjects were LAD = (0.78, 0.81), LCX = (0.71, 1.05), and
RCA = (0.80, −0.9). Differences among correlation coeffi-
cients of regional MFR in three vessels were also insignificant
(LAD vs. LCX: p = 0.57; LAD vs. RCA: p = 0.85; LCX vs.
RCA: p = 0.45). Bland-Altman analysis revealed no bias in
LAD (95 % CI = −0.84 − 0.83), positive bias of Δ = 0.22 in
LCX (95 % CI = −0.85 − 1.29), and small negative bias of
Δ = −0.02 in RCA (95 % CI = −0.83 − 0.8). Particularly, dif-
ferences among correlation coefficients of regional MBF and
MFR were insignificant for LAD (p = 0.119) and LCX
(p = 0.181) and significant for RCA (p = 0.042). Figure 5
shows two examples of the report of quantitative flow result
by PET and SPECT on the same HVT subject and clinical
patient with three-vessel CAD.

Fig. 2 Scatter and Bland-Altman
plots of global flow quantified by
MIBI SPECT and NH3 PET. a)
and b) for the HVT group. c) and
d) for the clinical group. Scatter
plot: solid line linear regression;
long dash line 95 % prediction
interval; short dash line 95 %
confident interval (CI). Bland-
Altman plot: solid line mean
difference; long dash line 95 %
CI. MIBI 99mTc-Sestamibi,
NH3 13N-Ammonia

Table 2 MIBI Kinetic Values
Derived from Eq 1. for HVT and
Clinical Cohorts

HVT Clinical

Rest Stress Rest Stress

K1 (mL/min/g) 0.32 ± 0.05 0.73 ± 0.10* 0.32 ± 0.09 0.57 ± 0.17*,+

K2 (1/min) 0.060 ± 0.029 0.111 ± 0.057* 0.065 ± 0.030 0.092 ± 0.039*

FBV 0.30 ± 0.10 0.34 ± 0.08 0.29 ± 0.07 0.33 ± 0.08

R2 0.75 ± 0.09 0.82 ± 0.05* 0.72 ± 0.07 0.81 ± 0.06*

* significant difference (p < 0.05) from rest values in the same group;
+ significant difference (p < 0.05) between HVT and clinical groups
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Discussion

In this study, the kinetic modeling revealed consistently high
stress K1 than rest K1 as the response to vasodilatation.
Although higher stress K2 than rest K2 was also observed,
MIBI washout rate represented by K2 in myocardium was on
a relatively small scale compared with K1. Even though both
stress and rest R2 were considerably strong, higher stress R2

was observed, indicating a better agreement for the pair of
arterial input and myocardial time activity curves with the
mathematical flow model (Eq. 1). This is expected because
the stress flow data acquired from a high dose of injected
MIBI (30 mCi) with higher count statistics would result in
reduced random variability by lower residual image noise post
noise suppression. In our study, the human MIBI EF was
obtained by non-linear regression of MIBI SPECT K1 with
NH3 PET flow in the HVT group (Fig. 1). The same method-
ology previously has been adopted to generate human EFs
for Rb-82 PET tracer [30, 31]. To our knowledge, we

report the first human MIBI EF by using NH3 PET flow as
the reference standard. Notably, the SPECT flow conversion
for HVTsubjects and compared with PET flow only served to
verify if any technical issue of the method. The SPECT flow
conversion for clinical cohorts was for the purpose of valida-
tion. Importantly, similar rest and stress kinetic values (K2,
FBV, and R2) between HVTand clinical groups (Table 2) were
first established as the requisite to use the human MIBI EF for
the clinical group. To note, the flow conversion with human
MIBI EF (instead of animal MIBI EF) can be substantially
important to warrant the accuracy of SPECT MBF quantita-
tion because an inappropriate EF would add a source of error
(Fig. 1). Interestingly, using the humanMIBI EF, RMBF from
MIBI SPECT tended to be slightly lower than PET flow in the
clinical group, but not in the HVT group although the differ-
ence was insignificant (p = 0.088). It has been reported that
RMBF is highly subjective to rest hemodynamics during the
dynamic flow scan [28, 29]. Likely the difference may be
attributed to higher variation of rest hemodynamics between

Fig. 3 Scatter and Bland-Altman
plots of global flow and MFR
quantified by MIBI SPECT and
NH3 in all subjects. a) and b) for
flow. c) and d) for MFR. Scatter
plot: solid line linear regression;
long dash line 95 % prediction
interval; short dash line 95 %
confident interval (CI). Bland-
Altman plot: solid line mean
difference; long dash line 95 %
CI. MIBI 99mTc-Sestamibi, NH3
13N-Ammonia, MFR myocardial
flow reserve

Table 3 Global Flow Values
Quantified by NH3 PET and
MIBI SPECT in HVT and
Clinical Cohorts

HVT Clinical

NH3 PET MIBI SPECT p-value NH3 PET MIBI SPECT p-value

RMBF (mL/min/g) 0.78 ± 0.14 0.78 ± 0.22 0.929 0.83 ± 0.24 0.74 ± 0.31 0.088

SMBF (mL/min/g) 2.80 ± 0.39 2.83 ± 0.54 0.766 1.95 ± 0.66 1.93 ± 0.78 0.813

MFR 3.58 ± 0.47 3.67 ± 0.47 0.472 2.47 ± 0.78 2.53 ± 0.72 0.601

HVT healthy volunteers, RMBF rest MBF, SMBF stress MBF, MFR myocardial flow reserve
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SPECT and PET scans in the clinical group (HR × SBP:
SPECT = 9466 ± 312, PET = 9309 ± 287) than in the HVT
group (SPECT = 8637 ± 173; PET: 8571 ± 159).

Over the last few years, the motivation to develop SPECT
MBF quantitation with dynamic imaging and compartmental
modeling toward clinical use has been continuously dem-
onstrated by several studies [11–17]. This intension would
again address the clinical need of MBF quantitation to en-
hance the diagnostic accuracy of current nuclear SPECT scan.
Among absolutely quantitative or semi-quantitative ap-
proaches, these studies have depicted the capability of using
SPECT MBF quantitation to detect non-CAD and CAD
groups [13, 17], evaluate suspected and known CAD [12,
16], or assess regional impaired flow in multi-vessel CAD
patients [15]. While choosing the comparative reference to
verify the performance of SPECT MBF quantitation, one
study showed flow related parameter (e.g. myocardial flow
reserve index) quantified by a cadmium-zinc-telluride (CZT)
scanner without attenuation correction can match well with
the conventional perfusion [11]. One study showed the neces-
sity of incorporating attenuation correction, scatter correction,

resolution recovery, and noise suppression in image recon-
struction for conventional dual-head SPECT scanners when
invasive coronary angiography (CAG) was chosen to be the
reference standard [13]. Another study showed the necessity
to compensate for the image variability from attenuation, as
well as other physical factors for the multi-pinhole CZT
SPECT camera while FFR was chosen to validate the diag-
nostic performance [15]. These studies advocated the impor-
tance of applying physical corrections to reduce the imaging
variability in SPECT MBF quantitation in order to move this
new tool closer to a non-invasive diagnostic utility. While
choosing PET MBF quantitation as the reference standard,
one study demonstrated to only achieve moderate correlation
(R2 = 0.50) between 99mTc-Terofosmin (TETRO) SPECT
MBF and NH3 PET MBF [14]. Notably, this study was lim-
ited by three technical issues, which may explain the dissim-
ilar result to our study findings: 1) The study designed to
derive TETRO EF from clinical patients who received SPECT
and PETscanswithin 12months (mean 3.3months). After such
a long period of gap, whether clinical subjects altered relevant
CAD scenario between two scans was unable to justify. In our

Fig. 4 Scatter and Bland-Altman
plots of regional flow quantified
byMIBI SPECTand NH3. a) and
b) for LAD. c) and d) for LCX. e)
and f) for RCA. Scatter plot: solid
line linear regression; long dash
line 95 % prediction interval;
short dash line 95 % confident
interval (CI). Bland-Altman plot:
solid line mean difference; long
dash line 95 % CI. MIBI 99mTc-
Sestamibi, NH3 13N-Ammonia,
LAD left anterior descending,
LCX left circumflex, RCA right
coronary artery
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study, we recruited healthy volunteers presenting stable physi-
ological stages to receive both SPECT and PET scans within
2 weeks in order to omit this variability. 2) Because of the
limitation of scanner design, the dynamic SPECT acquisition
(2 min per rotation) was relatively slow compared with the fast
movement of tracer circulation post intravenous injection.
Indeed, slow rotation of dynamic SPECT would increase an-
gular inconsistency in early dynamic frames to potentially
underestimate the arterial input. In our study, the early dynam-
ic SPECT was as fast as 10 s per rotation to acquire dynamic
data, and the correction to compensate for angular inconsis-
tency in the early dynamic frame was implemented to further

minimize the impact. 3) Possibly also due to the limitation of
scanner design, scatter correction was not performed, which
can increase the magnitude of spillover between arterial blood
and myocardium that may impact on the correctness of kinetic
modeling. In our study, scatter correction was implemented by
subtracting the scatter component estimated from a separated
energy window. Overall it can be recognized that when tech-
nical variations driving the variability of SPECT and PET
were addressed, the accuracy of SPECT MBF quantitation
further moved close to that of PET MBF quantitation. Our
study, therefore, verified that similar dynamic sampling and
full physical corrections to produce quantitative image format

Fig. 5 Examples of quantitative flow result reported by PETand SPECT
programs. a) HVT subject and b) clinical patient with three-vessel CAD
by PET program (left panel: Syngo MBF) and SPECT program (right

panel: MyoFlowQ). HVT healthy volunteers, CAD coronary artery dis-
ease, LV left ventricle (global), LAD left anterior descending, LCX left
circumflex, RCA right coronary artery
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would be vitally important to eliminate the imaging variability
between SPECT and PET.

In our study, we carefully designed the study to op-
timally ensure physiological states during SPECT and
PET flow scans were similar, dynamic SPECT data
were acquired with the similar temporary sampling as
dynamic PET, and images were reconstructed with full
physical corrections prior to the kinetic modeling for
flow calculation. Because of the characteristic of rapidly
decreased EF at high flow range for MIBI tracer
(Fig. 1), the conversion of absolute flow values from
low EF would certainly introduce some degree of vari-
ability and bias. Importantly this inherent issue should
be further evaluated for whether variability and bias
were within the clinically acceptable norm when all rel-
evant technical factors were addressed well. After the
flow conversion, the linear regression of SPECT MBF
with PET MBF for the clinical group showed a slightly
underestimated slope (0.847) from unity and an offset of
0.262 mL/min/g with still a strong correlation (R2 =
0.90). Nonetheless, only small bias (−0.06 mL/min/g)
was observed in the Bland-Altman plot. Our study,
therefore, confirmed that flow conversion with the hu-
man MIBI EF for K1 obtained from fully corrected
dynamic SPECT images would be able to minimize
the variability and bias in SPECT MBF quantitation
within acceptable ranges.

As SPECT is demonstrated to closely measure MBF
as that of PET, the next important question would be
how to interpret the flow data appropriately for practical
use. The MyoFlowQ program incorporates Gould’s flow
diagram to translate flow values into physiological con-
ditions in variety of colors linked with disease stages [2].

Given the diagram, the interpretation of SPECT flow
data is no longer complicated. Based upon our experi-
ence, we found flow findings may often override the
diagnosis of perfusion studies under the circumstance of
multi-vessel CAD or the perfusion study with artifacts
[32]. In some clinical situations, flow and perfusion
may actually provide overlapped diagnostic information.
Figure 6 illustrates a list of clinical patients who received
both SPECT perfusion and flow scans with clinical pa-
rameters and the related findings from CAG, echocardi-
ography, and cardiac function, as shown in Table 4.
Among them, Fig. 6a demonstrates a male patient with
CAG-confirmed three-vessel CAD with unmatched flow
and perfusion often observed by flow studies [4, 13, 32].
Figure 6b shows a female patient with CAG-confirmed
two-vessel CAD with matched perfusion defect extent,
but unmatched severity compared with the flow finding.
Figure 6c depicts a male patient with CAG-confirmed
severe in-stent restenosis in the LAD territory with
matched extent and severity of perfusion and flow. In
this particular cohort, perfusion and flow delivered the
overlapped diagnostic information. Figure 6d shows a
particular patient whose flow provided additional insight
to detect ischemic myocardium post myocardial infarc-
tion. Figure 6e shows a male patient with echocardiog-
raphy confirmed fibrotic hypertrophy and ischemia due
to CAD. In this particular patient, the flow study provid-
ed additional information to assess the microcirculation
in fibrotic tissue of myocardium mixed with CAD.

Because myocardial PET tracers are unavailable or eco-
nomically unaffordable in Asian and many other countries,
SPECT MBF quantitation has been positioned as the alterna-
tive solution to enhance the accuracy of CAD diagnosis. Our

Fig. 6 SPECT perfusion and flow polar maps of representative clinical
patients. a) three-vessel CAD, b) two-vessel CAD, c) single-vessel CAD,
d) apical MI, e) apical hypertrophy. As indicated in Fig. 5, red represents
absolutely normal flow. Orange represents the flow status within normal
limit. Yellow represents the flow status within mild abnormal range.

Green represents the flow status within moderate abnormal range. Blue
represents the flow status within the ischemic range. Gray represents the
flow status within the flow steal range. Black represents MI. CAD coro-
nary artery disease, MI myocardial infarction
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study demonstrated that there were no internal technical limita-
tions to prevent SPECT from delivering accurate MBF mea-
surement like PET as previously commented [19]. Despite this
encouragement, a larger scale of feasibility from evidence-
based studies will still be needed to move this tool to the next
level for practical use and demonstrate it as a powerful tool with
a full diagnostic capacity like PET. The research protocol of
SPECT MBF quantitation in the current study can be easily
implemented to adopt dynamic SPECT data from current
SPECT or SPECT/CT scanners capable of fast dynamic acqui-
sition (e.g. Siemens SPECTand SPECT/CT family) or listmode
data acquisition (e.g. GE 530c SPECT and 570c SPECT/CT).
Technically, we think the next steps for clinical implementation
would require converting the research protocol to fit into the
existing routine protocol and installation of the software system
to process flow data in clinical environments efficiently to meet
the acceptable norm. The broad roll-out to several centers for
further testing of the practical feasibility would still be needed.
We strongly believe the continuous, emerging need for SPECT
MBF quantitation worldwide will soon lead it to define the best
clinical role in the CAD diagnosis paradigm, as well as other
important applications once it is used on a routine basis.

Conclusions

Quantitation with SPECT technologies can be accurate to mea-
sure myocardial blood flow as PET quantitation, while compre-
hensive imaging factors of SPECT to derive the variability be-
tween these two approaches were fully addressed and corrected.

Study limitations

In this study, althoughwe demonstrated the capability of SPECT
MBF quantitation to be close to that of PET MBF quantitation,
the number of investigational subjects was still small. Future
study should enroll a larger number of study subjects to power
the finding from this study. In addition, because our subjects
were Chinese, our study didn’t test SPECT MBF quantitation
on patients with large BMI (>32). Whether the method of
SPECT MBF quantitation in our study can be also reliable for
high BMI patients still needs further investigation. The method
of SPECT MBF quantitation presented in our study was only
validated for SPECT scanners capable of fast dynamic acquisi-
tion and feasible for scanners capable of listmode data acquisi-
tion. Our data didn’t further support the implementation for
SPECT cameras without these critical capabilities.
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Table 4 Patient Characteristics Corresponding to Fig. 6

Diagnosis Age
(years)

Gender History Risk factors Symptoms Angiographic Findings Cardiac
Function

A Three-vessel CAD 68 M None HT, HL, SM Unstable angina, dyspnea LAD: middle 75 %, distal 70 %
LCX: proximal 90 %, middle

90 %, distal 50 %
RCA: total occlusion

Stress LVEF: 57
Rest LVEF: 58

B Two-vessel CAD 66 F PCI: LCX HT, HL Stable angina LAD: distal total occlusion
LCX: proximal 80 %
RCA: patent

Stress LVEF: 27
Rest LVEF: 35

C Single-vessel CAD 58 M PCI: LCX,
RCA

HT, HL Unstable angina LAD: diffuse atherosclerosis
without significant focal
stenosis

LCX: middle 90 % in-stent
RCA: PDA 50 % in-stent

Stress LVEF: 52
Rest LVEF: 51

D Apical Infarction 69 M MI; PCI: LAD HT, HL, FH Stable angina, Dyspnea LAD: distal 80 %
LCX: distal 50 %
RCA: PLA 80 %

Stress LVEF: 19
Rest LVEF: 28

E Apical Hypertrophy 59 M Medical control,
Echo confirmed

apical hypertrophic
cardiomyopathy

HT, HL Stable angina LAD: patent
LCX: distal 80 %
RCA: patent

Stress LVEF: 59
Rest LVEF: 62

CAD coronary artery disease, M male, F female, MI myocardial infarction, PCI percutaneous coronary intervention, HT hypertension, HL hyperlipid-
emia,DM diabetic mellitus, SM smoking, FH family history, LAD left anterior descending, LCX left circumflex,RCA right coronary artery,PLA posterior
left artery, PDA posterior descending artery, LVEF left ventricular ejection fraction, % indicates stenosis
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