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Background. We compared quantification of MBF and myocardial flow reserve (MFR)
with a 99mTc-sestamibi CZT-SPECT to 15O-water PET.

Methods. SPECT MBF for thirty patients in the WATERDAY study was re-analyzed by
QPET software with motion correction and optimal placement of the arterial input function.
15O-water PET MBF was re-quantified using dedicated software. Inter-operator variability was
assessed using repeatability coefficients (RPC).

Results. Significant correlations were observed between global (r = 0.91, P < 0.001) and
regional MBF (r = 0.86, P < 0.001) with SPECT compared to PET. Global MBF (rest 0.95 vs
1.05 ml/min/g, P = 0.07; stress 2.62 vs 2.68 mL/min/g, P = 0.17) and MFR (2.65 vs 2.75,
P = 0.86) were similar between SPECT and PET. Rest (0.81 vs 0.98 mL/min/g, P = 0.03) and
stress MBF (1.98 vs 2.61 mL/min/g, P = 0.01) in right coronary artery (RCA) were lower with
SPECT compared to PET. However, MFR in the RCA territory was similar (2.54 vs 2.77,
P = 0.21). The SPECT-PET RPC for global MBFs and MFR were 0.95 mL/min/g and 0.94, with
inter-observer RPC of 0.59 mL/min/g and 0.74, respectively.

Conclusions. MBF and MFR derived from CZT-SPECT with motion correction and
optimal placement of the arterial input function showed good agreement with 15O-water PET,
as well as low inter-operator variability. (J Nucl Cardiol 2021;28:1477–86.)
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Abbreviations
CAD Coronary artery disease

CZT Cadmium zinc telluride

MBF Myocardial blood flow

MFR Myocardial flow reserve

MPI Myocardial perfusion imaging

PET Positron emission tomography

ROI Region of interest

RPC Repeatability coefficient

SPECT Single-photon emission computed

tomography

INTRODUCTION

Myocardial perfusion imaging (MPI) with single-

photon emission computed tomography (SPECT) plays

an important role in the diagnosis and management of

coronary artery disease (CAD), with 7-8 million scans

performed annually in the United States.1 SPECT

quantification of ischemia as a regional perfusion deficit

has important prognostic value.2,3 However, SPECT

MPI is inherently insensitive to balanced ischemia due

to left main disease or triple-vessel disease.4

Myocardial blood flow (MBF), which was initially

estimated with positron emission tomography (PET),

increases diagnostic accuracy for obstructive CAD,5 and

improves prediction of adverse cardiovascular events

compared to regional perfusion alone.6 While MBF

obtained with PET is considered a gold standard, the

potential clinical impact of measuring MBF with SPECT

is high, since SPECT is used more widely than cardiac

PET—representing over 95% of MPI.7 Cadmium zinc

telluride (CZT) SPECT camera systems have higher

photon sensitivity compared to conventional Anger

cameras,8,9 which facilitate MBF measurements from

early dynamic acquisitions.10–16

We recently adapted QPET algorithms (Cedars-

Sinai Medical Center) to quantify dynamic SPECT data,

which also allows for motion correction and optimal

positioning of the arterial input function (AIF). The aim

of this study was to evaluate the quantification and inter-

observer variability of MBF and MFR with a CZT-

SPECT camera, utilizing this new algorithm compared

to 15O-water PET results using the WATERDAY study

image dataset.10

METHODS

Study Subjects

Details of the study population and the study protocol

have been described previously.10 Briefly, from November

2014 to November 2016, 104 stable patients with positive

exercise stress test or perfusion imaging who were referred for

invasive angiography were screened for WATER DAY trial

(clinicaltrials.gov unique identifier NCT02278497). Among

these patients, 45 patients with angiography-proven CAD and

fractional flow reserve (FFR) measurements were enrolled in

the trial. Thirty out of 45 patients underwent 99mTc-sestamibi

SPECT and 15O-water PET within 30 days and are included in

the current study. The study protocol was approved by the

Regional Ethics Committee (CPP Nord-Ouest I, France),

written informed consent was obtained from all the patients,

and the procedures were in accordance with the Declaration of

Helsinki.

Dynamic 99mTc-sestamibi CZT-SPECT
Acquisition Protocol

Rest and stress dynamic images were acquired in list

mode over 6 minutes. For rest imaging, approximately 37 MBq

of 99mTc-sestamibi was used to position the patient’s heart

within the field of view.17 Three MBq/kg was injected at a rate

of 1-2 cm3/s using an automatic injector (Nemoto, Tokyo,

Japan) and flushed by 30 mL of saline to ensure consistent

delivery of a tight bolus. For stress imaging, 9 MBq/kg of
99mTc-sestamibi was injected after the administration of

regadenoson (400 lg). Rest-stress dynamic acquisitions were

completed within 75 min. Data were rebinned into 32 frames

consisting of 21 9 3, 1 9 9, 1 9 15, 1 9 21, 1 9 27 and

7 9 30-seconds frames. An ordered subset expectation max-

imization (OSEM) algorithm was used for image

reconstruction with 4 iterations and 32 subsets.

MBF Quantification by Dynamic 99mTc-
Sestamibi CZT-SPECT

A global myocardial region of interest (ROI) was placed

semi-automatically to obtain the myocardial time activity

curves from the summed dynamic image data, starting 2

minutes after the last frame images of the dynamic SPECT

data.18 First, MBF was automatically derived by the software

without motion correction and with the AIF positioned in the

center of the LV cavity along the mitral valve.19 The 3D

cylindrical region of interest (ROI) used for AIF extraction was

automatically set in the LV cavity based on early uptake

images, using a cube oriented along the long axis of the

heart.19 Subsequently, operators manually corrected the

motion effect on each set of dynamic frames and placed the

3D cylindric ROI, avoiding the overlap with the myocardial

wall, in the center of left atrium (LA) cavity on the early frame

images to obtain the AIF (Figure 1). For each frame in each

dataset, two operators (Y.O. and O.M) shifted the ROIs in the

short-axis, horizontal long-axis, and vertical long-axis images

in each of the 3-coordinate axes (x, y, z). The 99mTc-sestamibi

model used a one-tissue compartment model with k2 set to 0

(equivalent to net retention model)20 with blood-to-my-

ocardium spillover fraction and myocardial partial-volume

corrections.21 MBF is obtained by correcting the K1 values for

the flow-dependent extraction fraction based on the model by

See related editorial, pp. 1487–1489
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Leppo et al.20 Regional analysis was performed with standard-

ized myocardial wall segmentation for the left anterior

descending (LAD), left circumflex (LCX), and right coronary

artery (RCA).22 Two operators independently performed MBF

quantification by dynamic 99mTc-sestamibi CZT-SPECT

using motion correction and optimal AIF placement. The

operators were blinded to clinical information, PET MBF

results, and SPECT MBF results quantified by the other

operator, with all analyses performed in a random order.

Dynamic 15O-Water PET Acquisition
Protocol

Participants were instructed to fast for 4 hours and abstain

from caffeine, theophylline, and cigarette smoking for 24

hours. All PET acquisitions were performed using a GE

Discovery VCT RX (GE Healthcare, Buc, France). After a

low-dose transmission CT scan for attenuation correction (AC;

helical coverage: 40 mm, rotation time: 0.5 seconds, pitch

0.516:1, table speed: 20.62 mm/rot, helical thickness: 3.75

mm, 120 kV and 10 mA, leading to a DLP of 15.35 mGy.cm

and a radiation exposure of 0.21 mSv in all patients), a hand

injection of 15O-water (1.5 to 3 MBq/kg) was performed at rest

simultaneously with rest image acquisition. Pharmacological

stress was induced by a bolus injection of regadenoson (400

lg), followed by a hand injection of 15O-water (1.5 to 3 MBq/

kg) for the stress scan. PET scans were executed in 3

dimensional (3D) dynamic mode with a 24-frame (14 9 5,

3 9 10, 3 9 20 and 4 9 30 seconds).

MBF Quantification by 15O-Water PET
Image Analysis

Emission sinograms were corrected for random coinci-

dences and dead time after Fourier rebinning and then

reconstructed with the PET manufacturer’s attenuation and

scatter correction using filtered back projection (Hanning filter,

cutoff 8 mm). MBF values for 15O-water PET were re-

quantified using dedicated software (Carimas, Turuk, Fin-

land)23 for the current study analysis, blinded to the results

obtained for the WATERDAY study. Briefly, ROIs were

drawn over the global left ventricle (LV) myocardium auto-

matically. The ROI for AIF was placed in the center of LA

cavity on the early uptake images. For each frame in each

dataset, operators shifted the ROIs in the short-axis, horizontal

long-axis, and vertical long-axis images in each of the 3-

coordinate axes (x, y, z). Arterial and myocardial tissue activity

curves were derived and were fitted to a single-tissue-com-

partment tracer kinetic model to calculate MBF for the global

LV and for each coronary territory.

Figure 1. MBF quantification using dynamic 99mTc-CZT-SPECT. SPECT images at stress (A), and
rest (B) showing a fixed regional perfusion deficit in the infero-basal segment. Global myocardial
ROI are shown as green circles. Dynamic curves of blood pool and myocardium (C) and polar maps
(D) demonstrate decreased stress myocardial blood flow in the RCA distribution which was
confirmed with and 15O-water PET imaging (E).
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Statistical Analysis

Continuous variables are presented as median values with

interquartile range (IQR). Categorical variables are presented

as absolute numbers with percentages. The correlation of MBF

values between SPECT and PET were assessed using linear

regression analyses and Bland–Altman plots with calculation

of the repeatability coefficient (RPC = 1.96 9 standard devi-

ation [SD] of differences). Pearson’s correlation coefficients

were used to evaluate the concordance between the MBF

values obtained at each acquisition. Mann–Whitney U test or

Wilcoxon signed-rank test was used for intra-group compar-

isons as appropriate. Receiver-operating-characteristic (ROC)

curve analysis was performed to evaluate the ability of

SPECT-MFR quantification, with motion correction and opti-

mal placement of the AIF, to predict reduced PET-regional

MFR (\ 2.0 and \ 1.5). Optimal thresholds of SPECT-

regional MFR to predict reduced PET-regional MFR were

established using the Youden index. A two-tailed P value of

less than 0.05 was required for statistical significance. Statis-

tical calculations were carried out using SAS (JMP version 13,

SAS Institute, Cary, NC, USA).

RESULTS

Hemodynamic Data on SPECT and PET
Acquisitions

In total, 30 patients were included with population

characteristics outlined in Table 1. The hemodynamic

data from SPECT and PET acquisitions are presented in

Table 2. There were no significant differences in any of

the hemodynamic data, including heart rate, systolic

blood pressure, diastolic blood pressure, and rate

Table 1. Population characteristics

(n = 30)
n (frequency

%)

Male gender 21 (70%)

Mean age ± SD (years) 65 ± 7.1

CAD risk factors

BMI[30 8 (27%)

Diabetes mellitus 10 (33%)

Hypertension 20 (67%)

Dyslipidemia 18 (60%)

Smoking history 17 (57%)

Family history 7 (23%)

[3 CAD risk factors 15 (50%)

Chest pain 15 (50%)

Medical therapy

Clopidogrel 4 (13%)

Aspirin 30 (100%)

b-blocker 18 (60%)

ACE inhibitor or AT-II

antagonist

17 (57%)

Calcium channel blocker 6 (20%)

Coumadin 2 (7%)

Statin 25 (83%)

Oral hypoglycemic agent 12 (40%)

Long acting nitrate 6 (20%)

Diuretic 3 (10%)

Insulin 3 (10%)

ACE, inhibitor, angiotensin-converting-enzyme inhibitor; AT-
II antagonist, angiotensin receptor blocker; BMI, Body Mass
Index; CAD, coronary artery disease; SD, standard deviation

Table 2. Hemodynamic data during CZT-SPECT and PET acquisitions

CZT-SPECT PET P value

Rest

HR (bpm) 64.3 ± 12.3 65.5 ± 13.2 0.23

SBP (mmHg) 123.9 ± 21.3 125.2 ± 20.0 0.20

DBP (mmHg) 64.1 ± 10.5 61.7 ± 7.8 0.06

RPP (bpm 9 mmHg) 7936.9 ± 1755.2 7865.9 ± 1691.8 0.22

Stress

HR (bpm) 82.0 ± 20.1 80.15 ± 20.3 0.28

SBP (mmHg) 131.03 ± 22.7 130.20 ± 18.3 0.37

DBP (mmHg) 64.3 ± 12.5 61.2 ± 9.1 0.07

RPP (bpm 9 mmHg) 11074.6 ± 3043.7* 9741.2 ± 4136.9** 0.26

Values are shown as mean ± SD
DBP, diastolic blood pressure; HR, heart rate; RPP, rate pressure product; SBP, systolic blood pressure
*P = 0.0004 (rest RPP vs stress RPP) on SPECT
**P = 0.001 (rest RPP vs stress RPP) on PET
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pressure product (RPP) between SPECT and PET data

acquisitions.

MBF Quantification by 99mTc-Sestamibi
CZT-SPECT and 15O-Water PET MBF

Table 3 compares MBF and MFR measurements

between SPECT and PET. Global MBF at rest and

stress, and both global and regional MFR were similar

between SPECT and PET (P for all = not significant).

Regional MBF was also similar in the LAD and LCX

territories at stress and LAD territory at rest, while it was

underestimated by SPECT in the RCA territory at stress

(P = 0.01) and the LCX (P = 0.01) and RCA territories

(P = 0.03) at rest.

Figure 2 shows correlation and Bland–Altman plots

of MBF and MFR between CZT-SPECT and PET. The

global MBF (r = 0.91, P\ 0.001) and MFR (r = 0.81,

P\ 0.001) values obtained from CZT-SPECT corre-

lated well with those obtained from 15O-water PET

(Figure 2a). RPC for global MBF was 0.95 mL/min/g

and 0.94 for global MFR. The regional MBF (r = 0.86,

P\ 0.001) and MFR (r = 0.63, P\ 0.001) values by

CZT-SPECT also correlated well with PET measure-

ments (Figure 2b). RPC for regional estimation was 1.11

mL/min/g for MBF and 1.46 for MFR. The motion

correction and optimal placement of the arterial input

function was performed for dynamic SPECT data at

stress and rest in all 30 patients. The fraction of stress

studies that required motion correction C 5 mm in any

axes and any frames was similar to rest studies (Stress:

93% vs Rest: 83%, P = 0.23). Global and regional MBF

by CZT-SPECT demonstrated comparatively worse

correlation with 15O-Water PET measurements if only

optimal AIF was placed and motion correction was not

performed (r = 0.65, P\ 0.0001 for global estimates

and r = 0.63, P\ 0.0001 for regional estimates). The

MBF after MC decreased from 2.54 ± 0.84 to

2.36 ± 0.83 mL/g/min at stress (P = 0.14) and from

0.99 ± 0.19 to 0.91 ± 0.21 mL/g/min at rest

(P = 0.001).

ROC analysis per regional analysis demonstrated

that the AUC of SPECT-regional MFR with motion

correction and optimal placement of the AIF was 0.89

[0.79-0.98] for the detection of PET-regional MFR\
2.0, and 0.96 [0.91-1.00] for the detection of PET-

regional MFR\ 1.5. Optimal cutoffs of SPECT-re-

gional MFR were 2.18 for the detection of PET-regional

MFR\ 2.0 (sensitivity 85.0 %, specificity 87.1%) and

2.13 for the detection of PET-regional MFR\ 1.5

(sensitivity 100.0%, specificity 81.7%).

Inter-operator Variability of CZT-SPECT

Figure 3 shows correlation and Bland–Altman plots

for global and regional MBF and MFR by CZT-SPECT

between two operators. The plots demonstrate high

correlation coefficients for global (r = 0.95 for MBF and

r = 0.86 for MFR) and regional estimates (r = 0.93 for

MBF and r = 0.82 for MFR). RPC for global MBF was

0.59 ml/min/g and 0.70 ml/min/g for regional MBF

Table 3. Comparisons in MBF and MFR between CZT-SPECT and PET

CZT-SPECT PET P value

Rest MBF (mL/min/g) Global 0.95 (0.80–1.06) 1.05 (0.85–1.20) 0.07

LAD 1.00 (0.84–1.17) 1.12 (0.86–1.29) 0.14

LCX 0.89 (0.76–1.08) 1.08 (0.91–1.26) 0.01

RCA 0.81 (0.68–0.92) 0.98 (0.73–1.08) 0.03

Stress MBF (mL/min/g) Global 2.62 (1.87–2.91)* 2.68 (1.94–3.67)* 0.17

LAD 2.66 (1.86–3.08)* 2.62 (2.00–3.76)* 0.52

LCX 2.40 (1.82–2.86)* 2.65 (2.27–3.59)* 0.15

RCA 1.98 (1.44–2.76)* 2.61 (1.99–3.60)* 0.01

MFR Global 2.65 (2.10–3.21) 2.75 (2.03–3.37) 0.86

LAD 2.54 (2.11–3.30) 2.56 (1.85–3.24) 0.71

LCX 2.78 (2.17–3.19) 2.72 (2.10–3.20) 0.80

RCA 2.54 (1.96–3.32) 2.77 (2.20–3.55) 0.21

P values showing significant differences are shown in bold
Values are shown as median (interquartile range)
CZT, cadmium zinc telluride; LAD, left anterior descending coronary artery; LCX, left circumflex coronary artery; MBF, myocardial
blood flow; MFR, myocardial flow reserve; PET, positron emission tomography; RCA, right coronary artery; SPECT, single-photon
emission computed tomography
*P\0.0001 vs Rest MBF
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estimation, while RPC for MFR was 0.74 for global

estimates and 0.99 for regional estimates.

DISCUSSION

In this study, we have shown the feasibility of MBF

quantification from CZT-SPECT using a new PET-

based software application. We were able to adjust

SPECT MBF measurements for the extraction fraction

of 99mTc, with motion correction and optimal placement

of the AIF. We show that both MBF and MFR values

correlated well with 15O-water PET and demonstrated

high inter-operator reproducibility. In addition, the

sensitivity and specificity of CZT-SPECT MFR for the

detection of reduced PET-MFR were excellent. Lastly,

the optimal thresholds for detection of reduced regional

MFR by PET in our study (2.18 for PET-MFR\ 2.0

and 2.13 for PET-MFR\ 1.5) were similar to the

thresholds for CZT-SPECT MFR to predict abnormal

FFR reported in the WATERDAY study (cutoff 2.1).10

Multiple reports have demonstrated the feasibility

of SPECT MBF quantification.10–16,24–27 Two studies

have performed head-to-head comparisons between

SPECT with a CZT camera system and PET. Nkoulo

et al studied 28 patients who underwent 99mTc-tetrofos-

min CZT-SPECT and 13N-ammonia PET using the

PMOD software package (PMOD technologies Ltd,

Zurich, Switzerland).15 There was moderate correlation,

assessed using Spearman’s correlation, between SPECT

and PET for stress (q = 0.51, P\ 0.001) and rest

(q = 0.30, P = not significant) measurements. Stress

MBF was underestimated by SPECT at high flow

conditions, resulting in underestimation of MFR. How-

ever, the authors did not correct for the extraction

fraction of 99mTc, which is a significant limitation of

SPECT MBF measurements, particularly at high flows.

The WATERDAY study compared MBF quantification

between 99m Tc-sestamibi CZT-SPECT and 15 O-water

PET. They demonstrated good correlation in MBF and

MFR between SPECT and PET using Corridor 4DM

software (INVIA, Ann Arbor, MI, USA).10 Correlation

coefficients between SPECT and PET were r = 0.83 for

MBF (P\ 0.001) and r = 0.75(P\ 0.001) for MFR,

with a mean difference of 0.33 for MBF and 0.13 for

MFR.10 In contrast to results from Nkoulo et al, global

stress MBF by 99mTc-sestamibi CZT-SPECT was higher

compared to 15O-water PET values. In the same pop-

ulation as the WATERDAY study but with different

software, we demonstrated slightly better correlation

between SPECT and PET MBF (r = 0.91 vs r = 0.83)

and MFR (r = 0.81 vs r = 0.75) with no significant

differences in global MBF or MFR measurements

between SPECT and PET. Our results provide critical

external validation of the WATERDAY results, by

demonstrating similar results with new software and

different observers. These findings suggest that compa-

rable measurements of MBF with PET and SPECT can

be obtained by integrating corrections for extraction

fraction with motion correction and optimal AIF place-

ment. Previous studies have shown that myocardial

spillover contamination of arterial input in the LV cavity

was higher compared with the LA using 15O-water and

nitrogen-13 ammonia PET.28,29 In a different study,

Vasquez et al assessed MBF quantification using various

anatomic arterial inputs.30 They demonstrated that rest

MBF in the LV cavity was higher than in the aorta or

LA, while rest MBF in the LA was not significantly

different from that in the aorta. These previous PET

studies have shown that MBF quantification with posi-

tioning of the AIF to the left atrium is more accurate and

reproducible.

While our global measurements of MBF and MFR

were comparable between SPECT and PET, we demon-

strated important regional differences. Rest MBF

measurements were lower in the RCA and LCX terri-

tories by SPECT compared to PET and stress MBF was

lower in the RCA territory. Interestingly, the WATER-

DAY study found higher SPECT MBF values at rest and

stress in the LAD and LCX territories, but not the RCA.

This may be due to the differences in software methods.

Attenuation artifacts with CZT-SPECT camera systems

are more common in the inferolateral and lateral wall,31

which may impact MBF measurements in these territo-

ries. Wells et al demonstrated that CT attenuation

correction improved the correlation between regional

MBF by SPECT compared to PET, but led to worse

correlation with global values.11 Therefore, attenuation

correction may be particularly beneficial for the RCA

and LCX territories, but does not seem to be necessary

when considering global measurements.

Multiple previous PET studies have shown that

patient motion is problematic for MBF measure-

ment.32,33 Wells et al have reported that motion

correction improved the accuracy and precision of

global and regional SPECT MBF measurements com-

pared with PET.11 In the current study, two operators

bFigure 2. Correlation between CZT-SPECT and 15O-water
PET. Correlation and Bland–Altman analyses of SPECT
compared to PET MBF and MFR measurements for global
(A) and regional (B) values. CZT, cadmium zinc telluride;
LAD, left anterior descending coronary artery; LCX, left
circumflex coronary artery; MBF, myocardial blood flow;
MFR, myocardial flow reserve; PET, positron emission
tomography; RCA, right coronary artery; RPC, repeatability
coefficient; SPECT, single-photon emission computed
tomography.
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independently corrected motion using a semi-automated

program which resulted in good correlation in for global

(r = 0.95 for MBF, r = 0.86 for MFR) and regional

estimates (r = 0.93 for MBF, r = 0.82 for MFR). Our

results build upon the prior data demonstrating the

importance of motion correction by comparing to 15O-

water PET, the gold standard for non-invasive MBF

measurement.34–36 Additionally, our semi-automated

approach may help decrease result variability, which

may be particularly important for patients with serial

testing.

LIMITATIONS

Our study has a few important limitations. The

sample size was relatively small, but still demonstrates

the feasibility of SPECT MBF measurements with the

PET-based software. Attenuation correction has not

been used, but previous studies have shown that atten-

uation correction does not significantly change global

MBF measurements. Lastly, SPECT measurements were

performed with a CZT camera system, which are not yet

widely used; however, there are over 800 of these

systems currently installed worldwide and most cardiac

replacement cameras are solid state.

NEW KNOWLEDGE GAINED

Dynamic 99mTc-sestamibi CZT-SPECT allows

MBF and MFR quantification, which correlate well

with 15O-water values. There was close inter-operator

correlation in MBF and MFR for global and regional

estimations using this semi-automated approach.

CONCLUSIONS

Our quantitative method demonstrated a good

correlation in MBF and MFR between 99mTc-sestamibi

CZT-SPECT and 15O-water PET with high inter-oper-

ator reproducibility.
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