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Background. Simultaneous dual-tracer imaging using isotopes with close photo-peaks may
benefit from improved properties of cadmium-zinc-telluride (CZT)-based scanners.

Methods. Thirty patients having undergone primary percutaneous coronary intervention
for acute myocardial infarction underwent single-(99mTc-tetrofosmin (TF) or 123I-BMIPP first)
followed by simultaneous 99mTc-TF /123I-BMIPP dual-tracer imaging using a Discovery NM/CT
670 CZT. The values for the quantitative gated-SPECT (QGS) and the quantitative perfusion
SPECT (QPS) were assessed.

Results. The intra-class correlation (ICC) coefficients between the single- and dual-tracer
imaging were high in all the QGS and QPS data (Summed motion score: 0.95, summed
thickening score: 0.94, ejection fraction: 0.98, SRS for 99mTc-TF: 0.97/ for 123I-BMIPP: 0.95).
Wall motion, wall thickening and rest scores per coronary-territory-based regions were also
comparable between the single- and dual imaging (ICC coefficient > 0.91). The interrater
concordance in the visual analysis for the infarction and perfusion-metabolism mismatch was
significant for the global and regional left ventricle (P < 0.001).

Conclusion. The quantitative/semi-quantitative values for global and regional left-ven-
tricular function, perfusion, and fatty acid metabolism were closely comparable between the
dual-tracer imaging and the single-tracer mode. These data suggests the feasibility of the novel
CZT-based scanner for the simultaneous 99mTc-TF /123I-BMIPP dual-tracer acquisitions in
clinical settings. (J Nucl Cardiol 2021;28:187–95.)
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INTRODUCTION

Free fatty acid is a main myocardial energy source

under normal conditions, but under ischemic conditions,

myocardial metabolism preferentially shifts from aerobic

b oxidization of free fatty acid in mitochondria to

anaerobic glycolysis in cytosol.1,2 Under a condition

called post-ischemic metabolic stunning, reduced uptake

of 123I-b-methyl-p-iodophenlypentadecanoic acid

(BMIPP), which reflects impaired myocardial b oxidiza-

tion is prolonged despite restoration of perfusion.3,4 Such

a perfusion-metabolism mismatch, where the deficit of

free fatty acid metabolism is discordantly more severe

than that of perfusion, is known to be predictive of

myocardial viability and prognosis in chronic ischemia5,6

and in the (sub)acute phase of myocardial infarction,7,8

and can be evaluated by dual-isotope nuclear imaging.
99mTc-labelled isotopes (t1/2= 6 hours) are theoretically

preferable perfusion radiotracers to 201Tl-based ones (t1/
2 = 73 hours), as they have a shorter physical half time

and higher photon-energy, leading to less attenuation

artifact and radiation exposure.9 However, as the photo-

peaks of 99mTc (140 keV) and 123I (159 keV) are close,

quantitative assessment using simultaneous acquisition of
99mTc-/123I-labelled dual tracers is challenging.10,11

Recently, semiconductor cadmium-zinc-telluride (CZT)

detectors have been launched in clinical settings, and they

have provided shorter scanning times while improving

energy and spatial resolution in comparison with con-

ventional NaI scintillation detectors.10,12-15 More

recently, a novel SPECT scanner with CZT detectors,

the Discovery NM/CT 670 CZT (GE Healthcare, Mil-

waukee, Wisconsin), was developed for whole-body

imaging including cardiac SPECT imaging. This novel

scanner is equipped with 130 pixelated detectors with

registered collimation to improve the overall system

resolution, as well as the energy resolution; although

evidence of the benefits of these features from clinical

settings is currently lacking, these are promising proper-

ties for multi-tracer imaging.

In our current study, we sought to evaluate the

utility of a Discovery NM/CT 670 CZT for simultaneous
99mTc-tetrofosmin (TF)/123I-BMIPP dual-isotope acqui-

sitions by comparing dual-tracer imaging with single-

tracer imaging, in patients having undergone primary

percutaneous coronary intervention (PCI) for acute

myocardial infarction (AMI).

METHODS

Study Design and Patient Selection

Patients aged over 20 years who underwent PCI for AMI

from December 2017 to June 2018 at Saitama Medical

University, International Medical Center, were prospectively

recruited for this study (UMIN ID: 00029768). Patients with an

artificial pacemaker, potential pregnancy, potential inability to

complete the examination due to mental or physical reasons, or

recent myocardial perfusion/metabolism imaging, were exclu-

ded. This study was approved by the Institutional Review

Board of Saitama International Medical Center (reference

number: 17-126) and Saitama Medical University (reference

number: 17-094). All patients signed written informed consent.

Clinical Data Collection

Baseline demographics, electrocardiographic findings,

and data regarding disease severity and in-hospital course

were recorded.

Examination Protocol

After completion of in-hospital cardiac rehabilitation, patients

underwent a 1-day 99mTc-TF (Nihon Medi-physics Co., Ltd.,

Tokyo, Japan) and 123I-BMIPP (Nihon Medi-Physics Co., Ltd.)

dual-isotope imaging examination at Saitama Medical University

Hospital. All examinations were performed under electrocardio-

graphic gating, as recommended for quantification.16 Patients were

assigned to either a 99mTc-TF or 123I-BMIPP first protocol

(Figure 1). In the 99mTc-TF first protocol, single-tracer 99mTc-TF

gated-SPECT/CT imaging was first acquired followed by a dual-

tracer gated-SPECT/CT acquisition. In the 123I-BMIPP first

protocol, single-tracer 123I-BMIPP gated-SPECT/CT was first

acquired followed by a dual-tracer gated-SPECT/CT acquisition.

SPECT Data Acquisition and Post-
processing of Images

The Discovery NM/CT 670 CZT has 130 CZT modules

and wide-energy high-resolution collimators. Each detector

contained 32 9 32 pixelated 2.46 9 2.46 mm CZT elements.

Using the Lister tool (GE Healthcare) on a Xeleris 4.0

workstation (GE Healthcare), images with 30 views/scan and

65 seconds/view were reframed. The peak energy and window

widths were set to 140 ± 7.5% and 159 ± 7.5% KeV for
99mTc-TF and 123I-BMIPP, respectively, as recommended by

GE Healthcare. Using the Myocardial Evolution software for
99mTc and 123I (GE Healthcare) supplied on the same work-

station, images for quantitative gated-SPECT (QGS) and

quantitative perfusion SPECT (QPS) were reconstructed to

obtain views in the standard axes (short axis, vertical long axis

and horizontal axis) and polar maps of the left ventricle. The

iterative algorithm with integrated collimator geometry mod-

eling used maximum penalized likelihood iterative

reconstruction.17 A Butterworth post-processing filter (critical

frequency, 0.4 cycle/cm; order, 10) was applied to the

reconstructed slices.17 Attenuation correction was not applied

because it would have resulted in low uniformity.10 Manual

processing was applied as necessary to adjust the left-ventric-

ular axis, center, and endocardial/epicardial contour with

masking/constraint of extracardiac accumulation.
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Image Analysis

The left-ventricular myocardium was divided in to 17

segments,18 and the vascular territories corresponding to the

three major coronary arteries were defined, with the anterior,

septal and apical regions being assigned to the left anterior

descending artery (LAD), the inferior region to the right

coronary artery (RCA), and the lateral region to the left

circumflex artery (LCX).18 For the QGS with 99mTc-TF, the

following parameters were assessed. Left-ventricular wall

motion (mm) and wall thickening (%) in each segment, and

the summed values per coronary territory were recorded.

Semi-quantitative scales for the wall motion and the wall

thickening were automatically assigned to each segment to

calculate the summed motion scores (SMS) and summed

thickening scores (STS) of all segments.19 Left-ventricular

end-diastolic volume (EDV, ml), end-systolic volume (ESV,

ml), and ejection fraction (EF, %) were recorded. For the

QPS with 99mTc-TF and 123I-BMIPP, the following param-

eters were assessed. Semi-quantitative scales for uptake of

radioactive counts was automatically assigned to each

segment to calculate the summed rest scores (SRS) of all

segments, and the summed values per coronary territory

were recorded.20 The mismatch scores were then calculated

as SRS for BMIPP-TF. The perfusion extent (%) and the

total perfusion deficit (TPD, %) were recorded. A summary

and details of the quantitative and semi-quantitative analysis

are shown in Supplementary Table 1 and Figure 1.

For the visual analysis, two experienced nuclear radiol-

ogists (I.M. and K.F.) interpreted the dual-tracer imaging for

the presence or absence of infarction and perfusion-metabo-

lism mismatch (stunning/hibernation) in the global left

ventricle (i.e., per patient basis), and the LAD, RCA and

LCX coronary territories.

Statistical Analysis

Continuous variables are expressed as the mean ± stan-

dard deviation or median [first-third quartile], and categorical

variables as number (%). The Shapiro–Wilk test was per-

formed to test for normal distributions.

The correlation between the quantitative values obtained from

dual- and single-tracer imaging was evaluated using intra-class

correlation (ICC; two-way mixed-effects model, for consistency)

andBland–Altmananalysis.Repeatability and reproducibilityof the

quantitative analysis with respect to intra-(S.N.) and inter-(S.N. and

I.M) observer variability were evaluated using ICC (two-way

mixed-effects model for absolute agreement) and ICC (two-way

random-effects model, for absolute agreement), respectively, with

the reframed dual-tracer images of ten patients being randomly

assigned to each analysis.

The concordance in the visual analysis was evaluated

using unweighted j statistics between the interpretations of the

two radiologists.

Statistical analyses were performed using JMP Pro 11.2.0

(SAS Institute Inc., Cary, NC, USA) or SPSS statistics software

(version 25, IBM Corp., Armonk, NY, USA), as appropriate.

RESULTS

Clinical Characteristics of the Studied
Patients

From December 2017 to June 2018, 110 consecu-

tive patients who underwent primary PCI for AMI at

Saitama Medical University, International Medical Cen-

ter, were screened. After application of the exclusion

criteria, 31 patients participated in the study, with one

patient being further excluded from the final analysis

because of a suspected CD36 deficiency (Supplementary

Figure 2). The characteristics of the remaining 30

patients (99mTc-TF first protocol: n = 14, 123I-BMIPP

first protocol: n = 16) are shown in Table 1.

Concordance in the Visual Analysis of Dual-
Tracer Imaging

The Cohen’s j coefficients between the two radi-

ologists for the presence of infarction and perfusion-

metabolism mismatch were 0.85 (P\ 0.001) and 1.00

(P\ 0.001), respectively for the global left ventricle,

and 0.94 (P\ 0.001) and 0.89 (P\ 0.001) for the

coronary territory-based regions of the left ventricle (a

total of 90 territories).

Quantification and Semi-quantification
of Dual- and Single-Tracer Imaging

The ICC coefficient with 95% confidence interval

and the Bland–Altman mean of difference with 95%

Figure 1. Schema of the examination protocols. Patients were
assigned to either a 99mTc-TF or 123I-BMIPP first protocol. All
acquisition times were set for 16 minutes. 99mTc-TF and 123I-
BMIPP were injected 30 and 15 minutes prior to initiation of
acquisition, respectively. The injected isotope doses were fixed at
600 and 111 MBq for 99mTc-TF and 123I-BMIPP, respectively.
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limits of agreement between the values obtained from

dual- and single-tracer imaging are shown in Figures 2,

3, and 4. The ICC coefficients between dual- and single-

tracer imaging were high ([ 0.91) in all the data. The

correlations were high in the QGS for the global left

ventricle (Figure 2), except for apparent outlying EDV

(Figure 2C) and ESV (Figure 2D) values in a patient

with a severely dilated left ventricle and prominent

extra-cardiac accumulation. No obvious tracer-specific

trend was observed in the QPS results from the global

left ventricle (Figure 3), and no obvious coronary

territory-related heterogeneity was observed in the

QGS and QPS regional left ventricle data (Figures 4,

5; Supplementary Figure 3).

Repeatability and Reproducibility

The ICC coefficients for the repeatability and

reproducibility analysis were high ([ 0.93) in all the

data; the intra- and inter-observer ICC coefficients

were 1.00 and 0.99 for SMS, 1.00 and 0.99 for STS,

1.00 and 1.00 for EF, 0.98 and 1.00 for SRS on
99mTc-TF, and 0.99 and 0.98 for SRS on 123I-

BMIPP. The details are shown in Supplementary

Table 2.

DISCUSSION

Main Findings

Our current study first demonstrated that a Discov-

ery NM/CT 670 CZT scanner could be used for

simultaneous 99mTc-TF /123I-BMIPP dual-tracer acqui-

sitions, affording clinically available and reproducible

images in patients with AMI having undergone primary

PCI. The quantitative and semi-quantitative values for

global and regional left-ventricular function, perfusion,

and fatty acid metabolism obtained from the simultane-

ous 99mTc-TF /123I-BMIPP dual-tracer isotope

acquisitions were closely comparable to those obtained

Table 1. Patient characteristics

Total n = 30 (99mTc-TF first n = 14, 123I-BMIPP first n = 16)

Demographics and concomitant conditions

Age, years 61.5 ± 10.8

Man, n (%) 25 (83.3%)

Body mass index, kg/m2 24.2 ± 4.1

Body surface area, m2 1.77 [1.64–1.82]

Hypertension, n (%) 15 (50.0%)

Diabetes mellitus, n (%) 9 (30.0%)

Dyslipidemia, n (%) 15 (500%)

End-stage renal disease, n (%) 1 (0.3%)

Current smoking, n (%) 8 (26.7%)

Previous myocardial infarction, n (%) 1 (0.3%)

Electrocardiographic findings

Atrial fibrillation rhythm, n (%) 0 (0.0%)

ST-T segment elevation, n (%) 29 (96.7%)

Severity and clinical course

Time from onset to reperfusion, hours 4.0 [3.0–5.0]

Killip class C III, n (%) 3 (10.0%)

Maximum serum creatinine kinase, IU/L 1597 [897–4691]

Maximum serum creatinine kinase MB isozyme, ng/mL 173 [72–345]

Culprit coronary artery, n (%)

Left main trunk–anterior descending artery 17 (56.7%)

Right coronary artery 9 (30.0%)

Left circumflex artery 4 (13.3%)

Multivessel disease, n (%) 18 (60.0%)

In-hospital death, n (%) 0 (0.0%)

Data are presented as mean ± standard deviation for continuous variables or median [1st–3rd quartile] and as number
(percentage) for categorical variables
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Figure 2. Quantitative Gated SPECT (QGS) for the global left ventricle: dual- vs single-tracer
imaging. Upper graphs: Intra-class correlation (ICC) between the QGS data for the global left
ventricle obtained from dual- (x axis) and single- (y axis) tracer imaging. Lower graphs: Bland-
Altman analysis showing mean (x axis) and difference between (y axis) the corresponding two
values. CI, confidence interval; LOA, limit of agreement.

Figure 3. Quantitative Perfusion SPECT (QPS) for the global left ventricle: dual- vs single-tracer
imaging. Upper graphs: Intra-class correlation (ICC) between dual- and single-tracer QPS data for
the global left ventricle, Lower graphs: Bland-Altman analysis. CI, confidence interval; LOA, limit
of agreement. Purple circle: 99mTc-TF, Green diamond: 123I-BMIPP.
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Figure 4. Quantitative Gated/Perfusion SPECT (QGS/QPS) per coronary territory: dual- vs single-
tracer imaging. Upper graphs: Intra-class correlations (ICC) between dual- and single-tracer QGS/
QPS data per coronary territory. CI, confidence interval; LOA, limit of agreement. White circle:
Left anterior descending artery, red square: right coronary artery, blue triangle: left circumflex.

Figure 5. Representation of dual- and single-tracer Quantitative Perfusion SPECT (QPS) imaging.
Quantitative Perfusion SPECT images for 99mTc-TF obtained from single-(99mTc-TF alone) and
dual-(99mTc-TF and 123I-BMIPP) tracer. (A) a 77-year-old man with right coronary artery occlusion
showing a matched defect pattern (mismatch score: 1). (B) a 57-year-old man with left anterior
descending artery occlusion showing a mismatched defect pattern (mismatch score: 22).
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in the single-tracer mode, possibly owing to the prop-

erties of the novel scanner.

Utility of CZT Detectors for Myocardial
Perfusion and Cardiac Function in Coronary
Artery Disease

Currently, there are two semiconductor CZT camera

systems available commercially, the Discovery NM/CT

series (530c and 670 CZT) and the D-SPECT (Spectrum

Dynamics, Biosensors, Caesarea, Israel). Although the

collimation and reconstruction algorithms are different,

the heart-centric techniques of the Discovery NM/CT

530c and D-SPECT, and the specific reconstruction

algorithms facilitate enhanced count sensitivity,

improved energy, and higher spatial resolution than

conventional NaI crystal detectors.13,21-24 Consequently,

the advent of these CZT detectors has led to improved

image quality, and a reduction in acquisition time and/or

radiation exposure.17,25,26

In patients with known or suspected coronary artery

disease, fast myocardial perfusion imaging using CZT-

based detectors has provided better diagnostic accuracy

with improved regional sensitivity compared with con-

ventional cameras.27,28 Left-ventricular global and

regional functions have also been assessed using CZT-

based scanners, with quantification of EF and the

regional extent of scarring being similar to measure-

ments made on magnetic resonance imaging,29 and the

EF demonstrating higher reproducibility than achieved

with a conventional NaI camera.30 Our study demon-

strated that the quantitative and semi-quantitative

parameters obtained for myocardial perfusion and car-

diac function were highly reproducible, both for global

left ventricle and regional measures (Supplementary

Table 1).

Simultaneous 99mTc-TF /123I-BMIPP Dual-
Isotope Acquisition Using CZT Detectors

Areas showing a perfusion-metabolism mismatch

may correspond to jeopardized but viable myocardium

as functional improvement in such areas has been

observed after revascularization.7,8,31-33 123I-BMIPP is a

commonly used tracer for evaluation of myocardial-free

fatty acid metabolism in clinical studies.3,5-8,34 On the

other hand, for myocardial perfusion, 201Tl, which has

been recognized as providing a diagnostic accuracy

similar to the 99mTc-family of tracers in most coronary

artery disease35, may frequently be used in simultaneous

dual-isotope imaging in combination with 123I-BMIPP,

as the distant photo peaks of the two tracers facilitate

enhanced energy resolution.36,37 99mTc-TF may be a

theoretically preferable perfusion tracer in respect to

better image quality, as it has a shorter half time and

administration of higher dose is possible. However,

when used in combination, the close photo-peaks of the
99mTc- and 123I-isotopes require a special attention to

discriminate their energy properties while maintaining

count sensitivity. To ameliorate potentially interfering

factors in dual-tracer imaging using conventional NaI

scanners such as scatter contamination of isotopes,

cross-talk from the primary photons of each radionu-

clide, attenuation and distance-dependent collimator

responses, techniques using constrained spectral factor

analysis, artificial neural networks and Monte Carlo-

based joint ordered-subset expectation maximization

iterative reconstruction have been applied, although all

required complicated data processing22,38,39. Instead,

using CZT scanners, excellent concordance between
99mTc-/123I-labeled dual- and single-images has been

demonstrated in both phantom and animal studies,10,40

with the excellent spatial and energy resolution of the

CZT scanners allowing the count sensitivity to be

maintained. A previous phantom study using similar

CZT-scanner systems showed improved energy resolu-

tion for dual-tracer imaging (300 MBq of 99mTc-TF and

100 MBq of 123I-BMIPP), with only 4.0% downscatter

contamination from 123I-BMIPP in the energy window

of 99mTc-TF and almost no upscatter contamination

from 99mTc-TF in that of 123I-BMIPP.10 A clinical study

on simultaneous 99mTc-MIBI/123I-BMIPP dual-tracer

imaging using the D-SPECT system showed the correct

detection (in comparison with angiographic findings) of

infarcted and stunned areas in patients who underwent

revascularization for AMI.11 In our current clinical

study, we demonstrated images, and quantitative and

semi-quantitative values obtained from 99mTc-/123I-la-

beled dual-tracer imaging on a Discovery NM/CT 670

CZT that were analogous to those obtained from single-

tracer imaging with fixed window settings in most of the

studied patients. Exceptionally, one patient with a

severely dilated left ventricle with low LVEF

(LVEDV/LVESV = 178/145 ml, LVEF 19% in dual-

mode) revealed a prominent discrepancy between the

single- and dual-tracer data. In this patient, enhanced

extra-cardiac accumulation and weak cardiac uptake

might have led to inaccurate QGS analysis. Furthermore,

another outlier that revealed discrepant results in the

QPS for BMIPP demonstrated a failure in the automatic

and manual QPS processing to adjust the endocardial/

epicardial contour. The Discovery NM/CT 670 CZT has

each collimator registered with a single semi-conductor

detector pixel, which affords high resolution (6.4 mm at

center) and image contrast. Together with the thick

detector (7.5 mm in thickness) designed for improved

count sensitivity, these properties of the scanner are

beneficial for multi-tracer imaging. Our current study
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demonstrated remarkable interrater agreement in visual

interpretation of infarction and perfusion-metabolism

mismatch in the global and regional left ventricle,

suggesting promising clinical feasibility of the Discov-

ery NM/CT 670 CZT for simultaneous 99mTc-TF /123I-

BMIPP dual-tracer imaging. The coronary territories

defined by the radiologists were also compatible with

angiographic findings. Disagreement on the infarcted

area was observed in patients with modest infarction

(n = 2), and on the perfusion-metabolism mismatched

area in patients with mildly impaired free fatty acid

metabolism (n = 1) and concomitant hibernation

(n = 1). The patients with a visually determined mis-

matched defect (n = 17) tended to show a higher

mismatch score (SRS for BMIPP-TF) than those without

such a defect (n = 13) (6 [2-12]) vs 2 [2-4], P = 0.095,

Supplementary Figure 4).

LIMITATIONS

This study has some limitations. First, it is a single-

center, observational study with a relatively small

number of patients. Using R version 3.5.1, package

ICC.Sample.Size, the p0 (ICC coefficient for null

hypothesis) was 0.60 to achieve a power of 0.80, when

p (ICC coefficient obtained in the study) = 0.90,

a = 0.05, and N = 14. However, we suggest that the

correlation between the values obtained from dual- and

single-tracer imaging, as well as intra- and inter-

observer variability, are sufficient to propose the clinical

feasibility of the technique. Further confirmative studies

on larger numbers of patients are needed to ensure that

our findings apply to heterogenous clinical cases,

particularly those showing low LVEF. Second, the time

elapsed from AMI onset to examination varied, with a

median value of 25 days.16-26 Therefore, post-ischemic

functional recovery owing to revascularization may not

have been appropriately predicted, as metabolic alter-

ations may have been resolved in some patients with

delayed examination.41

NEW KNOWLEDGE GAINED

We demonstrated the clinical feasibility of the

Discovery NM/CT 670 CZT with a novel CZT detector

for simultaneous 99mTc-TF /123I-BMIPP dual-tracer

isotope acquisitions in patients with AMI having under-

gone primary PCI. The quantitative and semi-

quantitative values obtained from the dual-tracer mode

for global and regional left-ventricular function, perfu-

sion, and fatty acid metabolism were closely comparable

to those obtained in the single-tracer mode, possibly

owing to the improved energy and spatial resolution as

well as count sensitivity of the new scanner.
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