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ABSTRACT

Background: Relative myocardial perfusion imaging can misdiagnose “balanced” ischemia caused by
coronary artery disease (CAD). We assessed the feasibility of myocardial blood flow (MBF) and
myocardial perfusion reserve (MPR) using dynamic single-photon emission computed tomography
(SPECT) with a cadmium-zinc-telluride (CZT) camera for estimating underlying CAD in patients with
normal stress myocardial perfusion SPECT (MPS).
Methods: 125 patients with normal stress MPS (summed stress score <3) were enrolled. All patients
underwent coronary angiography (CAG) and stress/rest 2°'Tl dynamic SPECT for MBF and MPR
calculation. The diagnostic accuracy of both these quantitative values and other clinical risk factors for
predicting occult CAD were validated by CAG.
Results: MPR was 2.85 in patients with no CAD, 2.47 with 1-,1.98 with 2-, and 1.76 with 3-vessel CAD. The
patient’s age, morbidity of diabetes mellitus (DM), chronic kidney disease (CKD), stress MBF, and MPR
were significantly associated with the presence of CAD (age, p=0.02; DM, p = 0.005; CKD, p = 0.005;
creatinine level, p= 0.012, stress MBF, p = 0.019, and MPR, p < 0.001). Independent predictors in the
multivariate regression analysis were as follows: DM, p = 0.011, CKD, p = 0.028, and MPR, p < 0.001. The
combined index was calculated from three independent predictors. Area under the receiver operating
characteristic curve was 0.75 for MPR and 0.81 for the combined index. To identify CAD, sensitivity, and
specificity for MPR were 77% and 66%, and for the combined index they were 79% and 66%, respectively.
Conclusion: Quantification of MPR and MBF using dynamic SPECT with a CZT camera can be useful to
identify balanced ischemia caused by occult CAD in patients with normal stress MPS findings.

© 2019 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.

Introduction

emission computed tomography (MPS) is a widely used non-
invasive technique to evaluate ischemia and to stratify risk factors

Radionuclide myocardial perfusion imaging (MPI) allows the
visualization of radiopharmaceuticals distributed throughout the
myocardium in proportion to the myocardial blood flow (MBF)
and this facilitates the determination of the relative blood flow in
various regions of the heart. Myocardial perfusion single-photon
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in patients with known or suspected coronary artery disease
(CAD) [1-3].

However, crucial limitations with respect to visual or semi-
quantitative assessment of regional myocardial perfusion
defects can result in the underestimation or misdiagnosis of
“balanced” ischemia. In other words, in patients with a balanced
multi-vessel CAD or microcirculatory disorders a global reduc-
tion in myocardial perfusion can be completely overlooked
when assessment is based solely on the relative radiotracer
uptake.

0914-5087/© 2019 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.
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This eventuality can be surmounted by the quantification of
MBF or myocardial perfusion reserve (MPR) using a tracer kinetic
method for positron emission tomography (PET) [4-7]. Stress- and
rest flow measurements provide an integrated measure of the
ischemic burden due to microvascular or macrovascular disease [8]
and they are superior to the assessment of relative perfusion alone
for detecting the initial stages of coronary atherosclerosis,
stratification of risks for cardiac events, and predicting prognosis
in patients with or without conventional cardiac risks [9-15].
However, since the installation of a PET tracer production system
involves high costs, this technology is not yet readily available in
many areas around the world. Also, measuring MBF with standard
single-photon emission computed tomography (SPECT) cameras is
difficult because SPECT perfusion quantitation is hampered by the
difficulty of performing dynamic acquisitions.

Dedicated ultra-fast cardiac cameras using cadmium zinc
telluride (CZT) have greatly improved sensitivity and they do
not require to be rotated around the patient. The detectors
facilitate tomographic dynamic acquisition and offer the theoreti-
cal possibility of investigating radiotracer kinetics in vivo [3,16-
18]. However, there is no published report that evaluates the
detection of balanced ischemia due to multi-vessel CAD limited to
patients with normal stress MPS, that is, summed stress score (SSS)
<3, nor even in a PET evaluation.

This study attempted to evaluate the usefulness of the
quantification of the absolute MBF and MPR in a routine clinical
setting using 2°’Tl dynamic SPECT using a CZT camera. Diagnostic
performance of the quantitative indicators to evaluate significant
CAD was limited to patients with normal stress MPS.

Materials and methods
Study design and subjects

This study was approved by our Institutional Ethics Committee. All
study procedures were in accordance with the Statement of Human

and Animal Rights. Prior informed consent for inclusion in the study
was obtained from all patients or their legal representatives.

Between April 2013 and December 2018, 1008 patients under-
went both pharmacologic stress and at-rest dynamic SPECT
evaluation with a cardiac CZT camera at our hospital. The exclusion
criteria were as follows: (1) abnormal MPS results (4 < SSS); (2)
without coronary angiography (CAG) within 90 days of the SPECT
studies; (3) coronary artery bypass grafting (CABG); (4) non-
ischemic cardiomyopathy; (5) myocarditis; (6) cardiac amyloid-
osis; and (7) severe valvular heart disease. We excluded
867 patients based on the exclusion criteria (abnormal MPS, n
=603; without CAG within 90 days of the SPECT studies, n = 259;
history of CABG, n = 3; non-ischemic cardiomyopathy, n=1; and
myocarditis, n=1). Furthermore, 16 patients were excluded
because the dynamic image was not suitable for analysis for
technical reasons or because the patient moved during the
dynamic scan. Finally, we enrolled 125 patients (mean age
74.8 £ 7.7 years; 72 males) with both normal MPS results
(SSS < 3) and who had CAG within 90 days of the SPECT studies.
Although these cases were the results of normal MPS, the reasons
for doing CAG were as follows: Post percutaneous coronary
intervention (n =60), cause search of anginal pain (n=22), CAD
suspected by coronary CT angiography (CCTA) (n=15),
cause search of heart failure (n = 13), before large artery treatment
(n=7), severe coronary calcification (n=5), and ST depression
(n=3) (Fig. 1).

For each patient, the presence of clinical risk factors of CAD was
noted. The following categories were evaluated: male gender,
advanced age, body mass index (BMI), hypertension (defined as a
blood pressure 140/90 mmHg or the use of anti-hypertensive
medication), dyslipidemia [based on low-density lipoprotein
cholesterol (LDL-C)-, high-density lipoprotein cholesterol (HDL-
C)-, and triglyceride (TG) level or relevant medication], diabetes
mellitus (DM) [revealed by the hemoglobin Alc (HbA1c) level or
medication], chronic kidney disease (CKD) [based on the creatinine
level and estimated glomerular filtration rate (eGFR)], previous
myocardial infarction (MI), a smoking history (Brinkman index),
anemia (revealed by the hemoglobin level),cardiac dysfunction
[based on the brain natriuretic peptide (BNP) level], and left
ventricular ejection fraction (LVEF).

1008 consecutive patients

-Clinical pharmacologic dynamic SPECT

Exclusion:

> Abnormal MPS, 4 £ SSS (N = 603)
> Without CAG within 90 days of the SPECT studies (N = 259)

> History of CABG (N = 3)

> Non-ischemic cardiomyopathy (N = 1)
> Severe valvularheartdisease (N = 1)

> Myocarditis (N = 0)

> Cardiacamyloidosis (N =0)

> Technical reason or the patientmoved during the dynamicscan (N = 16)

125 patients (72 males)

-SSS < 3, CAG within 90 days of the SPECT studies

Reasons of CAG:
* PostPCI (N =60)

« Cause search of anginal pain (N = 22)
* CAD suspected by CCTA (N =15)

» Cause search of heartfailure (N = 13)
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« Severe coronary calcification (N = 5)

« ST depression (N = 3)

Fig. 1. Study design.

SPECT, single photon emission computed tomography; SSS, summed stress score; CAG, coronary angiography; CABG, coronary artery bypass grafting; PCI, percutaneous
coronary intervention; CAD, coronary artery disease; CCTA; coronary computed tomography angiography.
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SPECT imaging

MPS was performed using a CZT camera (Discovery NM530c, GE
Healthcare, Chicago, IL, USA). Imaging was performed with the
patient in the supine position with the arms placed over the head.
For MPS stress tests, pharmacologic vasodilator stress was induced
by intravenously injecting all patients with adenosine (0.12 mg/kg/
min for 6 min). At peak stress, a half dose (50-60 MBq) of the 2°'TI
chloride was injected into the right arm. The tracer was delivered
intravenously as a bolus, followed by a 40 ml saline flush over 20 s.
Dynamic imaging was performed under a 6-minute acquisition
protocol in list mode. Three-dimensional (3D) axial volumes (70 x
70 x 50 voxels, 4 x 4 x 4mm) were reconstructed from the
acquired raw data using maximum a posteriori-expectation
maximization. This generated 72 3D volumes integrating 5-sec
time frames in 360 s. Routine gated stress images were acquired
after dynamic imaging. Routine gated at-rest images were
obtained 3 h after the administration. For at-rest MPS tests, 30-
sec pre-scanning was performed to obtain the baseline images. The
half dose of the radiotracer was injected in a continuous fashion;
sequential dynamic images were recorded in the same manner as
the stress imaging. At-rest analysis was performed by subtracting
the baseline pre-scan images from the dynamic scans (Fig. 2).

Images were reformatted using Lister software on a Xeleris
workstation (GE Healthcare) and reconstructed with a dedicated
maximum penalized likelihood expectation maximization itera-
tive algorithm (Myovation for Alcyon, GE Healthcare). For left
ventricular function analysis, quantitative gated SPECT software
(Cedar-Sinai, Los Angeles, CA, USA) [19] was used.

SPECT images and quantitative analysis

Dynamic images in DICOM format were transferred to a
workstation by a MPR analysis tool (Cardiac FPEF) included in the
software package called AZE VirtualPlace Hayabusa version 6.1
(AZE, Ltd. Tokyo, Japan). The input function was typically obtained
from the results of left ventricular first-pass blood pool analysis.
Global segmentation of the left ventricle and determination of the
blood pool region was performed automatically. After the
reconstruction process, the automatically drawn volume of
interest (VOI) was shown on the reframed volume and aligned
with the global volume. The VOI-related time-activity curve (TAC)
was extracted by averaging the signal intensity in the VOI for each

201 T|-Cl (half dose) 201 TI-Cl (half dose)
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Fig. 2. Single photon emission computed tomography (SPECT) protocol.
Adenosine is infused intravenously and symptoms, blood pressure, and
electrocardiogram are monitored. After pre-dynamic image acquisition (30s), a
half dose (50-60 MBq) of 2°'TI- chloride is injected into the right arm. The tracer ss
delivered intravenously as a bolus, followed by a 40 ml saline flush over 20s.
Dynamic SPECT images are acquired for 6 min and conventional gated SPECT is
performed for 7 min. At-rest images are acquired 3 h later, conventional gated
SPECT is performed for 7 min. Subsequently, after pre-dynamic image acquisition
(30's), a half dose of 2°'Tl is injected intravenously and dynamic SPECT images are
acquired in the same manner as in stress imaging. At-rest analysis is performed by
subtracting the baseline pre-scan image from the dynamic scans.

time frame. The number of counts obtained was normalized to the
VOI size (mm?®) and the frame duration. The TAC was fitted to a
kinetic model using a weighted linear least-squares method to
estimate the radiotracer exchange rate and the spill-over
coefficients.

Global TAC was fitted to the single tissue compartment kinetic
model with input functions derived from factor analysis. K1 values
were calculated on stress- and at-rest images. Global MBF was
derived from the corresponding K1 values using the Renkin-Crone
equation for 2°'TI [20,21]. MBF value was obtained from the K1
value and corrected for the first-pass extraction fraction (EF) and
hematocrit (Hct) using the equation MBF = K1*/EF, where EF = 1-
0.57*¢ "9MBF and K1* =K1/(1-Hct) [22,23]. MPR was then
computed as a ratio of the stress to rest MBF values (MPR = stress
MBF/rest MBF).

Relative myocardial perfusion was also evaluated. Evaluation
was done using a representative system with the assistance of two
experienced nuclear medicine physicians. Images were assessed by
17-segment visual interpretation using a 5-point score and SSS,
summed rest score, and summed difference score values were
calculated. We derived the transient ischemic dilation (TID) ratio
from non-gated acquisitions.

Coronary angiography

Patients without intervening coronary events or interventional
procedures underwent invasive CAG within 90 days of the
dynamic-SPECT evaluation. Cine-angiograms of the coronary
arteries were obtained in multiple projections using a standard
technique. The angiographic criterion used to define the presence
of significant CAD was determined stenosis >50% in the left main
artery, >70% and/or fractional flow reserve (FFR) <0.8 in the left
anterior descending-, left circumflex-, or right coronary artery and
the main branching vessels.

Statistical analysis

Continuous variables were presented as the mean (standard
deviation). Categorical variables are the number of patients
followed by the percentage in parentheses.

To evaluate the independent predictors of diseased CAD,
continuous variables were compared in two groups (non-CAD
group vs. 1-, 2-, or 3-vessel CAD group) with the Mann-Whitney U
test. Categorical variables were compared using the chi-square
test. Multivariate forward stepwise regression analysis was
performed to evaluate the predictive ability of vessels diseased
with CAD. The optimal cut-off points of the significant predictive
indicator were obtained through receiver-operating characteristic
(ROC) analysis. Lower cut-off values were selected in the range
where sensitivity did not fall below 90%, upper cut-off values were
selected where specificity did not fall below 90%, and intermediate
values were selected at the peak Youden index. Diagnostic
accuracy was evaluated by calculating the sensitivity, specificity,
positive and negative predictive value (PPV and NPV). Values of p
less than 0.05 were considered statistically significant. All
statistical analyses were performed using SPSS (version 24.0.0,
SPSS Inc., Chicago, IL, USA).

Results

Data for all 125 enrolled patients are presented. A total of 47
(37.6%) patients showed no evidence of CAD, 40 (32.0%) had 1-, 24
(19.2%) 2-, and 14 (11.2%) had 3-vessel CAD. The mean MPR was
2.85 in patients without CAD, 2.47 in the presence of 1-,1.98 in 2-,
and 1,76 in 3-vessel CAD. The stress MFR was 1.62 ml/g/min in
patients without CAD, 1.54 in the presence of 1-, 1.27 in 2-, and
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Fig. 3. (a) At-rest myocardial blood flow (MBF), (b) Stress MBF, (¢) myocardial perfusion reserve (MPR) vs. extent of angiographic disease.

1.04 in 3-vessel CAD. The at-rest MFR was 0.58 ml/g/min in
patients with no coronary vessel disease, 0.63 in the presence of 1-,
0.66 in 2-, and 0.60 in 3-vessel CAD (Fig. 3).

The characteristics of two patient groups with and without CAD
are presented in Table 1. Age was significantly higher in patients
with CAD than in patients without CAD (non-CAD vs. CAD: 72.7 +
8.2vs.76.0 & 7.2, p = 0.02). The prevalence of DM was significantly
higher in patients with CAD (non-CAD vs. CAD: 28% vs. 53%, p =
0.005). The prevalence of CKD was significantly higher in patients
with CAD (non-CAD vs. CAD: 45% vs. 71%, p = 0.005). The stress
MBF was significantly lower in the presence of CAD (non-CAD vs.
CAD: 1.62 +£0.55 vs. 1.54 + 0.66 mL/g/min, p =0.019). MPR was
significantly lower in the presence of CAD (non-CAD vs. CAD:
2.85+0.73 vs. 247 +£0.53, p<0.001). Independent predictor
variables of the patients with CAD that remained in the
multivariate regression analysis were as follows: DM [[3 =3.35
(1.51-9.57), p=0.011], CKD [ =2.76 (1.03-6.14), p = 0.028], and
MPR [3 =0.23 (0.12-0.48), p < 0.001] (Table 2). Our formula for
calculating the combined index from three independent predictors
was: —0.04 -1.43 x MPR + 1.21 x DM (positive, 1; negative, 0)
+1.01 x CKD (positive, 1; negative, 0). ROC analysis of the MPR and
the combined index was performed to obtain the rea under the
receiver operating characteristic curve and determination of cut-
off points exhibiting difference between the following groups of
patients with CAD (for the MPR, non-CAD vs. CAD, AUC = 0.75, cut-

off point <2.66, p < 0.001; and for the combined index, non- CAD
vs. CAD, AUC = 0.81, cut-off point < —0.10). For MPR, sensitivity,
specificity, PPV, NPV, and accuracy were 77%,66%, 79%, 63%, and for
combined index, were 79%, 66%, 79%, and 66%, non- CAD group vs.
CAD group (Table 2).

Patients were classified by using the cut-off value of 3 indepen-
dent predictors of CAD patients with normal myocardial perfusion
SPECT (MPR, presence of CKD, and presence of DM). The total
number of patients with and without CAD and positive predictive
values are shown in Fig. 4 as is the number and percentage of
patients with CAD in each category.

Discussion

To our knowledge, this study is the first evaluation with respect
to the feasibility of quantifying the MBF and MPR using CZT-SPECT
with 29Tl to detect occult CAD considered to be the cause of
balanced ischemia. Patients enrolled were limited to cases within a
normal range of MPS (SSS < 3). The preliminary evidence obtained
suggests stress MBF and MPR are significant independent
predictors of CAD in parameters. Representative cases are
presented in Fig. 5. There was a significant stepwise reduction
in stress MBF and MPR as the extent of obstructive CAD increased.
The addition of combined indexes including MPR, DM, and CKD
further contributed. These results add new and important
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Table 1
Patient characteristics and single-photon emission computed tomography findings between the groups of patients with 0- and 1-3 vessel coronary artery diseases.
Non-CAD 1-, 2-, or 3-vessel CAD D
n=47 n=78 Univariate analysis multivariate analysis

Age 72.7+82 76.0+72 0.02 0.454
Gender /male 22 (47%) 50 (64%) 0.059

BMI 23.2+4.1 231432 0.856

Hypertension 34 (72 %) 64 (82 %) 0.223

Dyslipidemia 29 (62 %) 54 (69 %) 0.392

DM 13 (28 %) 41 (53 %) 0.005 0.003
CKD 21 (45%) 53 (71 %) 0.005 0.037
Previous MI 6 (13 %) 8 (20 %) 0.773

Brinkman index 264 +430 559+777 0.476

Hemoglobin 12.6+2.0 119+ 1.6 0.065

TG 117 £ 59 129+ 66 0.303

HDL-Cholesterol 53+17 50+13 0.287

LDL-Cholesterol 94 +30 87 +31 0.207

Hemoglobin Alc 6.1+0.8 6.5+1.2 0.117

Creatinine 1.28 +1.27 2.02+2.95 0.053

Estimated GFR 56 +24 49+25 0.119

BNP 185 £ 396 148 +296 0.553

LVEF 60+17 61+12 0.952

TID 113+0.14 115+0.11 0.409

Stress MBF 1.62 +£0.55 1.37+0.58 0.019 0.826
Rest MBF 0.58+0.18 0.63+0.25 0.213

MPR 2.85+0.73 2.19+0.59 <0.001 <0.001

BMI, body mass index; CAD, coronary artery disease; DM, diabetes mellitus; CKD, chronic kidney disease; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; MI, myocardial infarction; TG, triglyceride; GFR, glomerular filtration rate; BNP, brain natriuretic peptide; LVEF, left ventricular ejection fraction;
TID, transient ischemic dilatation; MBF, myocardial blood flow; MPR, myocardial perfusion reserve.

Table 2

Diagnostic accuracy of MPR and combined index in the prediction of coronary artery disease at different thresholds.

Predictor Threshold Parameter Cut-off value TP FP FN TN Sensitivity (%) Specificity (%) PPV (%) NPV (%) Youden index
MPR Sensitivity 90% 2.95 70 25 8 22 90 47 74 73 0.366
Peak Youden 2.66 60 16 18 31 77 66 79 63 0.429
Specificity 90% 1.8 24 5 54 42 31 89 83 44 0.201
Combined index Sensitivity 90% 0.43 70 23 8 24 90 51 75 75 0.408
Peak Youden 0.52 62 16 16 31 79 66 79 66 0.454
Specificity 90% 0.75 41 5 37 42 53 89 89 53 0.419

MPR, myocardial perfusion reserve; FN, false-negative; FP, false-positive; NPV, negative predictive value; PPV, positive predictive value; TN, true-negative; TP, true-

positive.

information to the findings obtained with conventional SPECT
studies on patients with known or suspected CAD.

201T]-Cl is a widely used myocardial perfusion tracer. However,
the radiation exposure is greater with 2°'Tl than %°™Tc tracers; the
average radiation exposure per study reported by the International
Commission on Radiological Protection was 15.5 mSv [24].
Therefore, we used only half of the 2°'Tl dose that is usually
administered for at-rest and stress tests. Even with low radiotracer
doses, the high sensitivity and high resolution of the CZT camera
yields high-quality images. 2°'Tl is considered ideal for the
quantification of absolute MBF because of its high first-pass
extraction fraction and large distribution volume [21,22]. Because
the results of °*™Tc tracers showed the expected reduction in the
measured K1 values at a higher blood flow [25], 2°'Tl for the
quantitative assessment was selected for this study.

Balanced myocardial ischemia due to CAD, particularly multi-
vessel CAD or microvascular dysfunction in patients with
suspected ischemic heart disease poses a diagnostic dilemma
for the nuclear medicine physician. Injection of radiotracers in
patients with relatively balanced ischemia may result in a
homogenous distribution in the myocardium and lead to an
underestimation of the severity of ischemia and return false-
normal findings. Murthy et al. [9] showed that a decreased flow
reserve on PET imaging was a powerful independent predictor of

cardiac mortality, possibly because MPR and stress MBF measure-
ments are deeply related to disease severity. Furthermore,
quantitative estimates of MPR obtained can be useful in identifying
balanced ischemia. Ziadi et al. concluded the integration of
quantitative flow analysis could help to improve the detection
of 3-vessel CAD to relative MPI. In 88% of their patients with severe
3-vessel CAD, MPR was globally reduced (<2) [26]. Fiechter et al.
evaluated the added diagnostic value of MFR on *N-ammonia PET/
CT to predict angiographic CAD and showed that 33% of patients
with normal MPI findings were correctly reclassified as having
abnormal findings when MFR information was added [27]. Naya
et al. reported the largest angiographic study of the interaction
between quantitative CFR and extent and severity of CAD. They
found that normal CFR has a high negative predictive value (97%)
for excluding high-risk CAD on angiography [28]. However,
considering the widespread clinical use of PET due to higher costs
and more complicated procedures, MPS remains the clinical
standard for assessing ischemia. Advances in nuclear cardiology
due to the dedicated ultra-fast cardiac cameras has provided high-
quality, high-resolution, and high-diagnostic myocardial images
[29,30] and facilitated tomographic dynamic acquisition with the
theoretical possibility of investigating radiotracer kinetics in vivo.
Use of CZT cameras enables estimation of MPR [31]. Clinical studies
found a good correlation between the global MPR and the severity
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Fig. 4. Decision tree using independent predictors of coronary artery disease (CAD), diabetes mellitus (DM), and chronic kidney disease (CKD).
Using the cut-off value of 2.66 of the myocardial perfusion reserve (MPR) and with or without DM and CKD, patients with normal myocardial perfusion SEPCT (MPS) were
classified into groups. Percentages in boxes represent the proportion of patients with CAD in each group. Percentages in circle graphs is the proportion of extent of

angiographic disease within each group.

of CAD, expressed as the stress total perfusion deficit [16]. The
global and regional MPR was also predictive of the extent of CAD
[32] and agreed with the FFR measurements on invasive
angiographs [3]. We previously reported that MPR using a CZT
camera can identify balanced ischemia in patients with a left main
or 3-vessel disease [17]. However, no studies have been reported
on PET evaluations to detect the unnoticed CAD by quantifying the
MBEF in patients limited to those with normal MPS findings.

As to the 125 patients with normal MPS findings who
underwent CAG, age, DM, and CKD, stress MBF, and MPR were
significant independent predictors of the occult CAD. Subsequent
multivariate forward stepwise regression analysis indicated that
MPR and presence of DM and CKD were independent predictors
and a formula to calculate the combined index from these
predictors was established. Both the combined index and MPR
were documented as accurate indicators for diagnosing occult CAD
at an AUC of 0.81 and 0.75, respectively. As shown in Table 2 and
Fig. 4, when evaluated even with MPR alone, the sensitivity for a
diagnosis of CAD was 77% with a cut-off value of <2.66 and that of
2- or 3- vessel CAD was 95%. Remarkably, detection of CAD proved
impossible in 77% of the patients diagnosed as being within the
normal range by the conventional examination, despite the fact
that they had those lesions. In addition, PPV is not as high as 79%,
because MPR decline is not always restricted to epicardial CAD. In
CAD, epicardial coronary artery lesions accompanied by diffusely
expanded arteriosclerosis without localized stenosis and micro-
circulation disturbance are also considered as relevant factors.
Whereas, it has been reported that in clinical examinations,
anemia [33,34], CKD [33], DM [35,36], hypo HDL-cholesterolemia
[37], reduction of LVEF, increase of BNP [38-40], etc. affect
microcirculation disorders of coronary vessels and consequently
MPR and CFR can be decreased. These observations indicate MPR is

not a specific indicator for the detection of epicardial CAD.
Therefore, evaluation of CAD using CCTA is recommended if the
MPR value is low in patients with normal MPS. Lacking obvious
CAD, MPR reduction suggests a microcirculatory impairment due
to some other factors, as well as encourage medical treatment for
risk factors. NPV was also not as high as 63% using MPR alone
(Table 2).However, in cases limited to multi-vessel CAD, NPV rises
to 96%, if MPR is 2.66 or more (Fig. 4). This result might be
indicating that if the diagnosis by conventional MPS is normal and
the MPR value is also normal, the possibility of multi-vessel CAD is
considerably low.Fig. 4 shows the effective utilization of MPS when
quantification of MBF is applied.

Table 3 summarizes clinical risk factors, MBF quantitative
values, and CAD in a high- and a low-risk subgroup. In cases with
MPR > 2.66 and without DM and CKD, because the frequency with
CAD s as low as 14%, moreover all CAD are 1-vessel disease, and the
average value of other CAD risk factors is also in the normal range,
optimal medical therapy is considered to be sufficient. Whereas
high-risk subgroup patients with MPR < 2.66 and with DM and/or
CKD has CAD at 83% and since the decrease of LVEF and the BNP rise
are seen as a tendency of heart failure, optical medical therapy
alone is insufficient, and it is also necessary to consider precise
examinations of CAD through CCTA or CAG.

This study has some limitations. First, in the 47 patients without
CAD, values for the MPR (2.85 + 0.73) in Table 2 were lower than in
the PET study reported by Sdringola et al. [41]. The adenosine dose
(0.12 mg/kg/min) authorized for use in Japan is lower than the
generally-administered dose of 0.14 mg/kg/min and may not have
induced the highest hyperemic state. Secondly, because the novel
semiconductor dedicated SPECT camera used cannot perform
attenuation correction, the presence of attenuation artifacts might
have resulted in underestimating the K1 values and MBF due to a
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Fig. 5. Representative cases. Upper panels are myocardial perfusion SPECT (MPS) images. Lower panels are time activity curves for quantitative MPS. Yellow lines show the left
ventricular blood pool curves as input functions and white lines show the left ventricular myocardium curves as output functions. (A) 74-year-old man without significant
stenosis on coronary angiography. (B) Image obtained from a 48- year-old man with 3-vessel stenosis on coronary angiography (left anterior descending artery segment 7,
75%; left circumflex artery segment 11, 75%; segment 13, 75%; right coronary artery segment 3, 75%], chronic kidney disease and diabetes mellitus. Both A and B show a normal
range of the summed stress score. However, myocardial perfusion reserve (MPR) and myocardial blood flow (MBF) in case B show low value of 1.72 and 0.91 against 2.86 and
1.86 in case A, respectively.
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change in the TAC amplitude. Thirdly, regional MPR in the
17 segments was not assessed because, to calculate the MBF in
such models, the detected counts were not sufficiently high for
drawing a TAC, and a curve based on insufficient counts increases

the likelihood of measurement errors. Accurate regional MBF
analysis is difficult because attenuation-, spillover-, or motion
artifacts vary in different areas. Therefore, using the whole LV
rather than regional MPR was the criterion of choice for evaluation



408 S. Shiraishi et al./Journal of Cardiology 75 (2020) 400-409

Table 3
Difference between CAD risk groups based on presence of diabetes mellitus or chronic kidney disease and MPR.
Low-risk group (n=14) High-risk group (n=65) p

Age 68.1+9.7 76.5+6.2 0.007
Gender (male) 7 (50%) 41 (63%) 0.37
BMI 243+3.6 23.0+34 0.236
Hypertension 10 (71 %) 49 (77 %) 0.667
Dyslipidemia 9 (64 %) 43 (66 %) 0.895
DM 0(0 %) 35 (54 %) <0.001
CKD 0 (0%) 51 (78 %) <0.001
Previous MI 0 (0 %) 8 (11 %) 0.001
Brinkman index 189+314 522 +818 0.104
Hemoglobin 13.3+14 11.7£1.9 0.004
TG 151 £69 123 +56 0.104
HDL-C 57 +17 50+13 0.093
LDL-C 95433 85+329 0.283
Hemoglobin Alc 6.1 £0.6 6.4+0.8 0.283
Creatinine 0.7+0.1 24+3.2 <0.001
Estimated GFR 7511 44+25 <0.001
BNP 51477 246 4445 0.002
LVEF 6649 59+15 0.022
TID 116 +0.09 114+0.14 0.49
Stress MBF 2.03+0.51 1.22+0.54 <0.001
Rest MBF 0.63+£0.17 0.63+0.27 0.931
MPR 3.28+0.49 1.94+041 <0.001
Presence of CAD 2 (14%) 54 (83%) <0.001
0-vessel CAD 12 (86%) 11 (17%) <0.001
1-vessel CAD 2 (14%) 21 (32%) 0.125
2-vessel CAD 0 (0%) 20 (31%) <0.001
3-vessel CAD 0 (0%) 13 (20%) <0.001

BMI, body mass index; CAD, coronary artery disease; DM, diabetes mellitus; CKD, chronic kidney disease; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; MI, myocardial infarction; TG, triglyceride; GFR, glomerular filtration rate; BNP, brain natriuretic peptide; LVEF, left ventricular ejection fraction;
TID, transient ischemic dilatation; MBF, myocardial blood flow; MPR, myocardial perfusion reserve.

in this study. Fourthly, motion correction was not performed.
Efforts are underway in our laboratory to develop appropriate
software to address these issues. Lastly, this analysis was applied
for quite limited patients and it is uncertain whether this result is
able to apply for the diagnosis of CAD patients in general clinical
setting. Therefore, we would like to consider a prospective study
using the cut-off value derived from this study.

Conclusion

This is the first study to evaluate detectability of CAD by the
quantification of absolute myocardial perfusion using a dedicated
cardiac CZT camera in limited cases judged to be within the normal
range on conventional MPS. The simple quantitative analysis may
be useful to identify balanced ischemia caused by latent CAD.
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