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Background: Microvascular dysfunction in patients with non-obstructive epicardial coronary may aggravate patient’s symptoms or
lead to various clinical events.

Objective: To investigate the correlation between dynamic single photon emission computed tomography (D-SPECT) derived
coronary flow reserve (CFR) and TIMI frame count (TFC) in patients with non-obstructive epicardial coronary patients.

Methods: Patients with suspected or known stable CAD who were recommended to undergo invasive coronary angiography were
prospectively enrolled in this study. Those who had non-obstructive coronary received TIMI frame count (TFC) and D-SPECT. A cut-
off value of >40 was defined as slow flow referred to TFC.

Results: A total of 47 patients diagnosed with non-obstructive coronary were enrolled. The mean age of patients was 66.09 + 8.36
years, and 46.8% were male. Dynamic SPECT derived coronary flow reserve (CFR) was significantly correlated with TIMI frame
count in 3 epicardial coronary (LAD: r=—0.506, P = 0.0003; LCX: = —0.532, P = 0.0001; RCA: r= —0.657, P < 0.0001). The
sensitivity and specificity of CFR in identifying abnormal TIMI frame count < 40 was 100.0% and 57.6% in LAD, 62.5% and 87.0%
in LCX, 83.9% and 75.0% in RCA, respectively. The optimal CFR cut-off values were 2.02, 2.47, and 1.96 among the three vessels.
Conclusion: In patients with non-obstructive coronary, CFR derived from D-SPECT was strongly correlated with TFC. This study
demonstrates that that CFR may be an alternative non-invasive method for identifying slow flow in non-obstructive coronary.
Keywords: dynamic single photon emission computed tomography, thrombolysis in myocardial infarction frame count, slow flow,
non-obstructive coronary, coronary flow reserve

Introduction

Coronary artery disease (CAD) is the main cause of death worldwide. In most CAD patients, invasive angiography shows
significant obstruction (>70%) in the epicardial coronary system.' In recent years, studies have shown that coronary
microvascular disease is the major cause of CAD with non-obstructive epicardial coronary or normal coronary artery as
determined by angiography.>* Although coronary microvascular dysfunction has significant clinical and prognostic
implications, there is no effective diagnostic tool.”

In the past decades, thrombolysis in myocardial infarction (TIMI) flow grade system has been widely applied in
assessment of blood flow within the epicardial coronary system.”” Generally, TIMI1-2 flow indicates microvascular
resistance from the side where the epicardial coronary artery has not narrowed significantly. However, TIMI flow grade
system (TFG) only provides semi-quantitative or categorical variables rather than continuous ones, which limits its

statistical power in clinical trials. In contrast, TIMI Frame Count (TFC) allows quantitative assessment of the number of
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cine-frames required for contrast to reach standardized distal landmarks.'® The ideal cut off value of TFC in defining
TIMI 3 flow was found to be 40. It therefore allows physicians to diagnose a microvascular dysfunction in epicardial
coronary by TFC under angiography.'' "

Positron emission tomography (PET) has been considered the gold standard non-invasive imaging examination tool
for myocardial perfusion imaging (MPI).'* However, it is not widely available in many centers due to the high costs of
the tracer. In contrast to PET, single-photon emission computed tomography (SPECT) is less expensive and readily
available. In recent years, cardiac SPECT systems equipped with stationary solid-state cadmium-zinc-telluride (CZT)
detectors with improved sensitivity, spatial and energy resolution have been developed for myocardial flow
determination.®'>'® Myocardial blood flow (MBF) and myocardial flow reserve (MFR) provides more accurate assess-
ment of microvascular disease than visual assessment or semi-quantitative perfusion evaluation. However, CFR derived
from D-SPECT and CFR derived from fractional flow reserve (FFR) were found to be correlated in multivessel coronary
disease.'”'® The performance of D-SPECT and other clinical diagnostic methods in functional assessment of non-
obstructive coronary disease is currently not well understood."®

In this study, we aimed to investigate the relationship between CFR quantification by D-SPECT and TFC based on
angiography in non-obstructive coronary disease. Moreover, we investigated the diagnostic cut off value by D-SPECT in
the visual assessment of blood flow in different epicardial coronary systems.

Materials and Methods
Study Design and Objectives

A total 236 patients with suspected coronary disease who underwent invasive coronary angiography (CAG) were
prospectively screened between April 2021 and November 2022. Among them, 147 patients underwent percutaneous
intervention after CAG. In addition, 47 of the 89 remaining patients without obstructive stenosis (angiography stenosis <
30%) in any epicardial coronary vessel were enrolled (Figure 1). TIMI frame count (TFC) and 99mTesestamibi (MIBI)
SPECT imaging were performed within 3 days before or after invasive CAG. The exclusion criteria were as follows: (1)
>50% stenosis in any coronary artery at invasive CAG, (2) patients who could not afford D-SPECT examination, (3) had
a history of myocardial infarction, (4) nonischemic cardiomyopathy, (5) PCI or coronary artery bypass grafting (CABG),
and (6) left ventricular ejection fraction < 35%.

236 patients suspected CAD with
symptom of chest pain Excluded (n=189)

- Underwent PCI (n=147)
- Any epicardial coronary
stenosis > 30% (n=42)

47 patients diagnosed as non-
obstructive coronary were enrolled

Y

CZT D-SPECT were performed in
all patients

A4

Correlation of CZT D-SPECT
derived CFR and TFC was analyzed

Figure | Flowchart of the study population.
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Data Collection

TIMI Frame Count

TIMI frame count was performed within 3 days after CAG. Clinically, the first frame in the TIMI frame count is defined
by a column of contrast extending across >70% of the arterial lumen with antegrade motion. The last frame counted is
that in which the contrast enters (but not necessarily fills) a distal landmark. These main landmarks are as follows: the
first branch of posterolateral artery in the right coronary artery; the distal branch of the lateral left ventricular wall artery
farthest from the coronary ostium in the circumflex system; and the distal bifurcation known as the “whale’s tail” in the
left anterior descending artery.’

In this study, TFC for the left anterior descending (LAD) was evaluated in the right anterior oblique projection with
cranial angulation (RAO cranial view). The TFC for the circumflex (LCX) arteries was examined in the right anterior
oblique projection with caudal angulation (RAO caudal view) and the TFC for the right coronary artery (RCA) in a left
anterior oblique projection with cranial angulation (LAO cranial view). In addition, conversion factors of 3.0 and 2.0
were used to convert the frame rate values when filmed at 10 f/s and 15 f/s, respectively, to adjust for the 30 f/s
acquisition speed. The cut-off value of TFC in determining coronary slow flow was >40 (Figure 2).’

Dynamic Perfusion SPECT Imaging and Analysis

SPECT imaging was performed using a previously published protocol. All image acquisitions were performed using
a D-SPECT cardiac scanner (Spectrum Dynamics, Caesarea, Israel) equipped with nine individual Cadmium-zinc-
telluride (CZT) detector columns. A one-day protocol was adopted to assess MBF and coronary flow reserve (CFR).
According to the guideline published by Chinese expert in 2022, pre-scanning was performed after administration of an
initial dose of approximately 1 mCi MIBI to enable positioning of the heart in the center of the field of view and
establishment of the scanning region of interest (ROI). Full scanning was started immediately after injection of the
remaining dose of approximately 15 mCi MIBI, and dynamic images were acquired in the list mode for over 6 minutes.
After the rest dynamic scanning, rest perfusion scanning was performed. To conduct stress imaging, pharmacological
stress was induced through an intravenous infusion of adenosine triphosphate (ATP) disodium at a rate of
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Figure 2 Correlation between regional CFR and TFC in different coronary artery. (a—c) Correlation between CFR and TFC in LAD (r=—0.506, P=0.0003), LCX (r=—0.532,
P=0.0001) and RCA (r=—0.657, P<0.0001). (d—f) AUC of sensitivity and specificity in LAD, LCX and RCA. Data showed that regional CFR was significantly negatively
correlated with TFC in all 3 epicardial coronary arteries.
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140pg*kg "*min~' for 5 minutes, and 25 mCi MIBI was injected 3 minutes later from the start of ATP injection.
Dynamic image acquisition was then performed for more than 6 minutes. Finally, stress perfusion scanning was carried
out (Figure 2).2%%!

Images were analyzed using the Corridor 4DM software (INVIA, Ann Arbor, MI, USA). MBF was extrapolated from
the uptake rate K1 using the Renkin—Crone equation for MIBI reported previously. CFR was then calculated as the ratio

of stress MBF to the rest MBF.

Statistical Analysis

Continuous variables were expressed as the mean plus SD or median and interquartile range. Categorical variables were
expressed as rates with percentages (%). Pearson correlation analysis was conducted to determine the relationship
between CFR derived from D-SPECT and TFC. A receiver operating characteristic (ROC) curve analysis was con-
structed to evaluate the accuracy of CFR in detecting coronary slow flow based on TFC. A 2-tailed P<0.05 was
considered statistically significant. All statistical analyses were performed using the IBM SPSS version 22.0 (IBM
Statistics, Armonk, NY).

Results

Patients Characteristics

A total of 47 patients with non-obstructive stenosis under CAG were enrolled. The baseline clinical data of the patients
are summarized in Table 1. The mean age of the patients was 66.09 + 8.36 years old, 22 (46.8%) were male, and the
mean body mass index was 24.61 + 2.97 kg*m 2. In terms of risk factors of coronary disease, 32 patients (68.1%) had
hypertension, 5 (10.6%) had dyslipidemia, 10 (21.3%) had diabetes mellitus, and 10 (21.3%) were current smokers. Left
ventricular ejection fraction (LVEF) was 63.89 + 2.39 and 45 patients (95.7%) had right coronary dominance (Table 1).

D-SPECT and TFC Data

None of the patients developed complications after ATP or contrast infusion or during the procedure. Table 2 displays the
description of MBF, CFR and TFC by different epicardial coronary vessels (LAD, LCX and RCA). The results showed

Table | Baseline Characteristics of Patients

Characteristics Value
Age, years 66.09+8.36
Male, n (%) 22 (46.8)
Systolic blood pressure, mmHg) 131.72+18.70
Diastolic blood pressure, (mmHg) 72.13%13.46
Heart rate, (bpm) 75.23+941
BMI, (kg¥m %) 24.61£2.97
Smoking, n (%) 10 (21.3)
Hypertension, n (%) 32 (68.1)
Diabetes mellitus, n (%) 10 (21.3)
Dyslipidemia, n (%) 5 (10.6)
Atrial fibrillation, n (%) 2 (4.3)
Serum creatinine, (umol/L) 76.20+20.18
eGFR, (mL*min"'/1.73 mm?) 83.63+17.35
Cholesterol, (mmol/L) 4.24+0.81
Triglyceride, (mmol/L) 1.85+1.10
LDL-C, (mmol/L) 2.36+0.71
HDL, (mmol/L) 1.30+0.37
BNP, (pg/mL) 48.40+30.62
LVEF (%) 63.89+2.39
Right coronary dominance, n (%) 45 (95.7)
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Table 2 D-SPECT and TFC Data in Epicardial Coronary

LAD LcX RCA

Total (n=47) | TFC<40 (n=12) | TFC>40 (n=35) | P value | Total (n=47) | TFC<40 (n=21) | TFC>40 (n=26) | P value | Total (n=47) | TFC<40 (n=29) | TFC=40 (n=18) | P value
MBF (Rest) 1.56+1.05 0.95+0.31 1.77+1.14 0.019 1.71£0.98 1.28+0.64 2.06+1.08 0.005 1.51+0.93 1.14£0.38 2.11£1.22 <0.001
MBF (Stress) |  2.5940.79 2.50+0.60 3.11+0.79 0.019 329091 3224098 3.36+0.87 0616 3.10£091 3.02+0.74 3.25+1.14 0399
CFR 2.17+0.78 2.72+0.49 1.98+0.78 0.003 2.24+0.95 2.78+0.91 1.800.74 <0.001 2.35£0.92 2.79+0.78 1.64+0.65 <0.00!
TFC 50.47£16.61 34.00£4.97 56.11£15.39 <0.001 | 40.89+10.08 32.48+3.63 47.691831 <0001 | 36.89£1139 29.7945.1 | 48.3319.13 <0.001
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Figure 3 TIMI frame count and D-SPECT image. Arrow: Distal landmark. The area under the ROC curve of CFR in all 3 vessels was larger than that of stress MBF in the
diagnosis of slow flow.

that regional CFR in all 3 different vessels was significantly lower in slow flow vessels based on TFC (LAD: 1.98 + 0.78
vs 2.72 + 0.49, P = 0.003; LCX: 1.80 £ 0.74 vs 2.78 = 0.91, P < 0.001; RCA: 1.64 + 0.65 vs 2.79 + 0.78, P < 0.001).

Correlation of CFR with TFC in Different Epicardial Coronary Artery

The results of the correlation analysis between CFR and TFC are shown in Figure 2. Data showed that regional CFR was
significantly negatively correlated with TFC in all 3 epicardial coronary arteries (LAD: » =—0.506, P = 0.0003; LCX: r =
—0.532, P = 0.0001; RCA: » = —0.657, P < 0.0001). The sensitivity and specificity for CFR were 100.0% and 57.0% in
LAD with a ROC-optimized cutoff value of 2.04, 90.5% and 65.4% in LCX with a ROC-optimized cutoff value of 1.92,
76.0% and 89.0% in RCA with a ROC-optimized cutoff value of 2.17, respectively. The area under the ROC curve of
CFR in all 3 vessels was larger than that of stress MBF in the diagnosis of slow flow (Figure 3).

Discussion
In this study, we performed a prospective trial to evaluate the diagnostic performance of CFR derived from D-SPECT in
comparison with that of TFC in patients with non-obstructive coronary. The main findings of our study are as follows: 1)
CFR derived from D-SPECT was moderately correlated with TFC derived from angiography, demonstrating that CFR
derived from D-SPECT is a good non-invasive method for assessing blood flow in non-obstructive coronary patients. 2)
The cut off value of CFR derived from D-SPECT varied across different coronary vessels. These results may provide
valuable data to improve the diagnosis of blood flow in different regions of the heart. Moreover, CFR showed better
performance compared to stress MBF in the diagnosis of slow flow in the three coronary regions suggesting regional
microvascular dysfunction.

PET with *O-water and '*N-ammonia and ®°Rb are the gold standard tools for MBF and MFR assessment.*?
However, the widespread application of PET is limited by its high costs. In contrast to PET, SPECT is less expensive and
readily available. Agostini et al reported that MBF and MFR derived from CZT D-SPECT with motion correction and
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optimal placement of the arterial input function showed good agreement with '’O-water PET.>® In previous studies,
a negative correlation was reported between MFR and global indexes of atherosclerotic burden such as the Syntax (r =
0.360, P = 0.006) and Gensini (r = - 0.345, P = 0.037) score in multi-vessel disease.'®** Current data shows that CZT
D-SPECT provides accurate assessment of MBF and MFR compared with semi-quantitative MPI. However, the
diagnostic value of quantitative indexes differs among non-obstructive CAD patients.'® Che et al reported that 33.2%
of non-obstructive patients had abnormal D-SPECT MPI, but had a poor prognosis similar to patients with obstructive
condition.”> The TFC method was introduced in the early 1990s for assessing coronary artery blood flow. In patients
undergoing primary PCI, TFC is considered an important predictive indicator of regional left ventricular function.
Moreover, TEC can be utilized to evaluate microvascular dysfunction in patients with microvascular angina.*® Sun et al
showed that TFC was significantly increased in patients with microvascular spasm. This study demonstrates that TFC is
a simple technique suitable for the diagnosis of microvascular spasm.'® Elsewhere, TEC was found to be strongly
correlated with IMR derived from FFR in patients with coronary microvascular disease.?” Kayapinar et al reported that
coronary slow flow (CSF) may have a poorer prognosis compared with Cardiac syndrome X (CSX) in non-obstructive
patients. They also found that the level of myocardial ischemia on SPECT-MPI was correlated with TFC and the number
of affected coronary vessels in patients with CSF.® In the present study, CZT D-SPECT was used to evaluate MBF in
patients with non-obstructive coronary. CFR is equal to the ratio of regional stress to rest MBF. Further analysis revealed
a negative correlation between regional CFR and TFC in different coronaries. These data proved that CFR derived from
CZT D-SPECT may be a more effective noninvasive method for evaluating blood flow in the coronary artery compared
with TFC.

TIMI grade flow indicates the blood flow in the coronary vessels, especially after primary PCI in patients with acute
myocardial infarction. A lower TIMI grade score suggests a poor prognosis.® In non-obstructive coronary patients, TIMI
grade flow <3 (TFC > 40) indicated slow blood flow. Studies have shown that improved TIMI grade flow may be
independently associated with a better prognosis in PCI patients.'"'* However, the relationship between TIMI grade flow
and prognosis in non-obstructive coronary patients has only been demonstrated in few studies. A TIMI grade <3 was
considered an indicator of microvascular dysfunction. In this study, we found that CFR derived from CZT D-SPECT had
a good sensitivity and specificity in distinguishing slow blood flow based on the cut off value 40 of TFC. Moreover, we
also found that CFR had a significantly better performance in diagnosing slow flow compared with stressed MFR in
patients with non-obstructive coronary disease. This was consistent to findings from the study by Li which assessed the
value of CFR derived from CZT D-SPECT in single vessel disease.”” The normal value of CFR highly depends on the
technique used for quantification, but most publications consider CFR<2.0 to be sufficiently abnormal to cause
ischemia.’®>? In our study, different cut off values were obtained in three different epicardial coronary regions.
Therefore, in non-obstructive coronary patients, regional CFR derived from CZT D-SPECT may provide a more precise
diagnosis.

Limitation

There are several limitations in this study should be considered when interpreting our results. Firstly, this is a single
center small sample study. Therefore, the sample size may cause some bias although CFR derived from CZT D-SPECT
was found to be significantly correlated with TFC. Moreover, subgroup analysis was not performed due to the small
sample size. Secondly, we did not assess CFR derived from FFR or CMR in these patients. Although two physicians
conducted the TFC analysis, there may be some level of bias compared with the use of gold standard CFR derived from
FFR and CMR. Finally, the prognostic value was not tested in this study. Further studies with larger samples and
including gold standard analyses and long-term follow up are needed.

Conclusion

In summary, CFR derived from CZT D-SPECT may provide a more accurate correlation with TFC in non-obstructive
coronary patients. It can therefore be used an optimal non-invasive method for evaluating the microvascular function in
patients with non-obstructive coronary disease.
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