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A B S T R A C T   

(a) Background: Technological advancement in the recent years has enabled the application of 
single photon emission tomography (SPECT) to evaluate myocardial blood flow (MBF). This 
method offers increased sensitivity in the assessment of coronary health, quantifiable through 
non-invasive imaging beyond the more conventional methods such as with myocardial perfusion 
imaging (MPI). 
(b) Aims: To correlate MBF, derived by dynamic SPECT, both global and by coronary territories to 
the summed stress scores (SSS) on conventional MPI. 
(c) Methods: Images obtained from dipyridamole-gated SPECT MPI stress and rest studies per-
formed on recruited subjects were examined. We calculated the global and regional coronary flow 
reserve (CFR) via a standard software package, taken as the ratio of stress MBF to rest MBF, using 
CFR<2.5 as the cut off. 
(d) Results: Amongst the 90 recruited subjects (mean age 67 ± 8 years; of which 76% were males), 
49% had MPI within normal limits (summed stress score (SSS) 0–3; Left ventricular ejection 
fraction (LVEF) > 50%). We observed a progressive reduction in global and regional CFR across 
the normal SSS category to that of severely abnormal (SSS >13). Reduced global CFR with 
correspondent lower CFR across the regional arteries were detected in scans within normal limits 
of MPI scans in subjects who were older (69 ± 7 vs. 62 ± 9 years, p = 0.034). Decreasing CFR was 
significantly associated with increasing age across the regional arteries. 
(e) Conclusion: In our study we depict the global and regional MBF values obtained via SPECT MPI 
in correlation to the respective SSS categories. Our data proposes that dynamic SPECT has a part 
in refining cardiac risk stratification, particularly in the older adult population, who are at greater 
risk.   

* Corresponding author. National Heart Centre Singapore, 5 Hospital Drive, Singapore 169609. 
E-mail address: angela.koh.s.m@singhealth.com.sg (A.S. Koh).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e29629 
Received 18 December 2023; Received in revised form 21 March 2024; Accepted 11 April 2024   

mailto:angela.koh.s.m@singhealth.com.sg
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e29629
https://doi.org/10.1016/j.heliyon.2024.e29629
https://doi.org/10.1016/j.heliyon.2024.e29629
http://creativecommons.org/licenses/by-nc/4.0/


Heliyon 10 (2024) e29629

2

1. Introduction 

Coronary flow reserve (CFR) is derived from the ratio of myocardial blood flow (MBF) in a state of maximal hyperaemia to that of a 
state of rest. This is a representation of the functional capacity of the myocardial circulation, a quantitative measure of the severity and 
haemodynamic significance of coronary artery disease. It has, in recent years, been incorporated into national guidelines [1,2] as part 
of ischaemia assessment and risk stratification. CFR can be obtained through various non-invasive and invasive modalities of cardiac 
testing, however is not yet routine or widely used in clinical practice. 

In the recent years, it has become evident that CFR is a valuable tool for prognostication in cardiovascular health. Kelshiker et al.’s 
meta-analysis underscores that reduced CFR is strongly linked to an elevated risk of all-cause mortality and major adverse cardio-
vascular events (MACE) [3]. This is supported by multiple studies on CFR derived by positron emission tomography (PET) in patients 
[4,5], establishing CFR as an independent predictor of cardiac mortality and MACE. Bajaj et al.’s research revealed that CFR is not only 
independently associated with increased body mass index (BMI) and adverse outcomes, but also serves as a superior discriminator of 
risk compared to BMI and traditional risk factors such as age, sex, hypertension [6]. Furthermore, the correlation between CFR and 
cardiovascular health can be observed even in individuals without overt coronary artery disease. Taqueti et al. demonstrated that 
reduced CFR was independently associated with minimally elevated troponin and MACE [7], diastolic dysfunction and hospitalization 
of patients with heart failure [8]. 

Technological advancement in the recent years has enabled the application of single photon emission tomography (SPECT) to 
evaluate myocardial blood flow (MBF). This method offers increased sensitivity in the assessment of coronary health, quantifiable 
through non-invasive imaging beyond the more conventional methods such as with myocardial perfusion imaging (MPI), such as 
through the conventional grading with the summed stress scores (SSS). In this study, we correlate MBF, quantified in absolute numbers 
by dynamic SPECT, both global and by coronary territory to SSS on conventional MPI. 

2. Materials and methods 

Images obtained from dipyridamole-gated SPECT MPI stress and rest studies performed on recruited subjects were examined. We 
calculated the global and regional coronary flow reserve (CFR) via a standard software package, taken as the ratio of stress MBF to rest 
MBF. The regional territories studied were the left anterior descending (LAD), left circumflex (LCX), right coronary artery (RCA). The 
threshold of CFR <2.5 was taken to be abnormal [9]. The inclusion criteria included all patients who were referred by cardiologists for 
clinically indicated SPECT MPI. The exclusion criteria included patients with contraindications to dipyridamole. 

SPECT MPI list-mode acquisition was performed on a single dedicated Cadmium Zinc Telluride (CZT SPECT camera (Spectrum 
Dynamics D-SPECT). An injection of 37 MBq of 99m-Tc-tetrofosmin was used to localize and optimize the position of the patient’s 
heart in the field of view for rest imaging. 333 MBq of 99m-Tc-tetrofosmin was injected at a rate of 1.0 cm3/s using an automatic 
injector and flushed by 40 ml of saline to deliver a tight bolus. Rest list-mode imaging was performed simultaneously with bolus 
injection and continued for 6 min. Gated rest images were acquired after dynamic imaging. 

Pharmacological stress was induced via dipyridamole perfusion (0.56 mg/kg over 4 min) followed by 925 MBq of 99m-Tc-tetro-
fosmin bolus injection at a rate of 1.0cm3/s at hyperemia. Stress list-mode imaging was performed in the same manner. Rest and 
stress dynamic acquisitions were completed within 75 min. 

Dynamic imaging data and perfusion information were analysed by Corridor 4DM software (version 2017, INVIA, USA). 4DM uses 
the Leppo Renkin-Crone equation where A = 0.874, B = 0.443, and K1 = MBF x (1 - A x exp(-B/MBF)) [10]. 

Manual coutouring of left ventricular endocardial and epicardial surfaces were performed from summed myocardial images after 2 
min acquisition time. Global and regional left anterior descending artery (LAD), left circumflex (LCx), right coronary artery (RCA) time 
activity curves were automatically generated by the software. 

List of abbreviations 

CAD - Coronary artery disease 
CFR - Coronary flow reserve 
CZT - Cadmium Zinc Telluride 
LAD - Left anterior descending artery 
LCX - Left circumflex artery 
LVEF - Left ventricular ejection fraction 
MACE - Major adverse cardiovascular events 
MBF - Myocardial blood flow 
MPI - Myocardial perfusion imaging 
PET - Positron emission tomography 
RCA - Right coronary artery 
SPECT - Single photon emission tomography 
SD - Standard deviation 
SSS - Summed stress score  
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2.1. Statistical analysis 

Continuous variables are expressed as mean ± standard deviation (SD) and were compared using one-way ANOVA. All tests were 
two-tailed and a p value less than 0.05 was considered statistically significant. 

3. Results 

3.1. Baseline characteristics 

A total of 90 subjects met the inclusion criteria and were examined in the study. The mean age is 67 years, with range (±8 years), 68 
(76%) are males. 44 (49%) had normal MPI (summed stress score (SSS 0–3); Left ventricular ejection fraction (LVEF) > 50%). 

3.2. Global and territorial CFR and summed stress scores 

44 subjects had normal MPI studies (SSS 0–3), and the remaining 49 subjects had abnormal MPI studies, consisting 26 subjects with 
mildly abnormal studies (SSS 4–8), 9 subjects with moderately abnormal studies (SSS 9–13) and 11 subjects with severely abnormal 
studies (SSS >13). We observed a progressive reduction in global and regional CFR from normal (SSS 0–3), mildly (SSS 4–8) to 
moderately (SSS 9–13) to severely (SSS >13) abnormal SSS categories on MPI shown in Fig. 1. 

Table 1 shows mean CFR values in correspondence to SSS category. We stratified CFR for each coronary artery by SSS categories, 
depicting mean, standard deviation and 95% confidence intervals for each territory. We observed significant differences in LAD CFR 
(p-value <0.0001), LCX CFR (p-value = 0.0020), RCA CFR (p-value 0.0300) and global CFR (p-value <0.0001) measurements ac-
cording to summed stress score category. Again we demonstrate the overall gradual reduction in global and regional CFR across SSS 
categories. The mean global CFR was 2.585 for normal studies, 2.114 for mildly abnormal studies, 2.209 for moderately abnormal 
studies and 1.430 for severely abnormal studies. 

3.3. CFR and age 

We proceeded to assess relationships between age and CFR, particularly among normal MPI scans with LVEF >50%. We observed 
that patients who had abnormal global CFR had lower LAD CFR (1.94 ± 0.27 vs 2.96 ± 0.59, p < 0.0001), LCX CFR (1.92 ± 0.46 vs 
3.19 ± 0.47, p < 0.0001), RCA CFR (2.14 ± 0.37 vs 3.52 ± 0.51, p < 0.0001) and were older in age (69 ± 7 vs 62 ± 9 years, p =
0.034). Correlation of CFR with age was significant with global CFR (p = 0.006) and LAD CFR (p = 0.008), LCX CFR (p = 0.031) and 
RCA CFR (p = 0.014) shown in Fig. 2. 

4. Discussion 

We correlate MBF, quantified in absolute numbers by dynamic SPECT, both globally and according to the coronary territories, to 
the summed stress scores (SSS) on conventional MPI. The correlation between global, LAD, LCX and RCA CFR across SSS categories is a 
useful depiction of CFR values studied alongside SSS categories. That is, with each SSS category, one may then extrapolate the expected 

Fig. 1. Global and territorial CFR across SSS Categories 
Abbreviations: CFR-coronary flow reserve, SSS-summed stress scores, LAD-Left anterior descending artery, LCX-Left circumflex artery, RCA-Right 
coronary artery. 
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CFR, thereby adding greater risk stratification and prognostication, as a potential application of dynamic SPECT technology. A sys-
tematic review by Motwani et al. on the benefits and limitations of CFR and FFR, derived by the various investigative modalities, 
inclusive of SPECT MPI, identified that the key advantages of quantification of CFR are greater risk stratification and prognostication, 
and these were demonstrated in several studies [11]. Ziadi et al. evaluated the prognostic value of CFR using PET and found that CFR 
predicts hard cardiac events (cardiac death and myocardial infarction) and MACE independent of the SSS [12]. In another study by 
Murthy et al., CFR <1.5 was associated with a 5.6-fold increase in the risk of cardiac death compared to CFR >2, furthermore the 
incorporation of CFR correctly reclassified 34.8% of patients into the intermediate-risk category [13]. This suggests that CFR, even 
derived through non-invasive imaging could further improve risk stratification for CAD. 

Pang et al. demonstrated greater diagnostic efficacy for coronary artery disease by CZT SPECT quantitative myocardial blood flow 
parameters, compared with traditional SPECT MPI derived semi-quantitative parameters. The results compared the sensitivity and 
specificity for diagnosis of coronary artery disease (CAD) based on the two measurements, as defined in their study by ≥ 50% or ≥75% 
coronary artery stenosis on coronary angiography, and showed that the myocardial quantitative blood flow parameters were superior 
[14]. In another study by Liu et al., patients with suspected CAD were evaluated with both SPECT MPI and coronary angiography. They 
measured and compared SSS with CFR across global and regional CAD and similarly found that increased SSS and impaired CFR were 
significantly corresponded with degree of CAD [15]. The correlation between the different grades SSS and CFR is as demonstrated in 
our results. A key difference between the studies of Pang et al. and Liu et al. is in the study populations – they have selected patients 
with suspected or diagnosed CAD, whereas we have also included the full risk range of patients. This has enabled us to also demonstrate 
that even amongst normal MPI scans (SSS 0–3), we can detect abnormal CFR (<2.5) – making it more sensitive to the early detection of 

Table 1 
Mean CFR values for each SSS category.  

Table 1 N Mean Std. Deviation Std. Error 95% Confidence Interval for Mean p value 

Lower Bound Upper Bound 

LAD CFR SSS 0-3 44 2.454 0.691 0.104 2.244 2.664  
SSS 4-8 26 1.925 0.820 0.161 1.594 2.256  
SSS 9-13 9 1.859 0.330 0.110 1.605 2.113  
SSS>13 11 1.314 0.446 0.135 1.014 1.613         

<0.0001 
LCX CFR SSS 0-3 44 2.616 0.838 0.126 2.361 2.870  

SSS 4-8 26 1.895 0.797 0.156 1.574 2.217  
SSS 9-13 9 2.038 0.636 0.212 1.549 2.527  
SSS>13 11 1.904 0.834 0.251 1.343 2.464         

0.0020 
RCA CFR SSS 0-3 44 2.807 0.891 0.134 2.536 3.078  

SSS 4-8 26 2.441 1.427 0.280 1.865 3.018  
SSS 9-13 9 2.346 1.422 0.474 1.253 3.438  
SSS>13 11 1.711 0.505 0.152 1.371 2.050         

0.0300 
Global CFR SSS 0-3 44 2.585 0.705 0.106 2.370 2.799  

SSS 4-8 26 2.114 1.068 0.209 1.683 2.545  
SSS 9-13 9 2.209 0.673 0.224 1.692 2.726  
SSS>13 11 1.430 0.507 0.153 1.089 1.771         

<0.0001 

Abbreviations: CFR-Coronary Flow Reserve, SSS-Summed Stress Scores, LAD-Left Anterior Descending Artery, LCX-Left Circumflex Artery, RCA-Right 
Coronary Artery. 

Fig. 2. Correlation of global and territorial CFR with age 
Abbreviations: CFR-Coronary Flow Reserve, LAD-Left Anterior Descending Artery, LCX-Left Circumflex Artery, RCA-Right Coronary Artery. 
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underlying CAD. However, in the absence of invasive coronary angiography data, these observations may be limited by false negatives 
among those MPI graded as normal. Despite the lack of anatomical confirmation of flow-limiting coronary stenoses, the measurement 
of CFR, an indication of haemodynamic significance of the stenoses, would be useful to guide treatment. For instance, in the evaluation 
of atypical chest pain in the setting of normal MPI scan, preserved myocardial blood flow values adds diagnostic confidence to cli-
nicians, possibly averting more downstream cardiac testing. Merhige and Breen demonstrated in their study with PET MPI, a sig-
nificant number of >50% of cases avoided needing invasive coronary evaluation and surgery resulting in not only great cost savings 
but also great clinical outcomes, what we also hope to achieve with our data on SPECT MPI [16]. 

The observation that age is negatively associated with myocardial blood flow across all three coronary territories is in agreement 
with other observations. However, age-related observations regarding coronary flow patterns that occur with aging remain enigmatic. 
Several hypotheses include age-dependent variable responses to vasodilator stress [17], increases in systolic blood pressure that in-
creases cardiac work with age [18] and declines in compliance of the vascular system [19]. Individual patient differences in heart rate 
at rest or stress may also influence cardiac work and coronary blood flow, which we did not account for in this analysis. Nevertheless, 
age has been shown to be an important determinant of CFR. In a study assessing CFR in patients with vasospastic angina compared to 
controls with normal coronaries, there was no significant difference in CFR between spasm-positive and spasm-negative vessels, 
instead they found that age was the most importance factor determining CFR [20]. Similarly in Stegehuis et al.’s study of CFR and the 
factors that impact it, increasing age and female gender were found to be associated with a lower CFR [21]. Thus we aimed to further 
delineate this relationship through our analysis and our findings demonstrate that age may be important factor for all three coronary 
arterial territories (not just overall MBF). Future work would need to be undertaken to explore whether age-related changes in CFR are 
pathological or physiological or age-based cut-offs in MBF estimations are necessary for clinical management. 

4.1. Limitations 

Finally, we acknowledge limitations in our study which include small sample size and lack of clinical and medication data that 
would impact estimations of myocardial blood flow. Future work involving larger sample size and adjustments for confounders would 
be warranted. 

5. Conclusions 

In our study we depict the global and regional MBF values obtained via SPECT MPI in correlation to the respective SSS categories. 
Our data proposes that dynamic SPECT has a part in refining cardiac risk stratification, particularly in the older adult population, who 
are at greater risk. Its clinical application in guiding treatment via a non-invasive means will also reduce exposure to unnecessary 
procedural risks. 
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