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ORIGINAL ARTICLE
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Capacity Derived From [15O]H2O Positron 
Emission Tomography Perfusion Imaging
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Yvemarie B.O. Somsen, MD; Tim P. van de Hoef , MD, PhD; Albert C. van Rossum , MD, PhD; Jos W.R. Twisk, PhD;  
Teemu Maaniitty, MD, PhD; Juhani Knuuti , MD, PhD; Antti Saraste , MD, PhD; Alexander Nap, MD, PhD;  
Pieter G. Raijmakers , MD, PhD; Ibrahim Danad, MD, PhD; Paul Knaapen , MD, PhD

BACKGROUND: Coronary flow capacity (CFC) is a measure that integrates hyperemic myocardial blood flow and coronary flow 
reserve to quantify the pathophysiological impact of coronary artery disease on vasodilator capacity. This study explores the 
prognostic value of modified CFC derived from [15O]H2O positron emission tomography perfusion imaging.

METHODS: Quantitative rest/stress perfusion measurements were obtained from 1300 patients with known or suspected 
coronary artery disease. Patients were classified as having myocardial steal (n=38), severely reduced CFC (n=141), 
moderately reduced CFC (n=394), minimally reduced CFC (n=245), or normal flow (n=482) using previously defined 
thresholds. The end point was a composite of death and nonfatal myocardial infarction.

RESULTS: During a median follow-up of 5.5 (interquartile range, 3.7–7.8) years, the end point occurred in 153 (12%) patients. 
Myocardial steal (hazard ratio [HR], 6.70 [95% CI, 3.21–13.99]; P<0.001), severely reduced CFC (HR, 2.35 [95% CI, 
1.16–4.78]; P=0.018), and moderately reduced CFC (HR, 1.95 [95% CI, 1.11–3.41]; P=0.020) were associated with worse 
prognosis compared with normal flow, after adjusting for clinical characteristics. Similarly, in the overall population, increased 
resting myocardial blood flow (HR, 3.05 [95% CI, 1.68–5.54]; P<0.001), decreased hyperemic myocardial blood flow (HR, 
0.68 [95% CI, 0.52–0.90]; P=0.007) and decreased coronary flow reserve (HR, 0.55 [95% CI, 0.42–0.71]; P<0.001) were 
independently associated with adverse outcome. In a model adjusted for the combined use of perfusion metrics, modified 
CFC demonstrated independent prognostic value (overall P=0.017).

CONCLUSIONS: [15O]H2O positron emission tomography–derived resting myocardial blood flow, hyperemic myocardial blood flow, 
coronary flow reserve, and CFC are prognostic factors for death and nonfatal myocardial infarction in patients with known or 
suspected coronary artery disease. Importantly, after adjustment for clinical characteristics and the combined use of [15O]H2O 
positron emission tomography perfusion metrics, modified CFC remained independently associated with adverse outcome.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: coronary artery disease ◼ myocardial perfusion imaging ◼ positron emission tomography ◼ prognosis

Myocardial perfusion imaging in patients with 
coronary artery disease (CAD) identifies those 
at risk for adverse cardiovascular events.1,2 

Current guidelines recommend perfusion imaging to 
assess the presence and extent of myocardial isch-
emia to select patients in whom revascularization may 
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be considered in addition to optimal medical therapy.3,4 
Positron emission tomography (PET) myocardial per-
fusion imaging allows for the quantification of abso-
lute myocardial blood flow (MBF), which can improve 
risk stratification over relative perfusion imaging.2 The 
independent prognostic value of impaired hyperemic 
MBF (hMBF) and coronary flow reserve (CFR) has 
been demonstrated in several large PET cohorts.5–8 
Additionally, the coronary flow capacity (CFC) concept 

was introduced by integrating hMBF and CFR, provid-
ing a complementary measure capturing all relevant 
coronary flow characteristics aiming to enhance inter-
pretation of the pathophysiological impact of coronary 
atherosclerotic disease on vasodilator capacity.9,10 CFC 
was developed using 82Rb PET imaging but can be 
derived from any functional modality that allows quanti-
fication of coronary blood flow.9 As such, CFC has been 
adapted to several invasive and noninvasive functional 
techniques.11–14 Gould et al15,16 showed incremental 
prognostic value of 82Rb PET–derived CFC over clini-
cal characteristics and other PET perfusion metrics. 
Interestingly, studies using intracoronary Doppler- and 
thermodilution-derived flow measurements to calculate 
CFC reported similar findings.11,13 Recently, we extrapo-
lated the application of CFC to [15O]H2O PET perfusion 
imaging in a coronary revascularization cohort study.12 
We found that an increase in modified CFC after revas-
cularization was associated with improved patient out-
come. However, the number of events was limited and 
only patients undergoing coronary revascularization 
were included. To date, comprehensive studies explor-
ing the prognostic value of [15O]H2O PET-derived CFC 
in patients evaluated for stable ischemic heart dis-
ease have not been conducted. Therefore, this study 
explores the prognostic value of modified CFC derived 
from [15O]H2O PET perfusion imaging in a large clinical 
cohort of patients with known or suspected CAD.

METHODS
Data Availability Statement
The data that support the findings of this study are available 
from the corresponding author on reasonable request.

Study Population
A total of 2254 consecutive patients with known or suspected 
CAD who underwent [15O]H2O PET perfusion imaging at the 
Amsterdam University Medical Centers, Vrije Universiteit 
Amsterdam, and the Turku PET Center, Turku University 
Hospital between 2007 and 2020 were considered for inclu-
sion in the study. Patients who underwent a stress-only perfu-
sion imaging protocol (n=826) were excluded, which resulted 
in a remaining sample size of 1428 patients. Poor image quality 
or technical issues precluded analysis of resting and hyperemic 
MBF values in 32 patients. Of the remaining 1396 patients, 96 
(7%) were lost to follow-up, resulting in a final study population 
of 1300 patients. The index PET was included in the present 
study in case of multiple PET examinations during the study 
period. The treatment strategy after PET imaging was left to the 
discretion of the referring physician. Early revascularization was 
defined as a revascularization guided by the initial diagnostic 
work-up, including PET perfusion results (within 3–6 months 
after PET imaging, depending on the waiting period for revas-
cularization therapy). This study complied with the declaration 
of Helsinki and was approved by the institutional Medical Ethics 
Committees of the Amsterdam University Medical Centers and 

CLINICAL PERSPECTIVE
Positron emission tomography myocardial perfu-
sion imaging in patients with coronary artery disease 
allows for the quantification of absolute myocardial 
blood flow and can identify those at risk for adverse 
cardiovascular events. The integration of quantitative 
hyperemic myocardial blood flow and coronary flow 
reserve into coronary flow capacity (CFC) was pro-
posed to provide a complementary measure captur-
ing all relevant coronary flow characteristics with the 
aim to enhance interpretation of the pathophysiologi-
cal impact of focal coronary lesions, diffuse athero-
sclerotic disease and microvascular dysfunction on 
vasodilator capacity. The current study explores the 
prognostic value of modified regional CFC derived 
from [15O]H2O positron emission tomography per-
fusion imaging in patients with known or suspected 
coronary artery disease. We found that resting myo-
cardial blood flow, hyperemic myocardial blood flow, 
coronary flow reserve, and modified CFC were all 
prognostic factors for death and nonfatal MI, inde-
pendent of clinical characteristics and cardiovascular 
risk factors. After adjusting for clinical characteristics 
and the combined use of [15O]H2O positron emis-
sion tomography perfusion metrics, modified CFC 
remained independently associated with adverse 
patient outcome. The present study shows that modi-
fied CFC may provide incremental prognostic value 
in patients referred for guideline-directed, noninvasive 
risk assessment using myocardial perfusion imaging 
with [15O]H2O positron emission tomography. Future 
studies are needed to explore the value of prospec-
tively obtained CFC to improve risk stratification and 
guide therapeutic and revascularization decision-mak-
ing in patients evaluated for obstructive and nonob-
structive coronary artery disease.

Nonstandard Abbreviations and Acronyms

CAD	 coronary artery disease
CFC	 coronary flow capacity
CFR	 coronary flow reserve
MBF	 myocardial blood flow
MI	 myocardial infarction
PET	 positron emission tomography
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the Hospital District of Southwest Finland. All participants pro-
vided written informed consent unless waived by the local eth-
ics committee.

[15O]H2O PET Perfusion Imaging and Analysis
Patients underwent [15O]H2O PET perfusion imaging using 
a hybrid PET/computed tomography device (Gemini TF 
64 [647 patients, 50%]; Ingenuity TF 128 [462 patients, 
36%]; Philips Healthcare, Best, the Netherlands, and GE 
Discovery VCT or GE D690 [191 patients, 15%]; General 
Electric Medical Systems, Waukesha, Wisconsin). Patients 
were advised to refrain from products containing caffeine or 
xanthine for at least 24 hours before scanning. The detailed 
scanning protocol has been previously described.17,18 In short, 
images were acquired during dynamic perfusion scans, first at 
rest and subsequently during adenosine (140 µg·kg-1·min-1) 
induced maximum vasodilator stress, commencing simultane-
ously with the injection of [15O]H2O as perfusion tracer. A low-
dose computed tomography scan was performed for scatter 
and attenuation correction before or directly after both rest-
ing and stress PET sequences. In-house developed software 
(Amsterdam University Medical Centers: Cardiac VUer; Turku 
University Hospital: Carimas) was used to generate paramet-
ric images of MBF expressed in ml·min-1·g-1 of perfusable 
myocardial tissue by using a basis function implementation 
of the single-tissue compartment model previously described 
by Iida et al., with corrections for partial volume effects (using 
the perfusable tissue fraction) and spillover.18–20 The soft-
ware extracted the arterial input function directly from the 
dynamic PET scan images.18,19 Absolute perfusion indices 
derived from the parametric images were evaluated for the 
3 vascular regions (left anterior descending coronary artery, 
right coronary artery, and circumflex coronary artery) accord-
ing to the standardized 17-segment model of the American 
Heart Association.21 CFR was defined as the ratio of stress 
to resting MBF. To account for the individual variation in 
hemodynamic conditions and left ventricular (LV) workload, 
the resting MBF was additionally corrected for the rate-pres-
sure product (RPP; resting MBF×mean RPP of all patients/
RPP in the individual patient).22 The stress total perfusion 
deficit (TPD) was calculated by dividing the number of seg-
ments with hyperemic MBF≤2.3 mL·min-1·g-1 (an established 
[15O]H2O PET perfusion imaging threshold for patients with 
suspected obstructive CAD) by 17 (the number of LV seg-
ments).17 Correspondingly, the number of segments with CFR 
below the previously described ischemic threshold of ≤2.5 
was divided by the total number of LV segments to calculate 
the TPD for CFR as a percentage of the LV.17 TPD percent-
age was used as a continuous measure to assess the effect 
on patient outcome. Previously described thresholds for [15O]
H2O PET perfusion imaging were used for categorization of 
vascular regions into 5 modified color-coded CFC groups by 
combining regional hMBF and CFR values: myocardial steal 
(CFR<1), severely reduced CFC (hMBF≤1.50 mL·min-1·g-1 and 
1.00<CFR≤1.50), moderately reduced CFC ([1.50 mL·min-1·g-

1<hMBF≤2.30 mL·min-1·g-1 and CFR≤2.50] or [hMBF≤2.30 
mL·min-1·g-1 and 1.50<CFR≤2.50]), minimally reduced CFC 
([2.30 mL·min-1·g-1<hMBF≤3.01 mL·min-1·g-1 and CFR≤2.95] 
or [hMBF≤3.01 mL·min-1·g-1 and 2.5<CFR≤2.95]), and normal 
flow (hMBF>3.01 mL·min-1·g-1 or CFR>2.95).12

Clinical Outcome Assessment
Clinical follow-up data was obtained by observers blinded to 
PET imaging results using national registry databases, stan-
dardized telephone interviews, and longitudinal electronic 
health records. The study end point was a composite of all-
cause death and nonfatal myocardial infarction (MI). The 
follow-up period started at PET scan acquisition. Deaths and 
periprocedural MIs related to early revascularization were not 
incorporated in the outcome analyses. Events were adjudicated 
according to contemporary guidelines.3

Statistical Analysis
We performed the statistical analysis using SPSS version 28.0 
(IBM SPSS Statistics, Armonk, NY). Categorical variables 
are reported as numbers with percentages, whereas con-
tinuous variables are displayed as mean±SD or median with 
interquartile ranges according to normality of the data distri-
bution. We used the χ² test to compare categorical variables 
and the Mann-Whitney U test or independent samples t test 
to compare continuous variables, as appropriate. To calculate 
the prognostic effect of PET perfusion parameters, the low-
est regional value for hMBF, CFR, and modified CFC, and the 
highest regional value for resting MBF were included for each 
subject. Kaplan-Meier curves were plotted to compare event-
free survival across the modified CFC categories using the 
log-rank test to analyze differences in event rates over time. 
We evaluated the independent association between individual 
PET perfusion indices and the occurrence of the end point by 
adding a single value for each perfusion parameter (originat-
ing from 1 of the 3 vascular regions) separately in different 
Cox proportional hazards regression analyses including clinical 
characteristics and cardiovascular risk factors. The perfusion 
variables CFR and modified CFC were calculated for each of 
the 3 vascular regions by using matched hMBF and resting 
MBF originating from the same region, after which the low-
est regional CFR/CFC value was used in the multivariable 
outcome models. Furthermore, we compared the predictive 
value of modified CFC within the 3 lowest CFC categories to 
a comparable sample size of patients with the lowest regional 
hyperemic MBF and CFR values. Finally, a multivariable Cox 
proportional hazards regression analysis was performed with 
adjustments for clinical characteristics, CAD risk factors, and 
the combined use of [15O]H2O PET perfusion metrics. We 
included a single value of the lowest region for hMBF, CFR, 
and modified CFC per patient to identify vulnerable patients for 
future adverse events by evaluating the function of the coronary 
circulation through [15O]H2O PET myocardial perfusion param-
eters, which were compared to determine their independent 
prognostic value in predicting the occurrence of the composite 
end point death/nonfatal MI. The improvement in prognostic 
performance gained by adding [15O]H2O PET perfusion values 
to a risk prediction model including clinical characteristics and 
CAD risk factors was assessed using the likelihood ratio test 
with χ2 results. Furthermore, Harrell’s C statistics were calcu-
lated (Stata version 14.0 software, StataCorp) to compare the 
discriminative function of a prognostic perfusion model with 
versus without modified CFC. Quantitative hyperemic MBF and 
CFR showed a strong correlation (r=0.78), yet assessment of 
collinearity (tolerance 0.40, variance inflation factor 2.50) indi-
cated that this did not preclude concomitant addition of these 
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flow markers to the same outcome model.8 All analyses were 
adjusted for the following clinically relevant patient characteris-
tics and CAD risk factors: age, sex, body mass index, diabetes, 
hypertension, hypercholesterolemia, family history of CAD, prior 
revascularization, prior MI, early revascularization with coronary 
artery bypass grafting (CABG), early revascularization with per-
cutaneous coronary intervention (PCI), the extent of obstructive 
epicardial CAD, and LV ejection fraction. To account for the tim-
ing of early revascularization relative to the occurrence of the 
composite end point, early revascularization was treated as a 
time-dependent covariate in the multivariable Cox proportional 
hazards models. For resting MBF, an additional Cox regres-
sion analysis was performed incorporating adjustments for the 
RPP, heart rate, systolic blood pressure, and pulse pressure. A 
2-sided level of P<0.05 was considered statistically significant.

RESULTS
Study Population
Baseline characteristics are presented in Table 1. Mean 
age was 61±10 years, and 835 (64%) patients were 
male. Early revascularization was performed in 513 
patients (39%), consisting of 446 (87%) PCIs and 67 
(13%) CABG surgeries. One patient suffered an event 
before early revascularization was performed. For this 
patient, early revascularization was set to zero (ie, no 
revascularization). During a median follow-up of 5.5 (inter-
quartile range, 3.7–7.8) years, the end point occurred in 
153 (12%) patients, including 87 (7%) deaths and 66 
(5%) nonfatal MIs.

[15O]H2O PET Perfusion Metrics
By combining absolute hMBF and CFR, 38 (3%), 141 
(11%), 394 (30%), 245 (19%), and 482 (37%) patients 
were stratified as having myocardial steal, severely 
reduced CFC, moderately reduced CFC, minimally 
reduced CFC and normal flow, respectively. Figure  1 
shows the mean PET perfusion indices stratified by the 
occurrence of the end point. Modified CFC was lower in 
patients with an end point (P<0.001). Table 2 lists the 
mean [15O]H2O PET perfusion values according to the 5 
modified CFC groups, whereas the baseline characteris-
tics for each modified CFC group are presented in Table 
S1. In addition, Figure 2 depicts the integration of hMBF 
and CFR in a 2-dimensional, color-coded CFC graph, 
illustrating the distribution of events across the 5 modi-
fied CFC categories.

Prognostic Value of [15O]H2O PET Perfusion 
Imaging
Kaplan-Meier estimates stratified for the modified CFC 
categories indicated a decrease in event-free survival 
related to the 3 lowest CFC groups compared with 
normal flow (log-rank P<0.001 for all; Figure  3). Cox 

proportional hazards regression analysis adjusted for 
clinical characteristics and CAD risk factors showed 
that myocardial steal (hazard ratio [HR], 6.70 [95% CI, 
3.21–13.99]; P<0.001), severely reduced CFC (HR, 
2.35 [95% CI, 1.16–4.78]; P=0.018) and moderately 
reduced CFC (HR, 1.95 [95% CI, 1.11–3.41]; P=0.020) 
were independently associated with an increased risk of 
death/nonfatal MI (Table 3). In similar analyses, higher 
resting MBF (HR, 3.05 [95% CI, 1.68–5.54]; P<0.001, 
per unit increase), lower hMBF (HR, 0.68 [95% CI, 
0.52–0.90]; P=0.002, per unit increase), and lower 
CFR (HR, 0.55 [95% CI, 0.42–0.71]; P<0.001, per unit 
increase) were independently associated with worse 
outcome. Resting MBF remained independently associ-
ated with adverse patient outcome after adjusting for 
the RPP, heart rate, systolic blood pressure, and pulse 
pressure (HR, 2.06 [95% CI, 1.08–3.90]; P=0.027). 
Figures S1 through S4 show the results of the adjusted 
Cox proportional hazards regression analyses including 
the individual PET perfusion metrics, clinical character-
istics, and CAD risk factors.

Prognostic Value of the Combined Use of PET 
Perfusion Metrics
Table 3 shows the results of the multivariable Cox pro-
portional hazards regression analysis used to explore 
the prognostic value of all [15O]H2O PET perfusion 
parameters after adjustment for clinical characteristics 
and CAD risk factors. Addition of the TPD, hMBF, and 
CFR to a model including clinical covariates resulted in 
a significant improvement in prognostic performance 
(P<0.001). The sequential addition of modified CFC to 
the perfusion model further improved risk stratification 
to predict the end point (P=0.028; Figure 4). Similarly, 
assessment of Harrell C statistic showed improved 
prognostic discrimination after addition of modified 
CFC to the multivariable analysis adjusted for clinical 
covariates and the combined use of [15O]H2O PET per-
fusion metrics (0.759 versus 0.755). In this combined 
perfusion model, modified CFC remained indepen-
dently associated with the occurrence of the end point 
(overall P=0.017; Table 3; Table S2). Furthermore, we 
found that reduced modified CFC (n=573, comprising 
the lowest 3 CFC categories) was an independent pre-
dictor of adverse outcome in addition to reduced hyper-
emic MBF (HR, 3.02 [95% CI, 1.71–5.32]; P<0.001 
versus HR, 1.16 [95% CI, 0.67–2.01]; P=0.606) and 
CFR (HR, 2.25 [95% CI, 1.34–3.75]; P=0.002 versus 
HR, 1.72 [95% CI, 1.03–2.87]; P=0.038), using a simi-
lar sample size of patients with the lowest regional per-
fusion values (Table S3). Early CABG was more often 
performed in patients with lower modified CFC (0.2% 
for normal flow, 3% for minimally reduced CFC, 8% for 
moderately reduced CFC, 16% for severely reduced 
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CFC, and 26% for myocardial steal; Table S1). A signif-
icant interaction was observed between CFR and early 
revascularization with CABG (P=0.045; Table S2). 

Kaplan-Meier estimates stratified according to early 
revascularization with CABG or PCI among patients 
within the 3 lowest modified CFC groups showed 
improved event-free survival for patients undergoing 
early revascularization with CABG compared with PCI 
(log-rank P=0.046; Figure S5).

DISCUSSION
This study assessed the prognostic value of [15O]H2O 
PET-derived CFC to predict the occurrence of death 
and nonfatal MI in patients with known or suspected 
CAD. Myocardial steal, severely reduced CFC, and mod-
erately reduced CFC were associated with an increased 
risk of adverse events during a median follow-up of 5.5 
years, independent of clinical characteristics and CAD 
risk factors. Similarly, increased resting MBF, decreased 
hMBF, and decreased CFR were associated with 
adverse outcome. In a prognostic model adjusted for 
the combined use of [15O]H2O PET perfusion metrics, 
modified CFC remained an independent prognostic fac-
tor for events.

Prognostic Value of PET Perfusion Imaging
The prognostic value of quantitative PET myocardial 
perfusion imaging in patients evaluated for ischemic 
heart disease is well established.5–8 Multiple studies 
consistently demonstrated that impaired stress perfu-
sion and CFR are associated with an elevated risk of 
future adverse events, independent of clinical covari-
ates. In accordance, we found that reduced hMBF and 
CFR were both associated with death and nonfatal MI 
after adjusting for clinical characteristics and cardiovas-
cular risk factors. Interestingly, increased resting MBF 
also demonstrated independent prognostic value for the 
occurrence of events. Although this finding has not been 
described for [15O]H2O PET perfusion imaging, the asso-
ciation between increased basal flow and worse progno-
sis has been previously reported.7,23 van de Hoef et al23 
found increased mortality risk in patients with impaired 
coronary flow velocity reserve in unobstructed coronary 
arteries, which resulted from elevated basal flow rather 
than decreased hyperemic flow. Similarly, Gupta et al7 
documented an elevated annual cardiovascular mortal-
ity risk of 1.7% in patients with impaired CFR and pre-
served hMBF values, denoting increased resting MBF. 
The association between elevated resting flow and 
adverse patient outcome is likely attributed to risk fac-
tors such as hypertension, diabetes, and increased arte-
rial stiffness related to hardened calcific arteries in older 
patients, resulting in an increase in resting LV workload 
and myocardial oxygen demand.24–27 Still, in accordance 
with prior work by Gupta et al,7 we found that increased 
resting MBF remained independently associated with 
the composite end point after adjusting for clinical risk 

Table 1.  Baseline Characteristics

 

Overall study 
population 
(N=1300) 

Patients 
without death/
MI (n=1147) 

Patients 
with death/
MI (n=153) 

Demographics

 � Male sex 835 (64) 730 (64) 105 (69)

 � Age, y 61±10 61±10 65±10

 � BMI, kg/m2 27±4 27±4 27±4

Cardiovascular risk factors

 � Hypertension 667 (51) 577 (50) 90 (59)

 � Hypercholesterolemia 621 (48) 537 (47) 84 (55)

 � Diabetes 266 (21) 214 (19) 52 (34)

 � Smoking 352 (27) 307 (27) 45 (29)

 � Family history of CAD 640 (49) 570 (50) 70 (46)

Cardiac history

 � Prior revascularization 405 (31) 353 (31) 52 (34)

 � Prior MI 272 (21) 236 (21) 36 (24)

LVEF, %

  �≥55 998 (77) 888 (77) 110 (72)

 � 45–54 169 (13) 152 (13) 17 (11)

 � 30–44 98 (8) 79 (7) 19 (12)

 � <30 29 (2) 23 (2) 6 (4)

Medication

 � Antiplatelet therapy 1059 (82) 925 (81) 134 (88)

 � β-blocker 843 (65) 732 (64) 111 (73)

 � ACE inhibitor/ARB 583 (45) 493 (43) 90 (59)

 � Statin 944 (73) 825 (72) 119 (78)

 � Calcium channel 
blockers

327 (25) 278 (24) 48 (31)

Symptoms

  Typical angina 449 (35) 388 (34) 61 (40)

  Atypical angina 428 (33) 382 (33) 46 (30)

 � Nonspecific chest 
discomfort

403 (31) 360 (31) 43 (28)

Early revascularization

 � PCI 446 (34) 384 (34) 62 (41)

 � CABG 67 (5) 60 (5) 7 (5)

Epicardial CAD

 � No obstructive CAD 425 (33) 398 (35) 27 (18)

 � Single-vessel disease 454 (35) 396 (35) 58 (38)

 � Two-vessel disease 210 (16) 180 (16) 30 (20)

 � Three-vessel disease 99 (8) 79 (7) 20 (13)

Mean±SD/n (%). The number of obstructively diseased vessels was assessed 
using computed tomography coronary angiography or invasive coronary 
angiography. In 192 patients without prior CAD and no additional information 
available on ventricular function, the LVEF was considered normal (≥55%). In 
Turku, LVEF ≥50% was considered normal (n=79). ACE indicates angiotensin-
converting enzyme; ARB, angiotensin II receptor blocker; BMI, body mass index; 
CABG, coronary artery bypass grafting; CAD, coronary artery disease; LVEF, left 
ventricular ejection fraction; MI, myocardial infarction; and PCI, percutaneous 
coronary intervention.
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factors and markers of increased myocardial workload.7 
This pathophysiological mechanism warrants further 
exploration, as this group of patients may benefit from 
intensified risk reduction therapy.

Association Between Modified CFC and Patient 
Outcome
Several studies compared hMBF and CFR to identify 
the most important prognostic predictor but reported 
discordant results.6–8 Johnson and Gould9 introduced 
CFC, arguing that integration of these physiological 
complementary perfusion metrics may augment the 
understanding of the impact of atherosclerotic burden 
and CAD severity on coronary vasodilator capacity by 
capturing all relevant coronary flow characteristics into 

1 cross-modality parameter.10,15 This is of even greater 
significance since the landmark ISCHEMIA trial (Inter-
national Study of Comparative Health Effectiveness 
With Medical and Invasive Approaches) randomized over 
5000 patients and found no evidence of superior out-
come in patients with predefined moderate-to-severe 
ischemia undergoing coronary revascularization com-
pared with optimal medical therapy, whereas Reynolds 
et al. demonstrated that the extent of atherosclerotic 
burden may be a stronger risk predictor compared with 
myocardial ischemia evaluation in a subsequent sub-
analysis.28,29 These findings have recently been further 
extended in the POST-PCI trial (Pragmatic Trial Compar-
ing Symptom-Oriented Versus Routine Stress Testing in 
High-Risk Patients Undergoing Percutaneous Coronary 
Intervention) illustrating that routine functional testing 

Figure 1. Perfusion indices stratified to patients with and without the end point. 
This figure illustrates the number of patients stratified to the 5 modified coronary flow capacity (CFC) groups for the patients with and without 
an event during follow-up. A significant difference in modified CFC distribution was observed between the patients with vs without the 
composite end point. In addition, the bar graphs show that resting myocardial blood flow (MBF) was significantly higher, whereas hyperemic 
MBF and coronary flow reserve (CFR) were signficantly lower in patients with death/nonfatal myocardial infarction (MI) compared with patients 
without death/nonfatal MI.
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after PCI did not reduce adverse outcome compared 
with standard care in a high-risk patient population.30 
The results of ISCHEMIA and POST-PCI require further 

confirmation with longer follow-up, yet have increased 
the interest in novel techniques to accurately quantify 
myocardial perfusion impairment to improve diagnostic 
accuracy and patient risk stratification.31 In this context, 
the integration of quantitative hyperemic MBF and CFR 
into CFC may prove useful. The suggested incremental 
value of CFC is derived from the principle that either 
CFR or absolute hMBF values below established isch-
emic cutoffs do not necessarily indicate clinically per-
tinent pathophysiological impairment of the coronary 
vasodilator reserve. This was illustrated using several 
case examples representing different clinical scenar-
ios of impaired or adequate vasodilator capacity in the 
setting of focal obstructive coronary stenosis, diffuse 
atherosclerotic disease, and microcirculatory dysfunc-
tion.9,32 Subsequently, multiple studies confirmed the 
independent prognostic value of CFC using invasive and 
noninvasive flow quantification.11,13,15 Consistent with 
the literature, our study shows increased risk for the 
occurrence of adverse events in patients with reduced 
modified CFC, independent of clinical characteristics, 
CAD risk factors, and obstructive CAD. This is in line 
with the concept that CAD and perfusion abnormali-
ties are a continuum, illustrated by studies showing the 
association between nonobstructive CAD and impaired 
long-term cardiovascular prognosis.33,34 The evidence of 
the continuity of coronary atherosclerotic plaque burden 
is corroborated by large coronary computed tomog-
raphy angiography studies, including the randomized 

Table 2.  [15O]H2O PET Perfusion Measurements According 
to Modified CFC Categories

 [15O]H2O PET perfusion indices 

Resting MBF (mL·min-1·g-1)

 � Baseline CFC group (modified)

  �  Normal flow (n=482) 1.24±0.39

  �  Minimally reduced CFC (n=245) 1.00±0.23

  �  Moderately reduced CFC (n=394) 1.01±0.23

  �  Severely reduced CFC (n=141) 1.09±0.28

  �  Myocardial steal (n=38) 1.10±0.35

Hyperemic MBF (mL·min-1·g-1)

 � Normal flow 3.40±0.96

 � Minimally reduced CFC 2.39±0.39

 � Moderately reduced CFC 1.67±0.33

 � Severely reduced CFC 1.10±0.22

 � Myocardial steal 0.89±0.30

CFR

 � Normal flow 3.46±0.86

 � Minimally reduced CFC 2.44±0.36

 � Moderately reduced CFC 1.87±0.31

 � Severely reduced CFC 1.24±0.15

 � Myocardial steal 0.83±0.13

Mean±SD. CFC indicates coronary flow capacity; CFR, coronary flow reserve; 
MBF, myocardial blood flow; and PET, positron emission tomography.

Figure 2. Coronary flow capacity 
(CFC) graph illustrating the 
distribution of events across the 5 
modified CFC categories. 
Hyperemic myocardial blood flow (MBF) 
and coronary flow reserve (CFR) plotted 
in a color-coded, 2-dimensional CFC 
graph capturing all relevant coronary 
flow characteristics. Events are stratified 
into 5 modified regional CFC categories: 
myocardial steal, severely reduced CFC, 
moderately reduced CFC, minimally 
reduced CFC, and normal flow. The 
vascular region with the lowest CFR was 
selected to plot the hyperemic MBF and 
CFR of the same region in this graph. The 
dots in the scatterplot represent patients 
with (red) and without (dark blue) an end 
point during follow-up.
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PROMISE (Prospective Multicenter Imaging Study 
for Evaluation of Chest Pain) and SCOT-HEART (The 
Scottish COmputed Tomography of the HEART) trials, 
showing the association between the extent of plaque 
and worse prognosis in patients with obstructive and 
nonobstructive coronary disease.35–37 The present study 
provides evidence that modified CFC derived from [15O]
H2O PET perfusion imaging improves risk stratification 
in patients with known or suspected CAD.

Incremental Prognostic Value of Modified CFC
van de Hoef et al11 adapted CFC for Doppler-based 
intracoronary flow measurements and reported a signifi-
cant improvement in the prediction of adverse events for 
CFC over CFR alone. Furthermore, Hoshino et al13 calcu-
lated CFC using thermodilution-derived flow metrics and 
demonstrated independent value of CFC in predicting 
major adverse cardiac events compared with CFR and 
fractional flow reserve. In agreement, we found that the 
addition of [15O]H2O PET-derived CFC to a multivariable 

model including hMBF and CFR improved prognos-
tic performance. These results reflect the outcomes of 
previous studies combining quantitative hMBF and CFR 
using binary thresholds, given that patients with concor-
dantly impaired hMBF and CFR showed the highest risk 
of adverse events.7,8,38 Importantly, in our study, the incre-
mental prognostic value of modified CFC seems primar-
ily driven by the identification of patients with myocardial 
steal, the lowest CFC category. This is congruent with 
previous observations reported by Gould et al,15,16 who 
demonstrated that the identification of patients with the 
worst regional CFC could improve risk stratification in 
addition to the use of stress perfusion and CFR alone, 
pointing out that the risk of both individual metrics might 
be of an additive nature in these patients.

Limitations
Several limitations need to be addressed. First, this was 
an observational study in which modified CFC was ret-
rospectively collected. Second, the extended enrollment 

Figure 3. Kaplan-Meier curve stratified according to modified coronary flow capacity (CFC) categories. 
Kaplan-Meier estimates illustrating event-free survival from death and nonfatal myocardial infarction (MI) stratified according to modified CFC 
classification. (A) Myocardial steal, (B) severely reduced CFC, and (C) moderately reduced CFC were associated with a decrease in event-free 
survival compared with normal flow (log-rank P<0.001 for all).
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period may have resulted in differences with respect to 
cardiovascular risk management and risk reduction ther-
apy over time. Third, in contrast to other nuclear imaging 

tracers such as 82Rb, 13NH3, and 99mTc, [15O]H2O is freely 
diffusible and extracted linear to perfusion from the arte-
rial blood pool by the myocardium.39 As the tracer does 

Table 3.  Prognostic Value of [15O]H2O PET-Derived Perfusion Metrics

 

Adjusted for clinical covariates*
Adjusted for clinical covariates and the 
combined use of PET perfusion metrics†

HR (95% CI) P value HR (95% CI) P value 

CFC (modified)  <0.001  0.017

 � Minimally reduced CFC 0.86 (0.44–1.68) 0.654 0.69 (0.32–1.52) 0.362

 � Moderately reduced CFC 1.95 (1.11–3.41) 0.020 1.32 (0.61–2.84) 0.480

 � Severely reduced CFC 2.35 1.16–4.78) 0.018 1.18 (0.50–2.80) 0.706

 � Myocardial steal 6.70 (3.21–13.99) <0.001 3.26 (1.40–7.62) 0.006

[15O]H2O PET perfusion metrics

 � Resting MBF (mL·min-1·g-1) 3.05 (1.68–5.54) <0.001 … …

 � Hyperemic MBF (mL·min-1·g-1) 0.68 (0.52–0.90) 0.007 1.43 (0.89–2.28) 0.139

 � CFR 0.55 (0.42–0.71) <0.001 0.83 (0.47–1.48) 0.533

Prognostic value of [15O]H2O PET perfusion metrics to predict the occurrence of death and nonfatal MI. BMI indicates body mass index; CABG, coronary artery bypass 
grafting; CAD, coronary artery disease; CFC, coronary flow capacity; CFR, coronary flow reserve; HR, hazard ratio; LVEF, left ventricular ejection fraction; MBF, myocardial 
blood flow; MI, myocardial infarction; and PET, positron emission tomography.

*Clinical covariates in the Cox proportional hazards model include age, sex, BMI, diabetes, hypertension, hypercholesterolemia, family history of CAD, prior 
revascularization, prior MI, early revascularization with CABG, early revascularization with PCI, the extent of obstructive epicardial CAD and LVEF. Perfusion metrics were 
separately included in the model (Figures S1 through S4 show all included variables). For calculation of the HRs of the modified CFC groups, normal flow was used as 
a reference. For the other [15O]H2O PET perfusion metrics, HRs are based on a unity increase.

†Multivariable outcome model showing the prognostic value of [15O]H2O PET perfusion metrics to predict the occurrence of death and nonfatal MI adjusted for 
clinical covariates and the combined use of [15O]H2O PET perfusion indices. For calculation of the HRs of the modified CFC groups, the impact of each CFC category 
was compared with the average effect of subsequent categories. For the other [15O]H2O PET perfusion metrics, HRs are based on a unity increase. Table S2 presents 
all included covariates.

Figure 4. Incremental prognostic 
value of modified coronary flow 
capacity (CFC). 
Incremental prognostic value of [15O]
H2O positron emission tomography 
perfusion metrics for the occurrence of the 
composite endpoint in addition to clinical 
covariates (age, gender, BMI, diabetes, 
hypertension, hypercholesterolemia, family 
history of coronary artery disease (CAD), 
prior revascularization, prior myocardial 
infarction, early revascularization with 
coronary artery bypass grafting, early 
revascularization with percutaneous 
coronary intervention, the extent of 
obstructive epicardial CAD and left 
ventricular ejection fraction). Risk 
stratification improved after addition 
of total perfusion deficit, hyperemic 
myocardial blood flow (MBF), coronary 
flow reserve (CFR) and subsequently 
modified CFC to the outcome model.
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not accumulate within the myocardium, LV function, and 
volumes are not routinely obtained using [15O]H2O PET 
perfusion imaging.39 Last, the present study calculated 
regional [15O]H2O PET-derived CFC by using established 
thresholds that have been designed according to the 
original CFC concept but that requires further verifica-
tion.12 Furthermore, the present study used the lowest 
regional myocardial perfusion value to identify vulnerable 
patients for future adverse events, which has the advan-
tage of facilitated interpretation and reproducibility of 
study findings.8,14 However, this strategy has the inherent 
limitation that not all regional perfusion values are utilized 
to predict the occurrence of the composite end point. 
Johnson and Gould9 used a more sophisticated, granular 
approach and calculated CFC for a total of 1344 pixels 
of the left ventricle, allowing for a more detailed measure 
of the regional size-severity pathophysiological classifi-
cation of CAD.

Conclusions
CFC captures all relevant coronary flow characteristics 
and has been proposed to enhance the understanding of 
the pathophysiological impact of coronary atherosclerotic 
disease on vasodilator capacity. In the present study, [15O]
H2O PET-derived resting MBF, hMBF, CFR, and CFC were 
associated with the occurrence of death and nonfatal MI, 
independent of clinical characteristics, and cardiovascu-
lar risk factors. After adjusting for clinical characteristics 
and the combined use of [15O]H2O PET perfusion metrics, 
modified CFC remained independently associated with 
adverse patient outcome.

ARTICLE INFORMATION
Received September 2, 2022; accepted July 26, 2023.

Affiliations
Departments of Cardiology (R.W.d.W., R.A.J., P.A.v.D., S.P.S., Y.B.O.S., T.P.v.d.H., 
A.C.v.R., A.N., I.D., P.K.), Epidemiology & Data Science (J.W.R.T.), and Radiology, 
Nuclear Medicine & PET Research (P.G.R.), Amsterdam University Medical Cen-
ters, Location Vrije Universiteit Amsterdam, the Netherlands. Turku PET Centre, 
Turku University Hospital and University of Turku, Finland (T.M., J.K., A.S.).

Sources of Funding
None.

Disclosures
None.

Supplemental Material
Figures S1–S5
Tables S1–S3

REFERENCES
	 1.	 Bourque JM, Beller GA. Stress myocardial perfusion imaging for assessing 

prognosis: an update. JACC Cardiovasc Imaging. 2011;4:1305–1319. doi: 
10.1016/j.jcmg.2011.10.003

	 2.	 Juárez-Orozco LE, Tio RA, Alexanderson E, Dweck M, Vliegenthart R, 
El Moumni M, Prakken N, Gonzalez-Godinez I, Slart R. Quantitative myocardial 

perfusion evaluation with positron emission tomography and the risk of car-
diovascular events in patients with coronary artery disease: a systematic 
review of prognostic studies. Eur Heart J Cardiovasc Imaging. 2018;19:1179–
1187. doi: 10.1093/ehjci/jex331

	 3.	 Knuuti J, Wijns W, Saraste A, Capodanno D, Barbato E, Funck-Brentano C, 
Prescott E, Storey RF, Deaton C, Cuisset T, et al. 2019 ESC Guidelines for 
the diagnosis and management of chronic coronary syndromes: The Task 
Force for the diagnosis and management of chronic coronary syndromes of 
the European Society of Cardiology (ESC). Eur Heart J. 2019;41:407–477. 
doi: 10.1093/eurheartj/ehz425

	 4.	 Gulati M, Levy PD, Mukherjee D, Amsterdam E, Bhatt DL, Birtcher KK, 
Blankstein R, Boyd J, Bullock-Palmer RP, Conejo T, et al. 2021 AHA/
ACC/ASE/CHEST/SAEM/SCCT/SCMR Guideline for the Evalu-
ation and Diagnosis of Chest Pain: A Report of the American Col-
lege of Cardiology/American Heart Association Joint Committee on 
Clinical Practice Guidelines. Circulation. 2021;144:e368–e454. doi: 
10.1161/CIR.0000000000001030

	 5.	 Murthy VL, Naya M, Foster CR, Hainer J, Gaber M, Carli GD, Blankstein R, 
Dorbala S, Sitek A, Pencina MJ, et al. Improved cardiac risk assessment with 
noninvasive measures of coronary flow reserve. Circulation. 2011;124:2215–
2224. doi: 10.1161/CIRCULATIONAHA.111.050427

	 6.	 Farhad H, Dunet V, Bachelard K, Allenbach G, Kaufmann PA, Prior JO. 
Added prognostic value of myocardial blood flow quantitation in rubid-
ium-82 positron emission tomography imaging. Eur Heart J Cardiovasc 
Imaging. 2013;14:1203–1210. doi: 10.1093/ehjci/jet068

	 7.	 Gupta A, Taqueti VR, van de Hoef TP, Bajaj NS, Bravo PE, Murthy VL, 
Osborne MT, Seidelmann SB, Vita T, Bibbo CF, et al. Integrated noninvasive 
physiological assessment of coronary circulatory function and impact on car-
diovascular mortality in patients with stable coronary artery disease. Circulation. 
2017;136:2325–2336. doi: 10.1161/CIRCULATIONAHA.117.029992

	 8.	 Bom MJ, van Diemen PA, Driessen RS, Everaars H, Schumacher SP, 
Wijmenga JT, Raijmakers PG, van de Ven PM, Lammertsma AA, van Rossum AC, 
et al. Prognostic value of [15O]H2O positron emission tomography-derived 
global and regional myocardial perfusion. Eur Heart J Cardiovasc Imaging. 
2020;21:777–786. doi: 10.1093/ehjci/jez258

	 9.	 Johnson NP, Gould KL. Integrating noninvasive absolute flow, coro-
nary flow reserve, and ischemic thresholds into a comprehensive map of 
physiological severity. JACC Cardiovasc Imaging. 2012;5:430–440. doi: 
10.1016/j.jcmg.2011.12.014

	10.	 Nils PJ, Gould KL. Coronary flow capacity: where to next? EuroIntervention. 
2021;17:e269–ee70. doi: 10.4244/EIJV17I4A47

	11.	 van de Hoef TP, Echavarria-Pinto M, van Lavieren MA, Meuwissen M, 
Serruys PW, Tijssen JG, Pocock SJ, Escaned J, Piek JJ. Diagnostic and 
prognostic implications of coronary flow capacity: a comprehensive cross-
modality physiological concept in ischemic heart disease. JACC Cardiovasc 
Interv. 2015;8:1670–1680. doi: 10.1016/j.jcin.2015.05.032

	12.	 de Winter RW, Jukema RA, van Diemen PA, Schumacher SP, Driessen RS, 
Stuijfzand WJ, Everaars H, Bom MJ, van Rossum AC, van de Ven PM, et 
al. The impact of coronary revascularization on vessel-specific coronary 
flow capacity and long-term outcomes: a serial [15O]H2O positron emis-
sion tomography perfusion imaging study. Eur Heart J Cardiovasc Imaging. 
2022;23:743–752. doi: 10.1093/ehjci/jeab263

	13.	 Hoshino M, Kanaji Y, Hamaya R, Kanno Y, Hada M, Yamaguchi M, Sumino Y, 
Usui E, Murai T, Lee T, et al. Prognostic significance of thermodilution-derived 
coronary flow capacity in patients with deferred revascularisation. EuroInter-
vention. 2021;16:1195–1203. doi: 10.4244/EIJ-D-19-00029

	14.	 Miura S, Naya M, Kumamaru H, Ando A, Miyazaki C, Yamashita T. Prognostic 
value of modified coronary flow capacity by (13)N-ammonia myocardial per-
fusion positron emission tomography in patients without obstructive coro-
nary arteries. J Cardiol. 2022;79:247–256. doi: 10.1016/j.jjcc.2021.09.001

	15.	 Gould KL, Kitkungvan D, Johnson NP, Nguyen T, Kirkeeide R, Bui L, 
Patel MB, Roby AE, Madjid M, Zhu H, et al. Mortality prediction by quantita-
tive PET perfusion expressed as coronary flow capacity with and without 
revascularization. JACC Cardiovasc Imaging. 2021;14:1020–1034. doi: 
10.1016/j.jcmg.2020.08.040

	16.	 Gould KL, Johnson NP, Roby AE, Nguyen T, Kirkeeide R, Haynie M, 
Lai D, Zhu H, Patel MB, Smalling R, et al. Regional, artery-specific thresh-
olds of quantitative myocardial perfusion by PET associated with 
reduced myocardial infarction and death after revascularization in 
stable coronary artery disease. J Nucl Med. 2019;60:410–417. doi: 
10.2967/jnumed.118.211953

	 17.	 Danad I, Uusitalo V, Kero T, Saraste A, Raijmakers PG, 
Lammertsma AA, Heymans MW, Kajander SA, Pietila M, James S, et al. Quan-
titative assessment of myocardial perfusion in the detection of significant 

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 1, 2023



Circ Cardiovasc Imaging. 2023;16:e014845. DOI: 10.1161/CIRCIMAGING.122.014845� September 2023 737

de Winter et al Prognostic Value of [15O]H2O PET-Derived CFC

coronary artery disease: cutoff values and diagnostic accuracy of quantita-
tive [(15)O]H2O PET imaging. J Am Coll Cardiol. 2014;64:1464–1475. doi: 
10.1016/j.jacc.2014.05.069

	18.	 Kajander S, Joutsiniemi E, Saraste M, Pietilä M, Ukkonen H, Saraste A, 
Sipilä HT, Teräs M, Mäki M, Airaksinen J, et al. Cardiac positron emission 
tomography/computed tomography imaging accurately detects ana-
tomically and functionally significant coronary artery disease. Circulation. 
2010;122:603–613. doi: 10.1161/CIRCULATIONAHA.109.915009

	19.	 Harms HJ, Knaapen P, de Haan S, Halbmeijer R, Lammertsma AA, 
Lubberink M. Automatic generation of absolute myocardial blood flow 
images using [15O]H2O and a clinical PET/CT scanner. Eur J Nucl Med 
Mol Imaging. 2011;38:930–939. doi: 10.1007/s00259-011-1730-3

	20.	 Iida H, Kanno I, Takahashi A, Miura S, Murakami M, Takahashi K, 
Ono Y, Shishido F, Inugami A, Tomura N. Measurement of absolute myo-
cardial blood flow with H215O and dynamic positron-emission tomography. 
Strategy for quantification in relation to the partial-volume effect. Circulation. 
1988;78:104–115. doi: 10.1161/01.cir.78.1.104

	21.	 Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, Laskey WK, 
Pennell DJ, Rumberger JA, Ryan T, Verani MS; American Heart Associa-
tion Writing Group on Myocardial Segmentation and Registration for Car-
diac Imaging. Standardized myocardial segmentation and nomenclature for 
tomographic imaging of the heart. A statement for healthcare professionals 
from the Cardiac Imaging Committee of the Council on Clinical Cardiology 
of the American Heart Association. Circulation. 2002;105:539–542. doi: 
10.1161/hc0402.102975

	22.	 Uren NG, Melin JA, De Bruyne B, Wijns W, Baudhuin T, 
Camici PG. Relation between myocardial blood flow and the severity 
of coronary-artery stenosis. N Engl J Med. 1994;330:1782–1788. doi: 
10.1056/NEJM199406233302503

	23.	 van de Hoef TP, Bax M, Damman P, Delewi R, Hassell MECJ, Piek MA, 
Chamuleau SAJ, Voskuil M, Eck-Smit BLF, Verberne HJ, et al. Impaired 
coronary autoregulation is associated with long-term fatal events in patients 
with stable coronary artery disease. Circ Cardiovasc Interv. 2013;6:329–
335. doi: 10.1161/CIRCINTERVENTIONS.113.000378

	24.	 Murthy VL, Bateman TM, Beanlands RS, Berman DS, Borges-Neto S, 
Chareonthaitawee P, Cerqueira MD, deKemp RA, DePuey EG, Dilsizian V, 
et al; SNMMI Cardiovascular Council Board of Directors. Clinical quantifica-
tion of myocardial blood flow using PET: Joint Position Paper of the SNMMI 
Cardiovascular Council and the ASNC. J Nucl Med. 2018;59:273–293. doi: 
10.2967/jnumed.117.201368

	25.	 Lembo M, Sicari R, Esposito R, Rigo F, Cortigiani L, Iudice FL, Picano E, 
Trimarco B, Galderisi M. Association between elevated pulse pressure and 
high resting coronary blood flow velocity in patients with angiographically 
normal epicardial coronary arteries. J Am Heart Assoc. 2017;6:e005710. 
doi: 10.1161/JAHA.117.005710

	26.	 Sezer M, Kocaaga M, Aslanger E, Atici A, Demirkiran A, Bugra Z, 
Umman S, Umman B. Bimodal pattern of coronary microvascular involve-
ment in diabetes mellitus. J Am Heart Assoc. 2016;5:e003995. doi: 
10.1161/JAHA.116.003995

	 27.	 Chareonthaitawee P, Kaufmann PA, Rimoldi O, Camici PG. Heterogeneity of 
resting and hyperemic myocardial blood flow in healthy humans. Cardiovasc 
Res. 2001;50:151–161. doi: 10.1016/s0008-6363(01)00202-4

	28.	 Reynolds HR, Shaw LJ, Min JK, Page CB, Berman DS, Chaitman BR, 
Picard MH, Kwong RY, O’Brien SM, Huang Z, et al. Outcomes in the ISCH-
EMIA trial based on coronary artery disease and ischemia severity. Circulation. 
2021;144:1024–1038. doi: 10.1161/CIRCULATIONAHA.120.049755

	29.	 Maron DJ, Hochman JS, Reynolds HR, Bangalore S, O’Brien SM, 
Boden WE, Chaitman BR, Senior R, López-Sendón J, Alexander KP, et 
al; ISCHEMIA Research Group. Initial invasive or conservative strategy 
for stable coronary disease. N Engl J Med. 2020;382:1395–1407. doi: 
10.1056/NEJMoa1915922

	30.	 Park D-W, Kang D-Y, Ahn J-M, Yun S-C, Yoon Y-H, Hur S-H, Lee CH, 
Kim W-J, Kang SH, Park CS, et al; POST-PCI Investigators. Routine func-
tional testing or standard care in high-risk patients after PCI. N Engl J Med. 
2022;387:905–915. doi: 10.1056/NEJMoa2208335

	31.	 Hanson CA, Patel TR, Villines TC. The new role of cardiac imaging following 
the ISCHEMIA trial. Curr Treat Options Cardiovasc Med. 2021;23:23. doi: 
10.1007/s11936-021-00911-8

	32.	 Gould KL, Johnson NP. Coronary physiology beyond coronary flow reserve 
in microvascular angina: JACC State-of-the-Art Review. J Am Coll Cardiol. 
2018;72:2642–2662. doi: 10.1016/j.jacc.2018.07.106

	33.	 Gould KL, Johnson NP, Bateman TM, Beanlands RS, Bengel FM, Bober R, 
Camici PG, Cerqueira MD, Chow BJW, Di Carli MF, et al. Anatomic versus 
physiologic assessment of coronary artery disease: role of coronary flow 
reserve, fractional flow reserve, and positron emission tomography imag-
ing in revascularization decision-making. J Am Coll Cardiol. 2013;62:1639–
1653. doi: 10.1016/j.jacc.2013.07.076

	34.	 Wang ZJ, Zhang LL, Elmariah S, Han HY, Zhou YJ. Prevalence and prognosis 
of nonobstructive coronary artery disease in patients undergoing coronary 
angiography or coronary computed tomography angiography: a meta-analy-
sis. Mayo Clin Proc. 2017;92:329–346. doi: 10.1016/j.mayocp.2016.11.016

	35.	 Bittencourt MS, Hulten E, Ghoshhajra B, O’Leary D, Christman MP, 
Montana P, Truong QA, Steigner M, Murthy VL, Rybicki FJ, et al. Prog-
nostic value of nonobstructive and obstructive coronary artery disease 
detected by coronary computed tomography angiography to identify 
cardiovascular events. Circ Cardiovasc Imaging. 2014;7:282–291. doi: 
10.1161/CIRCIMAGING.113.001047

	36.	 Ferencik M, Mayrhofer T, Bittner DO, Emami H, Puchner SB, Lu MT, 
Meyersohn NM, Ivanov AV, Adami EC, Patel MR, et al. Use of High-Risk cor-
onary atherosclerotic plaque detection for risk stratification of patients with 
stable chest pain: a secondary analysis of the PROMISE randomized clinical 
trial. JAMA Cardiol. 2018;3:144–152. doi: 10.1001/jamacardio.2017.4973

	 37.	 Newby DE, Adamson PD, Berry C, Boon NA, Dweck MR, Flather M, 
Forbes J, Hunter A, Lewis S, MacLean S, et al; SCOT-HEART Investigators. 
Coronary CT angiography and 5-year risk of myocardial infarction. N Engl J 
Med. 2018;379:924–933. doi: 10.1056/NEJMoa1805971

	38.	 van Diemen PA, Wijmenga JT, Driessen RS, Bom MJ, Schumacher SP, 
Stuijfzand WJ, Everaars H, de Winter RW, Raijmakers PG, van de Ven PM, et 
al. Defining the prognostic value of [15O]H2O positron emission tomogra-
phy-derived myocardial ischaemic burden. Eur Heart J Cardiovasc Imaging. 
2021;22:638–646. doi: 10.1093/ehjci/jeaa305

	39.	 Maaniitty T, Knuuti J, Saraste A. 15O-Water PET MPI: current sta-
tus and future perspectives. Semin Nucl Med. 2020;50:238–247. doi: 
10.1053/j.semnuclmed.2020.02.011

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 1, 2023


