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Abstract
Background: Coronary flow capacity (CFC) provides integrated information about coronary flow reserve 
(CFR) and hyperaemic coronary flow and is useful for identifying coronary flow limitation.
Aims: The aim of this study was to investigate the effect of percutaneous coronary intervention (PCI) on 
vessel-related major adverse cardiovascular events (MACE) according to CFC status in stable coronary 
lesions.
Methods: From a global, multicentre registry of comprehensive physiological assessment, a total of 1,397 
patients (1,694 vessels) were analysed. Low CFC was defined for lesions with reduced CFR and inverse 
of hyperaemic mean transit time (1/hTmn). A predefined definition of CFC (CFR <2.0 and 1/hTmn less 
than the corresponding percentile) was assessed first in a multivariable marginal Cox proportional model 
with the interaction term between CFC status and PCI (performed or not), and then the optimal definition 
of CFC was explored. 
Results: We observed a significant interaction between predefined low CFC and PCI (p=0.067). With the 
optimal definition of CFC (CFR ≤3.2 and 1/hTmn ≤2.8), the HR (95% CI) of PCI was 0.278  (0.103-0.751) 
and 1.393  (0.783-2.478) in lesions with low and normal CFC, respectively. If lesions with fractional flow 
reserve (FFR) ≤0.8 and normal CFC had been deferred, the number of PCI would have decreased by 64%.
Conclusions: FFR-guided PCI for low CFC lesions was associated with reduced incidence of MACE 
in low CFC but not in normal CFC lesions. Our results suggest the potential use of CFC in combination 
with FFR for optimising the indication for PCI by reducing potentially unbeneficial PCI. Clinical Trials 
Registration: https://clinicaltrials.gov/ct2/show/NCT03690713
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Abbreviations
CFC coronary flow capacity
CFR coronary flow reserve
FFR fractional flow reserve
hTmn hyperaemic mean transit time
MACE  major adverse cardiovascular events
MI myocardial infarction
OMT optimal medical therapy
PCI percutaneous coronary intervention
rTmn resting mean transit time
TVR target vessel revascularisation

Introduction
Large-scale prospective studies have not consistently demonstrated 
a prognostic benefit of elective percutaneous coronary interven-
tion (PCI) to stable lesions1,2. A recent meta-analysis demonstrated 
that fractional flow reserve (FFR)-guided PCI could reduce the 
composite events of cardiac death or myocardial infarction (MI)3. 
In practice, FFR is the current standard for determining the sever-
ity of epicardial coronary functional stenosis and indication for 
PCI. Recently, some studies have reported the identification of 
subsets of patients who might effectively benefit from PCI, not by 
using FFR but by using other indices4,5. Since PCI is invasive with 
associated procedural costs for healthcare systems, more focused 
selection of patients who would benefit from elective PCI in terms 
of prognosis warrants further investigation.

Coronary flow capacity (CFC) is a relatively novel concept in 
which coronary flow reserve (CFR) and hyperaemic coronary flow 
are integrated to capture comprehensive flow characteristics4,6,7. 
CFC was first developed using non-invasive positron emission 
tomography (PET) and was subsequently verified using invasive 
intracoronary wires. CFC by definition reflects the status of flow 
limitation and might provide useful prognostic information for 
both deferred and revascularised stable lesions that could not be 
captured solely by CFR or FFR4,7. However, to date, the difference 
in the prognostic benefit of FFR-guided PCI according to CFC or 
other physiological parameters has not been determined.

We hypothesised that the consideration of CFC combined with 
FFR would lead to better selection of stable lesions in terms of PCI 
benefit compared with current practice (i.e., FFR guidance for revas-
cularisation). This global, multicentre collaboration study aimed to 
investigate the prognostic effect of PCI according to CFC status.

Editorial, see page 269

Methods
PATIENT POPULATION
The present study was a patient-level pooled analysis of three pro-
spective registries4,8,9. These registries were from Tsuchiura Kyodo 
General Hospital (Ibaraki, Japan), five university hospitals in South 
Korea, and the Hospital Clinico San Carlos (Madrid, Spain). All the 
enrolled patients underwent coronary angiography and the measure-
ment of FFR, resting/hyperaemic mean transit time (rTmn/hTmn), 
CFR and index of microvascular resistance (IMR) calculation 

using the PressureWire™ (Abbott Vascular, St. Paul, MN, USA) 
(Supplementary Appendix 1). In all studies, patients with haemody-
namic instability, left ventricular dysfunction, or a culprit vessel of 
acute coronary syndrome were excluded. Standardised definitions 
were used for all the variables, and invasively obtained physiologic 
indices were crosschecked and confirmed by each study’s princi-
pal investigators. From a total of 1,694 vessels with stable lesions 
(1,397 patients), four patients were lost to follow-up or had missing 
follow-up data. Finally, 1,690 vessels (1,393 patients) were analysed 
in the present study. Each study’s protocol was approved by the 
institutional review board or ethics committee at each participating 
centre and all patients provided written informed consent. The study 
protocols were in accordance with the Declaration of Helsinki. The 
study protocol of the International Collaboration of Comprehensive 
Physiologic Assessment trial was registered in  clinicaltrials.gov 
(NCT03690713).

The primary outcome, vessel-related major adverse cardio-
vascular events (MACE), was defined as the composite of death 
from cardiac causes, target vessel-related MI and target ves-
sel-related ischaemia-driven revascularisation (Supplementary 
Appendix 1)8,10.

CFC CATEGORISATION
According to the CFC concept derived from previous studies, the 
CFC categorisations were based on both CFR and the inverse of 
hTmn4,7. The present study focused mainly on low CFC, which 
was defined as lesions with both reduced CFR and 1/hTmn 
(dichotomous variable). Since the cut-offs of CFR and 1/hTmn 
have not been established for defining CFC, we took the follow-
ing approach: first, we defined a low CFC status for the vessels 
with a well described threshold of CFR <2.0 and 1/hTmn less than 
the matched percentile corresponding to CFR=2.0 (3.03). Then 
the significance of the interaction between CFR (lower than 2.0 
or higher) and PCI (performed or not) and between CFC (low or 
normal) and PCI for MACE was examined. Second, we explored 
the optimal thresholds of CFR and 1/hTmn for defining CFC to 
maximise the statistical efficiency of the Cox model with the inter-
action term. In detail, 1) low CFC was defined as vessels with 
CFR ≤x and 1/hTmn ≤y for a given pair of x and y (for example, 
x=2.0 and y=3.0); 2) the Akaike Information Criterion (AIC) of 
the model was derived (the lower the better); 3) AIC reduction 
from the model without the interaction term was calculated, high-
lighting the model performance (the higher the better); and 4) AIC 
reductions were compared among models based on various pairs 
of x and y (within the interquartile range of CFR and 1/hTmn). 
The optimal definition of CFC was made according to the model 
with the highest AIC reduction.

STATISTICAL ANALYSIS
Data were analysed on a per-patient basis for clinical character-
istics and on a per-vessel basis for comparison of lesion char-
acteristics including physiological studies, and vessel-related 
clinical outcomes. Categorical data, expressed as frequencies and 
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percentages, were compared using the χ2 test or Fisher’s exact test, 
as appropriate. Continuous biochemical or physiological data were 
analysed using the Mann-Whitney test or t-test. Marginal Cox pro-
portional hazards regression models were used to evaluate a per-
vessel comparison of MACE incidence. Elective PCI (performed 
or not), CFC (low or normal), an interaction term between PCI 
and CFC, and factors showing p<0.10 in the univariate analyses 
were incorporated into the multivariable model. Two marginal 
logistic regression models were built for vessel-related MACE 
using the same variables or same variables without an interac-
tion term. The areas under the curves (AUCs) of these models, net 
reclassification improvement (NRI) and integrated discrimination 
improvement (IDI) by comparing these models were calculated. 
Kaplan-Meier curves and the log-rank test were used to compare 
survival from MACE in vessels with normal or low CFC strati-
fied according to the treatment by elective PCI. R 3.4.4 (The R 
Foundation for Statistical Computing, Vienna, Austria) was used 
for the statistical analyses. The significance was determined using 
a two-sided p<0.10 for interaction11 and p<0.05 for other analyses.

Results
CFC MAPPING
Median FFR was 0.84 (0.77-0.91) and PCI was performed in 
31.9% of patients (539 lesions) in this registry. Figure 1 shows 
a scatter plot of all vessels based on the CFR and the inverse of 
hTmn. Low CFC was defined as low CFR as well as low 1/hTmn. 
Vessels with low CFC were more likely to have an FFR ≤0.8 com-
pared to those with normal CFC, implying that FFR would be an 
important confounder in the association between CFC status and 
clinical outcomes.

COMPARISON OF CFR AND CFC FOR PCI GUIDANCE
First, we considered low CFR as CFR <2.0 and low CFC as CFR 
<2.0 and 1/hTmn <3.03 (corresponding percentile with CFR: 
32nd percentile). Two multivariable Cox proportional hazard 
models were built using the interaction between PCI and CFR 
(Supplementary Table 1) or PCI and CFC (Supplementary Table 2). 
The effect of PCI on MACE was different according to CFC sta-
tus, not CFR status, at the threshold of alpha=0.10 (p=0.067 and 
0.78, respectively).

DEFINING THE OPTIMAL DEFINITION OF CFC
Since the thresholds of CFR and 1/hTmn have not been determined 
for CFC definition, different cut-offs of these indices were tested 
to derive an optimal definition of CFC for guiding PCI indication 
(Figure 1, arrows indicate the range tested). A three-dimensional 
scatter plot showing AIC reduction by different thresholds of CFR 
and 1/hTmn is shown in Supplementary Figure 1. A model built 
with the threshold of CFR=3.2 and 1/hTmn=2.8 had the highest 
AIC reduction of 7.6, indicating the best statistical efficiency of 
the model. Accordingly, the optimal definition of low CFC was set 
as vessels with CFR ≤3.2 and 1/hTmn ≤2.8. This definition was 
used in the following analyses.

CLINICAL FEATURES, OUTCOMES, AND THE INTERACTION 
BETWEEN CFC AND PCI
Table 1 summarises the population characteristics according to 
CFC status. Mean age was 64.1±10.3 years and 77.5% (1,080 
patients) were male. Low CFC lesions were characterised by 
tighter diameter stenosis, longer lesion length, shorter 1/rTmn 
and 1/hTmn, lower FFR and CFR, and higher frequency of being 
treated by elective PCI.

Among vessels with low CFC, MACE occurred in 4.5% (10/220) 
in five years if treated by PCI and 9.1% (18/197) if not treated 
by PCI. Among those with normal CFC, MACE was observed in 
10.3% (33/319) of vessels treated by PCI and 5.5% (52/954) of 
vessels not treated. Figure 2 shows Kaplan-Meier curves visualis-
ing the survival from MACE in vessels according to CFC status 
stratified by PCI treatment. Among PCI-treated vessels, the inci-
dence of MACE was significantly lower in lesions with low CFC 
compared to those with normal CFC (p=0.02). Among deferred 
vessels, low CFC was significantly associated with higher survival 
from MACE (p=0.03).

In the multivariable Cox model, the interaction between PCI 
and CFC status was highly significant (p<0.001) (Supplementary 
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Figure 1. CFC map. Scatter plot showing the distribution of 1,690 
vessels by the inverse of mean transit time at hyperaemia (hTmn) 
representing coronary flow (X-axis) and coronary flow reserve 
(CFR) (Y-axis). Low coronary flow capacity (CFC) was defined as 
lesions with low CFR as well as low 1/hTmn. The optimal thresholds 
of CFR and 1/hTmn were determined according to the performance 
of multivariable Cox proportional models predicting vessel-related 
major adverse cardiovascular events (MACE). Interquartile ranges 
of CFR (1.8 to 3.8) and 1/hTmn (2.6 to 5.6) were tested (arrows 
indicate these ranges), resulting in CFR ≤3.2 and 1/hTmn ≤2.8 as the 
optimal thresholds for low CFC (pale area). Vessels with FFR >0.8 
and ≤0.8 are shown as blue and red dots.
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Figure 2. Survival from vessel-related major adverse cardiovascular events (MACE) according to CFC status. Kaplan-Meier curves showing 
survival from MACE comparing vessels with low CFC (CFR ≤3.2 and 1/hTmn ≤2.8) versus normal CFC. The comparisons are illustrated 
among PCI-treated vessels (A) and deferred vessels (B). P-values were based on the log-rank test.

Table 1. Baseline clinical/angiographic/physiological characteristics.

Per-patient analysis
Total

n=1,393
Normal CFC

n=1,009
Low CFC
n=384

p-value

Age, years 64.1±10.3 63.9±10.1 66.5±10.7 <0.001

Male 1,080 (77.5) 776 (76.9) 304 (79.2) 0.41

Creatinine 0.88 [0.73, 1.05] 0.89 [0.73, 1.06] 0.86 [0.73, 1.03] 0.18

Ejection fraction 63 [58, 68] 63 [59, 68] 64 [58, 69] 0.73

Hypertension 907 (65.1) 649 (64.3) 258 (67.2) 0.35

Diabetes mellitus 487 (35.0) 344 (34.1) 143 (37.2) 0.30

Hypercholesterolaemia 888 (63.7) 657 (65.1) 231 (60.2) 0.097

Smoking 300 (21.5) 211 (20.9) 89 (23.2) 0.40

Multivessel disease 521 (37.4) 358 (35.5) 163 (42.4) 0.019

Aspirin 1,002 (81.3) 725 (80.0) 277 (85.0) 0.060

Statin 847 (68.8) 628 (69.3) 219 (67.2) 0.52

ACEi/ARB 639 (51.9) 457 (50.4) 182 (55.8) 0.11

Beta-blocker 460 (37.3) 329 (36.3) 131 (40.2) 0.24

Per-vessel analysis n=1,690 n=1,273 n=417
Vessel location LAD 1,041 (61.7) 774 (60.9) 267 (64.2)

<0.001LCX 279 (16.5) 236 (18.6) 43 (10.3)

RCA 367 (21.8) 261 (20.5) 106 (25.5)

Reference diameter, mm 2.9 [2.5, 3.3] 2.9 [2.5, 3.3] 2.9 [2.5, 3.3] 0.71

Minimum lumen diameter, mm 1.5 [1.1, 2.0] 1.6 [1.2, 2.0] 1.3 [1.0, 1.7] <0.001

Diameter stenosis, % 47.4 [34.2, 58.0] 45.7 [32.4, 55.9] 54.5 [42.0, 64.5] <0.001

Lesion length, mm 10.5 [6.9, 16.3] 9.9 [6.6, 15.9] 12.3 [8.5, 17.5] <0.001

Pa at hyperaemia 85 [76, 97] 87 [77, 97] 82 [73, 92] <0.001

Pd at hyperaemia 70 [61, 82] 73 [64, 84] 64 [53, 73] <0.001

1/rTmn 1.35 [0.95, 2.04] 1.54 [1.08, 2.33] 0.99 [0.76, 1.32] <0.001

1/hTmn 4 [2.63, 5.56] 4.76 [3.57, 5.88] 1.96 [1.45, 2.44] <0.001

FFR 0.84 [0.77, 0.91] 0.86 [0.79, 0.91] 0.79 [0.70, 0.88] <0.001

CFR 2.65 [1.80, 3.76] 3.05 [2.11, 4.10] 1.81 [1.39, 2.46] <0.001

IMR 17.5 [12.6, 24.9] 15.1 [11.5, 19.7] 30 [23.7, 40.2] <0.001

Elective PCI performed 539 (31.9) 319 (25.1) 220 (52.8) <0.001

Data are shown as mean±SD, median [IQR], or n (%). Drug information was not available for ~10% of the participants. ACEi: angiotensin-converting 
enzyme inhibitors; ARB: angiotensin receptor blocker; CFC: coronary flow capacity; CFR: coronary flow reserve; FFR: fractional flow reserve; 
hTmn: hyperaemic mean transit time; IMR: index of microvascular resistance; LAD: left anterior descending artery; LCX: left circumflex artery; 
PCI: percutaneous coronary intervention; RCA: right coronary artery; rTmn: resting mean transit time
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Table 3). The hazard ratio (HR) of PCI to lesions with low CFC 
was 0.278 (95% confidence interval [CI]: 0.103-0.751), suggest-
ing the prognostic benefit of PCI for these lesions. The HR of PCI 
to lesions with normal CFC was 1.393 (95% CI: 0.783-2.478), 
which was not significant but implied plausible harmful effects of 
PCI in this subset.

Based on these findings, we summarised the potential utility of 
CFC and FFR in guiding elective PCI in Figure 3. By avoiding 
potentially meaningless PCI to normal CFC lesions, 64% of total 
PCIs could be deferred compared to FFR-only guidance.

INCREMENTAL VALUE OF CFC STATUS IN PREDICTING 
MACE
A logistic model consisting of age, diabetes mellitus, hypercho-
lesterolaemia, multivessel disease, FFR, and PCI was built to pre-
dict the five-year MACE incidence. The AUC of the model was 
0.64 (95% CI: 0.59–0.69). When CFC status and the PCI-CFC 
interaction term were added to the model, the AUC became 0.67 
(95% CI: 0.62–0.72). There was a significant improvement in 
the discrimination of MACE assessed by NRI (estimate: 0.379, 
95% CI: 0.189-0.569, p<0.001) and IDI (estimate: 0.009, 95% CI: 
0.003-0.015, p=0.002).

PATHOPHYSIOLOGICAL FEATURES OF CFC
Figure 4 illustrates pathophysiological features of CFC among 
vessels categorised into four groups: 1) low CFR and low 1/hTmn 
(low CFC), 2) low CFR and normal 1/hTmn, 3) normal CFR and 
low 1/hTmn, and 4) normal CFR and normal 1/hTmn (coloured 
according to these groups). The low CFC group had either low 
FFR or high IMR or both, in contrast to vessels with low CFR and 
normal 1/hTmn which had low FFR and non-high IMR, and those 
with normal CFR and low 1/hTmn which had normal FFR and 
high IMR. The result suggests that low CFC might imply flow-
limiting status due to either microvascular or epicardial dysfunc-
tion, which thus could be a reasonable index for PCI indication if 
combined with FFR.

Discussion
This is the first study from a multicentre registry showing differ-
ent effects of FFR-guided PCI on vessel-related clinical outcomes 
according to CFC status in stable lesions. FFR-guided PCI might 
be associated with reduced future adverse events in vessels with 
low CFC but not in lesions with normal CFC.

Non-flow-limiting stenosis
 Questionable PCI value

No significa nt stenosis
 PCI not indicated

Flow-limiting stenosis
PCI recommended

Stable coronary lesions
n=1,690

High FFR
n=1,084 (64%)

Low FFR
n=606 (36%)

Normal CFC
n=389 (23%)

Low CFC
n=217 (13%)

Figure 3. Proposed PCI strategy using FFR and CFC. Sixty-four percent of the vessels indicated for PCI by FFR could be deferred on the 
basis of CFC status, because PCI to such vessels could increase the risk of future events. FFR-defined epicardial stenosis and CFC-defined 
flow limitation can provide complementary information regarding the optimisation of PCI indication to stable lesions.
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Figure 4. Association of FFR, IMR, CFC, and event. Scatter plots of 
vessels showing index of microvascular resistance (IMR) and 
fractional flow reserve (FFR). Colour indicates CFC status: green as 
CFR >3.2 and 1/hTmn >2.8, red as CFR ≤3.2 and 1/hTmn >2.8, 
blue as CFR >3.2 and 1/hTmn ≤2.8, and purple as CFR ≤3.2 and 
1/hTmn ≤2.8 (low CFC). Crosses indicate vessels that suffered from 
MACE.
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CFC AS A POSSIBLE INDICATOR OF FLOW-LIMITING STATUS
The concept of CFC is founded on the rationale that the combina-
tion of CFR with hyperaemic flow comprehensively captures all 
relevant coronary flow characteristics of both epicardial vessels 
and microvasculature6. Accordingly in the present study, low CFC 
status could clearly capture epicardial flow disturbance, microvas-
cular dysfunction, or both, which could not be represented solely 
by either CFR or 1/hTmn. This unique property of CFC suggests 
that the flow-limiting status of a coronary artery may be distin-
guished by CFC status, and that the intervention on vessels with 
low CFC should restore adequate coronary flow. The primary aim 
of revascularisation in terms of physiology lies in improving coro-
nary blood flow, but it is not always achieved by PCI in stable 
lesions10,12,13. This may be because the prognostic benefit of PCI in 
such lesions is determined by balancing the positive aspect of coro-
nary flow restoration and the negative consequence of PCI, such 
as increased risk of bleeding with antithrombotic therapy, reste-
nosis and need for repeat revascularisation, and stent thrombosis4. 
We demonstrated a significant interaction between FFR-guided 
PCI and CFC status for vessel-related future events, suggesting 
that the balance would be towards favouring the benefit of PCI 
when indicated for low CFC lesions, but towards emphasising the 
negative consequences of PCI for normal CFC lesions. We did not 
observe significant interactions with PCI and CFR or microvas-
cular condition represented as IMR in this cohort (Supplementary 
Table 1, Supplementary Table 4); therefore, the presence of CFC-
defined flow limitation, not microvascular dysfunction, might be 
important for guiding PCI more effectively in addition to FFR. 
This needs further verification.

DEFINITION OF CFC
The present thresholds of CFR and hyperaemic flow for defin-
ing CFC did not correspond well to those of previous studies. 
The concept of CFC was first proposed in a PET study using 
CFR cut-offs representing “ischaemia”. CFC was then exam-
ined in intracoronary Doppler-flow technique and thermodilution 
methods based on the cut-offs corresponding to the PET study7. 
However, the definition of “ischaemia” has not yet been clearly 
established with respect to invasively measured regional physio-
logical indices; for example, low regional CFR or FFR is a good 
representative but does not directly mean ischaemia. Therefore, 
we explored the definition of CFC statistically in order to high-
light the clinical implication, meaning better guidance of PCI 
in stable lesions. Although this registry was relatively large, the 
generalisability of the present definition has to be confirmed in 
prospective trials.

CLINICAL IMPLICATION AND FUTURE DIRECTIONS
Although the present study demonstrated the clinical implica-
tion of CFC in guiding elective PCI, the indication should be 
based primarily on FFR. This is because CFC cannot distin-
guish the cause of flow limitation (epicardial or microvascular 
or both) and thus cannot be a single indicator for guidance of 

elective PCI, a treatment only for epicardial disease. Importantly, 
the use of CFC with FFR leads to better selection of elective 
PCI, and CFC can be assessed simultaneously with FFR meas-
urement with little effort using the PressureWire. Based on this 
hypothesis-generating study, a large-scale, prospective study is 
warranted to examine whether FFR- and CFC-guided PCI could 
provide more efficient patient selection for revascularisation 
compared to FFR-only-guided PCI.

Limitations
This study was conducted based on a global registry consisting 
of observational studies and cannot escape selection bias. Only 
approximately 70% of the participants used a statin, which might 
limit the generalisability considering current practice. The exclu-
sion criteria included left ventricular dysfunction, but a clear, 
standardised threshold was not leveraged across the institutions of 
this registry. Insights on the anatomical nature of coronary flow 
properties such as diffuse disease and tandem lesions were not 
incorporated. The inter- and intra-observer difference of physio-
logical indices could not be verified because the assessments were 
performed by many interventionists at multiple international cen-
tres. However, the interventionists were instructed to follow stand-
ardised protocols; the variability should be minimum. The events 
were not well adjudicated since the registry was based on three 
different prospective cohorts. Thermodilution-derived CFR may 
not serve as the direct reference of PET-defined CFR14. However, 
that is one of the important reasons why we explored various 
thresholds of CFR to determine clinically meaningful CFC. The 
present cut-offs for defining CFC were optimal only in this reg-
istry; the generalisability was not evaluated. We could only argue 
about the concept of CFC for guiding PCI from this study, not 
the practical definition of CFC, which needs to be assessed in 
another large registry. The composite outcome was not optimal, as 
excluding target vessel revascularisation (TVR) from the endpoint 
significantly reduced the power to detect statistical interaction, 
while the direction of the effects was similar to the original result 
(Supplementary Figure 2, Supplementary Table 5). Finally, the 
present analysis could not identify a statistically significant harm-
ful effect of PCI for lesions with normal CFC at the alpha=0.05 
level in a multivariable adjusted model, although the opposite 
direction of the effect may be plausible. We did demonstrate 
a significant interaction between PCI and CFC, and the clinical 
implication was clear.

Conclusions
The effects of FFR-guided PCI on future adverse events were 
significantly different according to CFC status in stable lesions. 
PCI to lesions with low CFC was associated with a lower inci-
dence of MACE, while PCI to lesions with normal CFC resulted 
in increased events, despite the fact that PCI was indicated in these 
lesions based on low FFR. The integration of CFC with FFR could 
reduce the number of unnecessary FFR-guided PCIs and optimise 
the indication of PCI for stable lesions.
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Impact on daily practice
The effect of FFR-guided PCI on vessel-oriented outcomes 
was significantly different according to the CFC status in sta-
ble lesions. FFR-guided PCI for low CFC lesions was associated 
with reduced incidence of future events, while PCI for normal 
CFC lesions was not. FFR and CFC could provide comple-
mentary information regarding flow limitation. If both indices 
were used for determining PCI indication, the number of PCIs 
would decrease by 64%. Our results suggest the potential use of 
CFC with FFR for optimising the indication for PCI by reduc-
ing unnecessary FFR-only-guided PCI. A large-scale, prospective 
clinical trial is warranted to determine the prognostic impact of 
CFC guidance when applied complementary to FFR for revascu-
larisation decision making.
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Supplementary Appendix 1. Methods 

Physiological studies 

Coronary physiological indices were measured in vessels that were clinically indicated for evaluation. 

Physiological parameters including FFR, Tmn, and CFR were obtained using a single 0.014-inch 

PressureWire™ (Abbott Vascular, St. Paul, MN, USA). After wire calibration, the intracoronary pressure 

distal to the coronary stenosis was measured. Subsequently, 3 ml room-temperature saline was 

administered three times, and the rTmn was determined. For both measurements, maximal hyperaemia was 

induced by intravenous infusion of adenosine 5ʹ-triphosphate (140~160 μg·kg-1·min-1). FFR was 

calculated as the ratio of mean distal-to-aortic coronary pressure (Pd/Pa) during maximum hyperaemia. 

CFR was defined as rTmn divided by hTmn. Index of microvascular resistance (IMR) was defined as 

hyperaemic Pd*hTmn. 

 

Patient management and clinical follow-up 

PCI was recommended for lesions with low FFR (≤0.80) according to the current guidelines, and the final 

decision for PCI was at the discretion of the operators. The primary outcome, vessel-related major 

adverse cardiovascular events (MACE), was defined as the composite of death from cardiac causes, target 

vessel-related MI and target vessel-related ischaemia-driven revascularisation. All deaths were considered 

cardiac unless an identifiable non-cardiac cause was present. Ischaemia-driven revascularisation was 

defined as a revascularisation procedure indicated by the positive findings of functional tests including 

FFR and non-invasive imaging. Clinical follow-up data were collected via a review of the medical records 

and/or telephone interviews. During a five-year follow-up period, 28 patients died of cardiovascular 

causes, 12 patients experienced non-fatal MI due to interrogated vessel failure, and 82 patients needed 

TVR. A total of 113 vessels met the criteria of MACE. 

 

 



 

 

Supplementary Figure 1. Exploring the optimal definition of coronary flow capacity (CFC). 

Akaike Information Criterion (AIC) reduction of the full marginal Cox proportional hazards model 

compared with the model without interaction term between CFC and percutaneous coronary intervention 

(PCI) was evaluated according to various definitions of CFC. CFC was defined by various combinations 

of coronary flow reserve (CFR) and 1/hTmn (X- and Y-axis). AIC reduction peaked when the model was 

built based on the CFC definition by CFR ≤3.2 and 1/hTmn ≤2.8 (arrow).  

  



 

 

 

Supplementary Figure 2. Exploring the optimal definition of CFC for the composite outcome of 

cardiovascular death and target vessel MI. 

Akaike Information Criterion (AIC) reduction of the full marginal Cox proportional hazards model 

compared with the model without interaction term between CFC and percutaneous coronary intervention 

(PCI) was evaluated according to various definitions of CFC. CFC was defined by various combinations 

of CFR and 1/hTmn (X- and Y-axis). AIC reduction peaked when the model was built based on the CFC 

definition by CFR ≤1.7 and 1/hTmn ≤3.2 (arrow).  

 

  



Supplementary Table 1. A marginal Cox proportional hazards model for predicting vessel-related 

MACE based on PCI, CFR, and the interaction. 

 

 HR 95%CI p-value 

Age 1.016 0.992-1.041 0.19 

Diabetes mellitus 1.507 0.991-2.290 0.055 

Hypercholesterolaemia 1.510 0.937-2.433 0.091 

Multivessel disease 1.452 0.938-2.248 0.094 

FFR 0.081 0.010-0.645 0.018 

PCI   0.89 

Low CFR   0.038 

 

 Lesions with low CFR  Lesions with high CFR  
Interaction 

 HR 95% CI  HR 95% CI  

PCI 0.935 0.447–1.956  1.048 0.548–2.006  0.78 

 

Low CFR was defined as CFR less than 2.0. 

A marginal Cox proportional hazards model for vessel-related major adverse cardiovascular events 

(MACE) was built based on PCI (performed or not), CFR (lower than 2.0 or higher), and the interaction 

term between PCI and CFR. The model was adjusted for factors showing p<0.10 in the univariable 

models: age (continuous, year), diabetes mellitus (yes/no), hypercholesterolaemia (yes/no), multivessel 

disease (yes/no), and FFR (continuous, unit).  

Different hazard ratio (HR) of PCI for MACE according to CFR status is displayed in the lower table. 

CFR: coronary flow reserve; FFR: fractional flow reserve; PCI: percutaneous coronary intervention  

 

  



Supplementary Table 2. A marginal Cox proportional hazards model for predicting vessel-related 

MACE based on PCI, CFC, and the interaction. 

 

 

 HR 95% CI p-value 

Age 1.018 0.993-1.044 0.16 

Diabetes mellitus 1.534 1.012-2.335 0.044 

Hypercholesterolaemia 1.499 0.928-2.421 0.098 

Multivessel disease 1.435 0.925-2.225 0.11 

FFR 0.036 0.003-0.415 0.008 

PCI   0.67 

Low CFC   0.085 

 

 Lesions with low CFC  Lesions with normal CFC  
Interaction 

 HR 95% CI  HR 95% CI  

PCI 0.454 0.159–1.295  1.135 0.634–2.034  0.067 

 

Low CFC was defined as CFR <2.0 and 1/hTmn <3.03 (corresponding percentile with CFR: 32nd 

percentile). 

A marginal Cox proportional hazards model for vessel-related major adverse cardiovascular events 

(MACE) was built based on PCI (performed or not), CFC (low or normal), and the interaction term 

between PCI and CFC. The model was adjusted for factors showing p<0.10 in the univariable models: age 

(continuous, year), diabetes mellitus (yes/no), hypercholesterolaemia (yes/no), multivessel disease 

(yes/no), and FFR (continuous, unit).  

Different hazard ratio (HR) of PCI for MACE according to CFC status is displayed in the lower table. 

CFC: coronary flow capacity; FFR: fractional flow reserve; hTmn: hyperaemic mean transit time; PCI: 

percutaneous coronary intervention 

 

  



Supplementary Table 3. Marginal Cox proportional regression models for predicting vessel-related 

MACE based on PCI, optimally defined CFC, and the interaction. 

 

A.  

 HR 95% CI p-value 

Age 1.020 0.994-1.046 0.13 

Diabetes mellitus 1.537 1.013-2.333 0.043 

Hypercholesterolaemia 1.441 0.894-2.321 0.13 

Multivessel disease 1.382 0.893-2.138 0.15 

FFR 0.019 0.002-0.205 0.001 

PCI   0.26 

Low CFC   0.088 

 

 Lesions with low CFC  Lesions with normal CFC  
Interaction 

 HR 95% CI  HR 95% CI  

PCI 0.278 0.103–0.751  1.393 0.783–2.478  <0.001 

 

Low CFC was defined as CFR ≤3.2 and 1/hTmn ≤2.8 based on the computation illustrated in 

Supplementary Figure 1. 

A marginal Cox proportional hazards model for vessel-related major adverse cardiovascular events 

(MACE) was built based on PCI (performed or not), CFC (low or normal), and the interaction term 

between PCI and CFC. The model was adjusted for factors showing p<0.10 in the univariable models: age 

(continuous, year), diabetes mellitus (yes/no), hypercholesterolaemia (yes/no), multivessel disease 

(yes/no), and FFR (continuous, unit).  

Different hazard ratio (HR) of PCI for MACE according to CFC status is displayed in the lower table. 

CFC: coronary flow capacity; CFR: coronary flow reserve; FFR: fractional flow reserve; hTmn: 

hyperaemic mean transit time; PCI: percutaneous coronary intervention 

 

  



Supplementary Table 4. Marginal Cox proportional regression models for predicting vessel-related 

MACE based on PCI, IMR, and the interaction. 

 

 

 HR 95% CI p-value 

Age 1.018 0.993–1.044 0.15 

Diabetes mellitus 1.547 1.021–2.344 0.040 

Hypercholesterolaemia 1.474 0.915–2.376 0.11 

Multivessel disease 1.464 0.941–2.278 0.091 

FFR 0.042 0.005–0.332 0.003 

PCI 
  

0.83 

High IMR 
  

0.40 

 

 Lesions with normal IMR  Lesions with high IMR  
Interaction 

 HR 95% CI  HR 95% CI  

PCI 1.068 0.576–1.982  0.770 0.313–1.900  0.47 

 

 

IMR was defined as IMR higher than or equal to 25. 

A marginal Cox proportional hazards model for vessel-related major adverse cardiovascular events 

(MACE) was built based on PCI (performed or not), IMR (high or normal), and the interaction term 

between PCI and IMR. The model was adjusted for factors showing p<0.10 in the univariable models: age 

(continuous, year), diabetes mellitus (yes/no), hypercholesterolaemia (yes/no), multivessel disease 

(yes/no), and FFR (continuous, unit).  

Different hazard ratio (HR) of PCI for MACE according to IMR status is displayed in the lower table. 

FFR: fractional flow reserve; IMR: index of microvascular resistance; PCI: percutaneous coronary 

intervention 

 

  



Supplementary Table 5. Marginal Cox proportional regression models for the composite endpoint 

of cardiovascular death and TV-MI by PCI, CFC and the interaction.  

 

 

 HR 95% CI p-value 

Age 1.013 0.964–1.064 0.62 

Diabetes mellitus 2.120 1.005–4.471 0.049 

Hypercholesterolaemia 1.421 0.61–3.311 0.42 

Multivessel disease 1.174 0.512–2.693 0.71 

FFR 1.888 0.043–83.70 0.74 

PCI 
  

0.99 

Low CFC 
  

0.008 

 

 Lesions with low CFC  Lesions with normal CFC  
Interaction 

 HR 95% CI  HR 95% CI  

PCI 0.417 0.081–2.147  1.005 0.330–3.061  0.30 

 

 

Low CFC was defined as CFR <1.7 and 1/hTmn <3.2 based on the computation illustrated in 

Supplementary Figure 2. 

A marginal Cox proportional hazards model for the composite endpoint of cardiovascular death and target 

vessel myocardial infarction (TV-MI) was built based on PCI (performed or not), CFC (low or normal), 

and the interaction term between PCI and CFC. The model was adjusted for factors showing p<0.10 in the 

univariable models: age (continuous, year), diabetes mellitus (yes/no), hypercholesterolaemia (yes/no), 

multivessel disease (yes/no), and FFR (continuous, unit).  

Different hazard ratio (HR) of PCI for MACE according to CFC status is displayed in the lower table. 

CFC: coronary flow capacity; CFR: coronary flow reserve; FFR: fractional flow reserve; hTmn: 

hyperaemic mean transit time; PCI: percutaneous coronary intervention 

 

 


