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Aims This meta-analysis aims to quantify the association of reduced coronary flow with all-cause mortality and major ad-

verse cardiovascular events (MACE) across a broad range of patient groups and pathologies.
...................................................................................................................................................................................................

Methods

and results

We systematically identified all studies between 1 January 2000 and 1 August 2020, where coronary flow was

measured and clinical outcomes were reported. The endpoints were all-cause mortality and MACE. Estimates of ef-

fect were calculated from published hazard ratios (HRs) using a random-effects model. Seventy-nine studies with a

total of 59 740 subjects were included. Abnormal coronary flow reserve (CFR) was associated with a higher inci-

dence of all-cause mortality [HR: 3.78, 95% confidence interval (CI): 2.39–5.97] and a higher incidence of MACE

(HR 3.42, 95% CI: 2.92–3.99). Each 0.1 unit reduction in CFR was associated with a proportional increase in mor-

tality (per 0.1 CFR unit HR: 1.16, 95% CI: 1.04–1.29) and MACE (per 0.1 CFR unit HR: 1.08, 95% CI: 1.04–1.11). In

patients with isolated coronary microvascular dysfunction, an abnormal CFR was associated with a higher incidence

of mortality (HR: 5.44, 95% CI: 3.78–7.83) and MACE (HR: 3.56, 95% CI: 2.14–5.90). Abnormal CFR was also asso-

ciated with a higher incidence of MACE in patients with acute coronary syndromes (HR: 3.76, 95% CI: 2.35–6.00),

heart failure (HR: 6.38, 95% CI: 1.95–20.90), heart transplant (HR: 3.32, 95% CI: 2.34–4.71), and diabetes mellitus

(HR: 7.47, 95% CI: 3.37–16.55).
...................................................................................................................................................................................................

Conclusion Reduced coronary flow is strongly associated with increased risk of all-cause mortality and MACE across a

wide range of pathological processes. This finding supports recent recommendations that coronary flow should

be measured more routinely in clinical practice, to target aggressive vascular risk modification for individuals

at higher risk.
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
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Introduction

Coronary flow reserve (CFR) describes the ratio by which coron-

ary blood flow can be augmented by exercise, stress, or microcir-

culatory vasodilation.1–3 As an index of coronary disease severity,

CFR has several biological and practical advantages. First, CFR

offers a quantitative, global physiological interrogation of the cor-

onary circulation, reflecting disease processes that affect both the

epicardial territory and the distal coronary vasculature, including

small vessels and capillaries. Second, CFR can be measured using

non-invasive modalities, including echocardiography,4 positron

emission tomography (PET),5 and cardiac magnetic resonance

(CMR)6 as well as invasively7 with Doppler flow velocity and ther-

modilution. As a result, CFR measurement is now recommended

by international guidelines8 as a diagnostic method for the identifi-

cation of patients with microvascular angina who could benefit

from targeted therapy.

Although extensively investigated within specific disease states,9–12

the utility of coronary flow indices as prognostic tools has not been

systematically quantified across a wide range of pathologies and

measurement modalities in a single, consistent analysis.

In this study, we perform a systematic review and meta-analysis of

all studies reporting the impact of an abnormal CFR on all-causemor-

tality and major adverse cardiovascular events (MACE), across a

broad range of disease processes.

Methods

Search strategy
We performed a systematic search of the MEDLINE, The Cochrane

Central Register of Controlled Trials, and EMBASE databases from 1

January 2000 to 1 August 2020 for all studies in humans and written in

English. The literature search strategy was designed by M.J.S.-S., R.A.-L.,

and R.P.

The search, carried out by M.A.K. and H.S., included the search strings

(‘coronary flow reserve’ or ‘coronary flow velocity reserve’ or ‘coronary

flow reserves’ or ‘coronary flow reserve velocity’ or ‘index of microcircu-

latory resistance’ or ‘index of microcirculatory resistance’ or ‘index of

microvascular resistance’ or ‘myocardial blood flow’ or ‘myocardial flow

reserve’ or ‘hyperaemic microvascular resistance’) AND (‘prognosis’ or

‘prognostic’ or ‘predictor’ or ‘survival’ or ‘mortality’ or ‘death’ or ‘out-

come’ or ‘outcomes’ or ‘MACE’ or ‘major adverse cardiovascular event’

or ‘major adverse cardiovascular events’ or ‘MACEs’). C.A.R. and A.N.N.

hand-searched the bibliographies of relevant selected studies, reviews,

andmeta-analyses to identify further eligible studies.

Inclusion and exclusion criteria
We included studies that prospectively measured invasive or non-

invasive indices of coronary flow and reported a hazard ratio (HR) for all-

cause mortality and/or MACE. Indices of coronary flow measurement

included CFR, measured via echocardiography, PET, or invasively via

Doppler or thermodilution; coronary flow velocity reserve (CFVR),

measured via echocardiography; myocardial blood flow reserve (MBFR),

measured via CMR; myocardial flow reserve (MFR), via CMR; and quanti-

tative myocardial perfusion reserve (MPR), via CMR and the index of

microcirculatory resistance (IMR), measured via invasive thermodilution.

Indices representing the ratio between maximal coronary blood flow and

resting hyperaemic coronary blood flow (CFR, CFVR, MBFR, MFR, and

MPR) were considered equivalent; these studies were meta-analysed to-

gether and are collectively referred to as ‘CFR’.We performed a separate

analysis of studies measuring the association of the index of microcircula-

tory resistance (IMR) with mortality and MACE. The definition of abnor-

mal CFR or IMR was that used in each study [defined via receiver

operating characteristic curve, median sample values, or pre-established

clinically acceptable cut-offs]. Studies measuring CFR were analysed

Coronary flow reserve and cardiovascular outcomes 1583
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separately from those measuring IMR. Studies in which CFR was stratified

into more than two bands were included in the systematic review but not

the meta-analysis. Studies in which IMR was evaluated only by groups

pre-determined by CFR stratification were included in the systematic re-

view but not the meta-analysis. Abstracts were reviewed for suitability

and articles retrieved accordingly. Two authors performed the search

and literature screening (M.A.K. and H.S.), with disputes resolved by dis-

cussion with a third author (R.P.). If studies had overlapping first or senior

author, or institution, M.F. and H.R. evaluated the published methods to

look for evidence of overlapping patient cohorts (dates, disease group,

modality). When this was not clear, the authors were contacted to ask

for clarification.

Endpoints
The primary outcome was the HR of all-cause mortality associated with

abnormal CFR. The secondary outcome was the HR of MACE associated

with abnormal CFR. There were various definitions of MACE used

(Supplementary material online, Table S1). We adopted the definition as

used in each study, which were a combination of the following: death;

non-fatal myocardial infarction; stroke; development of or hospitalization

for heart failure; revascularization; arrhythmia; and (where relevant) car-

diac allograft vasculopathy.

Data extraction and statistical analysis
Two authors (M.A.K. and H.S.) independently extracted the data from

included studies, verified by a third author (R.P.). J.P.H., Y.A., and S.S. for-

mulated the analysis plan.

We extracted the study population information from each study

including mean age ± standard deviation (SD), follow-up duration, disease

state, percentage of female population, prevalence of risk factors such as

hypertension, smoking, and diabetes mellitus, and, where available, the

mean CFR for abnormal and normal populations. We calculated and pre-

sented weighted means for these characteristics for the overall study

population in our analysis. Where appropriate, variances were derived

from SDs from each study, and mean weighted variance was used to cal-

culate a weighted SD for the overall study population.

We extracted the event rates, HRs, and their associated 95% confi-

dence intervals (CIs) and P-values. Where both annualized and end-of-

study event rates were reported, only the end-of-study event rate was

recorded. Where event rate data were missing from a manuscript, we

searched any available supplementary material. Where available, we

reported event rates for both mortality and MACE as weighted means,

stratified by abnormal vs. normal CFR. We reported effect sizes in terms

of HRs, since time-to-event data for endpoints are more methodological-

ly robust than reporting the number of events at an arbitrary timepoint.

When data were presented as HR of abnormal vs. normal CFR, we

inverted the values to present them systematically.Where studies investi-

gated two or more populations divided by a baseline characteristic (e.g.

hypertensives vs. non-hypertensives) and provided baseline characteristic

data and HRs for each, they were considered as separate studies for the

purposes of meta-analysis. Where continuous HRs were presented (HR

per x unit change in CFR), both the HR and associated CIs were adjusted

by the appropriate factor to allow systematic presentation of HRs per 0.1

unit decrease in CFR. Where continuous HRs were presented per SD

change in CFR, these studies were not included in the meta-analysis but

added to the systematic review. Where populations were not analysed

dichotomously (e.g. in tertiles of flow reserve), the study was not

included in the meta-analysis but added to the systematic review.

We performed a random-effects meta-analysis using inverse-variance

weighting (expressed as HRs with 95% CI), using the natural logarithm of

the HRs and their associated standard errors, using the DerSimonian and

Laird method.13 The HRs and 95% CIs were presented as forest plots.

The statistical programming environment Review Manager (RevMan)

5.414was used for all statistical analysis.

When available, multivariate adjusted HRs were extracted and meta-

analysed together with studies that only reported unadjusted HRs. We

performed a sensitivity analysis of studies reporting adjusted vs. unadjust-

ed HRs. Because multivariate adjustments varied across studies, we also

performed a sensitivity analysis to explore whether the magnitude of haz-

ard would differ when studies were grouped only within those which

adjusted for commonly known risk factors such as age, sex, presence of

diabetes mellitus, smoking history, dyslipidaemia, hypertension, and his-

tory of prior myocardial infarction. We included studies that did not ad-

just for these covariates at multivariate analysis if they were found to have

no significant association with outcomes at univariate analysis.

We performed subgroup analyses of studies measuring CFR in patients

with isolated coronary microvascular dysfunction (CMD). Isolated CMD

was defined by an abnormal CFR with non-obstructive coronary artery

disease on invasive coronary angiography or a negative stress test for

myocardial ischaemia,9,15 with no history of heart transplantation, cardio-

myopathy, or aortic stenosis.

Heterogeneity was assessed using the I2 test. An I2 of <25% was con-

sidered no statistical heterogeneity, 25–50% was considered as low statis-

tical heterogeneity, 50–75% was considered as medium statistical

heterogeneity, and >75% was considered as high statistical heterogeneity.

Where there was high statistical heterogeneity, subgroup analyses were

performed to assess any potential differences between modalities of

measurement of CFR, as well as between different presenting

pathologies.

Two authors (M.A.K. and H.S.) assessed the included studies for risk of

bias using the Newcastle–Ottawa quality assessment scale for cohort

studies.16 A quality score was calculated for three major components of

cohort studies: (i) selection of study groups (0–4 points), comparability

of study groups (0–2 points), and determination of outcome of interest

(0–3 points). A higher score represented greater methodological quality.

Results were reported in accordance with the PRISMA guideline (see

Supplementary material online, Table S2)17 and our study was prospect-

ively submitted on 20 August 2020 to the PROSPERO international pro-

spective register of systematic reviews (ID 161787).

Results

A total of 79 studies, which investigated the impact of coronary flow

on the prognosis of 59 740 individuals met the inclusion criteria

(Figure 1).4–6,10,11,18–91 The characteristics of included studies are

summarized in Supplementary material online, Table S3. Thirty-five

studies including 21 307 subjects were excluded due to subject over-

lap in multiple studies. The patient characteristics of included studies

are summarized in Table 1. Most studies included patients with pro-

ven or suspected ischaemic heart disease (58 studies including 57 613

subjects). Other common patient groups included: heart failure

(7 studies including 647 subjects), heart transplants (8 studies includ-

ing 784 subjects), and type 2 diabetes mellitus without symptoms of

coronary artery disease (3 studies including 541 subjects). From

these groups, 15 studies including 10 848 subjects were identified

that met the criteria for isolated CMD. The mean follow-up duration

was 35.7months, ranging from 1month to 150months.

Coronary flow measurements were made using echocardiography

(39 studies), PET (18 studies), CMR (4 studies), and invasive measure-

ment (18 studies). For studies using echocardiography, the mean

M.A. Kelshiker et al.1584



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

normal CFR was 2.61± 0.49, and mean abnormal CFR was

1.66± 0.27. For studies using invasive measurement, the mean nor-

mal CFR was 3.61± 1.64, and mean abnormal CFR was 2.14± 0.63.

The composite definition of MACE varied between studies, with

various combinations of mortality, non-fatal myocardial infarction,

hospitalization with congestive heart failure, arrhythmia, re-

transplantation, and coronary revascularization.

Sixty-three out of 79 included studies (42 667 subjects) reported

data by dividing subjects dichotomously into two CFR groups (nor-

mal vs. impaired), as defined by a pre-specified clinical cut-off. The

median cut-off for included studies was <_ 2.0, ranging from 1.518 to

3.0.64 The mean normal and abnormal CFR across all studies were

2.70± 0.68 and 1.70± 0.32, respectively. The event rate for mortality

(14 studies including 8368 patients) was 24.3% vs. 6.7% for abnormal

vs. normal CFR cohorts, respectively. The event rate for MACE (28

studies including 5735 patients) was 26.4% vs. 7.9% for abnormal and

normal CFR cohorts, respectively (Supplementary material online,

Table S4). Twelve studies including 15 567 subjects reported HRs

‘per unit change’ in flow reserve, ranging from 0.1 units to 1 unit

change in CFR.

Figure 1 Search strategy and source of included studies. CFR, coronary flow reserve.

Coronary flow reserve and cardiovascular outcomes 1585
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Three studies including 782 subjects divided participants into ‘ter-

tile’ groups of CFR, with HRs reported accordingly,44,81 and there-

fore these studies were not included in the meta-analysis but

remained part of our systematic review and discussion. The prognos-

tic impact of IMR was systematically reviewed and meta-analysed sep-

arately by examining data from nine studies including 2356 subjects.

Impact of abnormal CFR on all-cause
mortality and MACE
WhenHRs weremeta-analysed, an abnormal CFR conferred a signifi-

cantly increased hazard of both mortality (16 studies including 8446

subjects; HR: 3.78, 95% CI: 2.39–5.97, I2 = 88%) and MACE (60 stud-

ies including 35 498 subjects; HR: 3.42, 95% CI: 2.92–3.99, I2 = 73%)

(Figure 2).

The strength of association of CFR onmortality varied across multiple

disease presentations (Figure 3), with significant hazard observed in

patients with chronic coronary syndromes (7 studies including 7573 sub-

jects; HR: 4.41, 95% CI: 2.61–7.44, I2 = 78%) and heart transplants (3

studies including 334 subjects; HR: 2.95, 95% CI: 1.81–4.82, I2 = 0%),

with low inter-subgroup heterogeneity (v2 test: 8.11, P=0.23, I2= 26%).

The association of CFR with MACE was consistent across all dis-

ease presentations (Figure 4), with greatest hazard observed in

patients with diabetes mellitus and no symptoms of ischaemic

heart disease (3 studies including 541 subjects; HR: 7.47, 95% CI:

3.37–16.55, I2 = 34%) and heart failure (3 studies including 320 sub-

jects; HR: 6.38, 95% CI: 1.95–20.90, I2 = 43%). In patients presenting

with ischaemic heart disease (Figure 5), a comparable effect was seen

in patients with ST-elevation myocardial infarction (STEMI) (3 studies

including 529 subjects; HR: 4.35, 95% CI: 2.18–8.68, I2 = 0), non-

ST-elevation myocardial infarction (NSTEMI) or unstable angina

(7 studies including 886 subjects; HR: 3.76, 95% CI: 2.35–6.00, I2 =

30%), and chronic coronary syndromes (40 studies including 33 029

subjects; HR: 3.16, 95% CI: 2.64–3.78, I2 = 78%), with no inter-

subgroup heterogeneity (v2 test: 1.17, P=0.56, I2 = 0).

Amongst studies reporting HRs per unit change of CFR, each 0.1

unit reduction in CFR was associated with an increased hazard of

mortality (4 studies including 13 809 subjects; HR per 0.1 unit reduc-

tion: 1.16, 95% CI: 1.04–1.29, I2 = 80%) (Supplementary material on-

line, Figure S1) and MACE (8 studies including 6429 subjects; HR per

0.1 unit reduction: 1.08, 95% CI: 1.04–1.11, I2 = 74%) (Supplementary

material online, Figure S2).

Impact of abnormal CFR in patients with
isolated CMD
Sixteen studies including 10 848 subjects investigated CFR in patients

with CMD (Supplementary material online, Table S5). Two studies

including 4481 subjects investigated the impact of abnormal CFR on

overall mortality (Supplementary material online, Figure S3). In this

group, an abnormal CFR was associated with a significantly increased

mortality hazard (HR: 5.44, 95% CI: 3.78–7.83, I2 = 0%). Fourteen

studies (6367 subjects) reported the association of abnormal CFR

with MACE (Supplementary material online, Figure S4). In this group,

abnormal CFR was associated with a significantly increased hazard of

MACE (HR: 3.56, 95% CI: 2.14–5.90, I2 = 93%).

Prognostic impact of abnormal IMR
Eight studies including 1097 subjects evaluated the prognostic impact

of IMR (Supplementary material online, Table S6) with an observed

association between abnormal IMR and MACE (HR: 1.15, 95% CI:

1.02–1.29, I2 = 82%) (Figure 6). This effect was not consistent across

multiple disease presentations including STEMI (3 studies including

624 patients, HR: 2.03, 95% CI: 0.79–5.21, I2 = 90%), NSTEMI or un-

stable angina (2 studies including 655 patients, HR: 1.26, 95% CI;

0.79–2.00, I2 = 82%), chronic coronary syndromes (2 studies includ-

ing 283 patients, HR: 3.99, 95% CI: 0.39–40.31, I2 = 67%), and heart

transplants (1 study including 74 patients, HR: 3.93, 95% CI: 1.08–

14.30). One study, including 572 subjects, reported the impact of ab-

normal IMR onmortality (HR; 1.56, 95% CI: 1.16–2.10).73

Subgroup analysis by measurement
modality
Subgroup analysis of studies measuring the association of abnormal

CFR on mortality revealed a consistent, preserved effect across dif-

ferent measurement modalities (Figure 7), with medium inter-

subgroup heterogeneity (v2 test: 5.06, P=0.08, I2 = 60.5%). The haz-

ard associated with abnormal CFR on mortality with invasive meas-

urement (3 studies including 424 subjects) was HR: 4.98 (95% CI:

2.66–9.32, I2 = 0%); with echocardiography (9 studies including 7174

Table 1 Patient characteristics

Patients, n 59 740

Female sex, n (%) 26 927 (45.1)

Age (years), mean ± SD 64.7 ± 9.55

Diabetes, n (%) 15 989 (26.8)

Hypertension, n (%) 45 539 (71.2)

Smoking history, n (%) 13 190 (22.1)

Weighted follow-up (months) 35.7

Percentages are displayed as a weighted mean of the total.

SD, standard deviation.

Figure 2 Coronary flow reserve and risk of death and major ad-

verse cardiovascular events. All hazard ratios expressed after multi-

variable-adjusted analysis. Hazard ratios shown for the outcomes

for which there are sufficient published data (i.e. at least two stud-

ies). Hazard ratios are represented by squares, and 95% confidence

intervals are represented by horizontal lines.
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Figure 3 Forest plot showing coronary flow reserve as an indicator of all-cause mortality. Hazard ratios for individual studies are represented by

squares, and 95% confidence intervals (CI) are represented by horizontal lines. Pooled estimates and their 95% confidence intervals are represented

by diamonds. Subgroups are by disease presentation. The sizes of the squares and the diamonds are proportional to the weight assigned to the rela-

tive effect sizes.
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Figure 4 Forest plot showing coronary flow reserve as an indicator of major adverse cardiovascular events. Hazard ratios for individual studies are

represented by squares, and 95% confidence intervals are represented by horizontal lines. Pooled estimates and their 95% confidence intervals are

represented by diamonds. Subgroups are by disease presentation. The sizes of the squares and the diamonds are proportional to the weight assigned

to the relative effect sizes.
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subjects) HR: 4.19 (95% CI: 2.14–8.21, I2 = 93%), and with PET

(4 studies including 848 subjects) HR 2.35 (95% CI; 1.61–3.42, I2 =

0%). A similar effect was observed for the outcome of MACE

(Figure 8), with medium heterogeneity seen in studies using CMR (3

studies including 204 subjects, HR: 4.81, 95% CI: 1.71–13.59, I2 =

74%) and echocardiography [35 studies including 24 785 subjects,

HR: 4.33 (95% CI: 3.62–5.19, I2 = 60%)].

There was high heterogeneity among studies of patients presenting

with chronic coronary syndromes for both outcomes of mortality

(I2 = 78%) and MACE (I2 = 78%). Subgroup analysis of these studies

by measurement modality revealed medium inter-subgroup hetero-

geneity for mortality (v2 test: 5.06, P=0.08, I2 = 60.5%) and high

inter-subgroup heterogeneity for MACE (v2 test: 41.20, P<0.001, I2

= 92.7%), with high heterogeneity seen in the echocardiography sub-

group for both outcomes (Supplementary material online, Figures S5

and S6).

Subgroup analysis by presenting pathology for studies measuring

the association of IMR with MACE showed no inter-subgroup het-

erogeneity (v2 test = 3.74, P=0.29, I2 = 19.5%).

Sensitivity analysis
On sensitivity analysis, the magnitude of hazard conferred by an ab-

normal CFR did not change when individual studies that adjusted for

specific confounders were grouped together. When adjusted for age,

sex, presence of diabetes mellitus, hypertension, dyslipidaemia, and

smoking history, CFR remains associated with mortality (5 studies

including 6948 subjects, HR: 5.41, 95% CI: 3.05–9.60) and MACE

(27 studies including 19 296 subjects; HR: 3.75, 95% CI: 3.05–4.62).

When restricted to studies additionally adjusting for prior myocardial

infarction, the association of abnormal CFR with both mortality

(4 studies including 6786 subjects; HR: 5.79, 95% CI: 3.00–11.19)

(Supplementary material online, Figure S7) and MACE (14 studies

including 14 708 subjects; HR: 3.46, 95% CI: 2.71–4.41) was pre-

served (Supplementary material online, Figure S8).

Sensitivity analysis for studies reporting adjusted vs. only unadjusted

HRs (Supplementary material online, Figures S9 and S10) revealed a con-

sistent association of abnormal CFR with both mortality and MACE,

with no inter-subgroup heterogeneity (v2 test: 0.12, P=0.73, I2= 0%).

Subgroup analysis when grouping studies adjusting for sex was

limited to four studies reporting the association of abnormal CFR

with MACE, including 1235 male and 1044 female subjects (Sup

plementary material online, Figure S11). The associated HR for

males was 3.60 (95% CI: 1.24–10.44), and for females HR: 6.02

(95% CI: 0.76–47.42) with no inter-subgroup heterogeneity

(v2 test: 0.19, P=0.66, I2 = 0%).

Discussion

In the present study, we systematically reviewed and meta-analysed

studies that evaluated the association between abnormal coronary

flow and clinical outcomes. We found that, across a broad range of

pathologies and patient cohorts, impaired CFR was associated with

an increased hazard of all-cause mortality and MACE. Normal CFR

was associated with improved prognosis within all subgroups ana-

lysed, and when measured using all clinically available invasive and

non-invasive modalities (Graphical Abstract).

Figure 5 Forest plot showing coronary flow reserve as an indicator of mortality in patients with ischaemic heart disease. Hazard ratios for individ-

ual studies are represented by squares, and 95% confidence intervals are represented by horizontal lines. Subgroups are by disease presentation.

Pooled estimates and their 95% confidence intervals are represented by diamonds. The sizes of the squares and the diamonds are proportional to

the weight assigned to the relative effect sizes.
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.Coronary flow and prognosis
On average, we found that an abnormal CFR conferred subjects a 3.7

times increased risk of death, based on 16 studies including 8446

patients. This finding is important because overall mortality is a bias-

resistant and clinically relevant outcome. Furthermore, we found that

an abnormal CFR conferred subjects a 3.4 times increased hazard of

cardiovascular events, even when multiple other known prognostic

markers, such as age, hypertension, diabetes mellitus, dyslipidaemia,

smoking history, and prior myocardial infarction, were adjusted for in

individual studies. We found that, on average, every 0.1 unit reduction

in CFR is associated with a 16% increase in hazard of death. Although

0.1 units is pragmatically a small gradation in the individual patient, this

finding demonstrates that CFR represents a continuum of risk, with

lower levels predisposing patients to more adverse clinical outcomes.92

Our findings are consistent across a broad range of disease groups,

which importantly include both established cardiovascular patholo-

gies and subjects at risk of vascular disease, such as those with dia-

betes mellitus. In addition, a preserved CFR appears to have a

protective role against adverse clinical outcomes even amongst sub-

jects whose pathologies have a less known vascular link, such as sys-

temic sclerosis.85

Because our study sample was intentionally drawn from multiple

disease groups with a wide risk profile, overall heterogeneity was

high. Importantly, however, subgroup analysis by pathology and

measurement modality demonstrated a consistent association be-

tween abnormal CFR and poorer prognosis, with low inter-group

heterogeneity and similar magnitude of HRs (Figures 3 and 4).

Perhaps expectedly, higher heterogeneity was observed in studies of

patients chronic coronary syndromes (arguably a heterogeneous

population with a wider range of risk), when compared with those

presenting with STEMI and NSTEMI (Figure 5). Importantly, the mag-

nitude of association between CFR and outcomes remained compar-

able between groups.

We also observed a variable effect size across modalities, with

higher magnitudes of hazard seen in studies using echocardiog-

raphy, when compared with invasively measured CFR (Figures 7

Figure 6 Forest plot showing the index of microcirculatory resistance as an indicator of major adverse cardiovascular events. Hazard ratios for in-

dividual studies are represented by squares, and 95% confidence intervals are represented by horizontal lines. Pooled estimates and their 95% confi-

dence intervals are represented by diamonds. Subgroups are by disease presentation. The sizes of the squares and the diamonds are proportional to

the weight assigned to the relative effect sizes. NSTEMI, non-ST-elevation myocardial infarction; STEMI, ST-elevation myocardial infarction.
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and 8). Speculatively, this difference in effect size may again be at-

tributable to different risk profiles of samples recruited (and

therefore different overall mean CFR), as echocardiography is

more widely used as a screening tool, when compared with inva-

sive flow assessment.

Finally, our overall findings remain unaltered when studies are

grouped amongst those that adjusted for specific confounders

(Supplementary material online, Figures S7 and S8). This strongly

suggests that the prognostic role of CFR is independent of other

known vascular risk factors, such as age, sex, diabetes mellitus,

dyslipidaemia, hypertension, smoking history, and prior myocar-

dial infarction.

Prognostic impact of the IMR
A specific analysis involving studies that evaluated the prognostic role

of IMR has also found a protective role of preserved microvascular

function, although to a lesser magnitude than CFR (8 studies including

1097 patients; MACE HR: 1.02, 95% CI: 1.02–1.29). Subgroup

analyses in patients with STEMI (HR: 2.03, 95% CI: 0.79–5.21),

NSTEMI or unstable angina (HR: 1.26, 95% CI: 0.79–2.00), and chron-

ic coronary syndromes (HR: 3.99, 95% CI: 0.39–40.31) did not reach

significance. This could potentially be explained by the smaller num-

ber of patients in such studies. Lee et al.61 grouped 867 subjects by

CFR and reported HRs for the association of IMR with MACE. IMR

was found to be prognostic only in a subgroup of patients with abnor-

mal CFR (HR: 2.87, 95% CI: 1.48–5.59).

Only one study reported a HR for the association of hyperaemic

microvascular resistance (HMR) with MACE. DeWaard et al.42 dem-

onstrated that HMR, a Doppler-based measure of microvascular

function, had greater prognostic association with MACE per 1 unit

change (HR: 1.55, 95% CI: 1.18–2.04) than CFR (HR: 0.36, 95% CI:

0.12–1.09). These findings have been reinforced by Toya et al.,93 who

demonstrated a comparable risk of MACE associated with unit

changes in CFR and HMR. Consequently, further studies are required

to clarify the prognostic association of HMR with mortality and

MACE.

Figure 7 Forest plot showing coronary flow reserve as an indicator of mortality—subgroup analysis by measurement modality. Hazard ratios for

individual studies are represented by squares, and 95% confidence intervals are represented by horizontal lines. Pooled estimates and their 95% confi-

dence intervals are represented by diamonds. The sizes of the squares and the diamonds are proportional to the weight assigned to the relative effect

sizes. CMR, cardiac magnetic resonance; PET, positron emission tomography.
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Figure 8 Forest plot showing coronary flow reserve as an indicator of major adverse cardiovascular events—subgroup analysis by measurement

modality. Hazard ratios for individual studies are represented by squares, and 95% confidence intervals are represented by horizontal lines. Pooled

estimates and their 95% confidence intervals are represented by diamonds. The sizes of the squares and the diamonds are proportional to the weight

assigned to the relative effect sizes. CMR, cardiac magnetic resonance; PET, positron emission tomography.
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Implications for clinical practice
Assessment of coronary flow is already recommended in clinical

guidelines as a diagnostic modality for patients with angina, to al-

low targeted therapy to those individuals without obstructive epi-

cardial coronary artery disease.8 Our findings strongly support

such recommendations and suggest that coronary flow assessment

using multiple measurement modalities could be expanded to

other patient cohorts and pathologies.

Numerous studies already support a strategy of aggressive risk-

factor modification in patients with stable coronary artery dis-

ease.94–96 Although it has not been proven that improvement in

coronary flow is one of the mechanisms by which medical inter-

ventions offer benefit to patients, our findings support such a

pathophysiological mechanism. Multiple disease states are asso-

ciated with impaired coronary flow (including diabetes mellitus,97

hypercholesterolaemia,98 and hypertension99) and many interven-

tions known to be of prognostic benefit in such patients also aug-

ment coronary flow, such as antihypertensive,100,101

glucose-lowering,102 and lipid-lowering agents.103,104 Notably,

we found that in patients with isolated CMD, an abnormal CFR

confers subjects a five times increased hazard of death and 3.5

times increased hazard of cardiovascular events, supporting the

findings recently reported by Gdowski et al.9 These findings are

also consistent with Brainin et al.,105 who quantified the cardiovas-

cular risk associated with non-endothelial-dependent coronary

vascular dysfunction using echocardiography (relative risk: 4.58,

95% CI: 3.58–5.87) and PET (relative risk: 2.44, 95% CI: 1.80–3.30).

Whilst the results of the COURAGE106 and ISCHEMIA94 studies

have shown that epicardial revascularization is not associated with

significant reduction in MACE in patients with stable coronary artery

disease, our findings build upon accumulated evidence supporting

the idea that MACE risk reduction should be targeted beyond epi-

cardial coronary disease. The overall functional health of the coron-

ary circulation appears to be a more reversible target for vascular

therapies, via populational lifestyle modification as well as pharma-

cological interventions. Our results also demonstrate that the asso-

ciation between reduced coronary flow and increased risk of

mortality and MACE is consistent across multiple disease processes

and all available diagnostic modalities, suggesting that coronary flow

should be more routinely used in a broader group of pathologies for

the identification of those at higher risk of cardiovascular events.

Limitations
This study-level meta-analysis aggregated heterogeneous popula-

tions across different disease states and measurement modalities.

It precluded detailed analysis of temporal relationships or sub-

groups, which would have been afforded by analysis of compre-

hensive patient-level data. All included studies published observa-

tional data and were necessarily at high risk of bias due to a lack of

randomization and lack of blinding in all studies (Supplementary

material online, Table S7). These studies are also at risk of publica-

tion bias, since only the positive studies are likely to be reported.

Studies also used different cut-off values for normal CFR, as well as

different definitions of MACE. Therefore, establishing a universal

relationship between a specific CFR cut-off and specific adverse

events is not possible from our study. Several studies did not

publish a HR for dichotomous data, instead providing HR per

unit change in CFR, which could not be part of our main analysis.

However, these studies provided an arguably even more import-

ant insight into the progressive increase in hazard with degree of

abnormality of CFR. The overall heterogeneity of our study was

high; however, after multiple subgroup analyses across different

pathologies and measurement modalities, we demonstrated a con-

sistent hazard of mortality and MACE associated with abnormal

CFR. In addition, we meta-analysed HRs of individual studies

that did not all adjust for an identical set of variables. Our sensitiv-

ity analysis indicates that this did not affect the overall findings.

Conclusions

In patients with established cardiovascular disease, and in those at

risk of developing it, impaired coronary flow is strongly associated

with an increased hazard of death and MACE. Clinicians should in-

corporate coronary flow measurement more routinely as a diag-

nostic and risk stratification tool, to target strict vascular

modification therapies to those at higher risk.

Supplementary material

Supplementary material is available at European Heart Journal

online.
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