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Abstract
Background: Coronary microvascular dysfunction (CMD) is an important contributor to angina syn-
dromes. Recently, two distinct endotypes were identified using combined assessment of coronary flow 
reserve (CFR) and minimal microvascular resistance (MR), termed structural and functional CMD.
Aims: We aimed to assess the relevance of the combined assessment of CFR and MR in patients with 
angina and no obstructive coronary arteries.
Methods: Patients with chronic coronary syndromes (CCS) and non-obstructive coronary artery disease 
(fractional flow reserve [FFR] ≥0.80) were selected (N=1,102). Functional CMD was defined as abnormal 
CFR in combination with normal MR and structural CMD as abnormal CFR with abnormal MR. Clinical 
endpoints were the incidence of major adverse cardiac events (MACE) and target vessel failure (TVF) at 
5-year follow-up.
Results: Abnormal CFR was associated with an increased risk of MACE and TVF at 5-year follow-up.
Microvascular resistance parameters were not associated with MACE or TVF at 5-year follow-up. The risk
of MACE and TVF at 5-year follow-up was similarly increased for patients with structural or functional
CMD compared with patients with normal microvascular function. There were no differences between both
endotypes (p=0.88 for MACE, and p=0.55 for TVF).
Conclusions: Coronary microvascular dysfunction, identified by an impaired CFR, was unequivocally
associated with increased MACE and TVF rates over a 5-year follow-up period. In contrast, impaired MR
was not associated with 5-year adverse clinical events. Moreover, there was no significant difference in
the risk of MACE and TVF between a low CFR accompanied by pathologically increased MR (structural
CMD) or not (functional CMD). ClinicalTrials.gov: NCT04485234
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Abbreviations
ANOCA angina and no obstructive coronary artery disease
CFR coronary flow reserve
CMD coronary microvascular dysfunction
FFR fractional flow reserve
HMR hyperaemic microvascular resistance
ICA invasive coronary angiography
ICFT intracoronary function testing
IMR index of microvascular resistance
MACE major adverse cardiac events
MR microvascular resistance
TVF target vessel failure

Introduction
Coronary microvascular dysfunction (CMD) is increasingly recog-
nised as an important contributor or even a sole cause of angina syn-
dromes, and portends an increased risk for major adverse cardiac 
events1-3. Among patients with angina and no obstructive coronary 
artery disease (ANOCA) with documented CMD, two distinct endo-
types have been previously identified using additional assessment of 
minimal microvascular resistance (MR), termed structural and func-
tional CMD4,5. Structural CMD describes the more traditional CMD 
endotype and is characterised by a reduced coronary flow reserve 
(CFR) in the presence of an increase in minimal MR. This endotype 
is considered to represent architectural changes in the microvascu-
lature such as capillary rarefaction and arteriolar obliteration, which 
impair microcirculation under maximally vasodilated conditions6. 
Functional CMD describes an endotype characterised by a reduced 
CFR in the presence of normal or decreased minimal MR. This is 
considered to be related to an increased demand for myocardial 
oxygen or disordered coronary autoregulation, both of which lead 
to increased coronary flow in resting conditions despite unaltered 
myocardial workload and normal microcirculation during maximally 
vasodilated conditions. Notwithstanding the distinctly different patho-
physiology, both endotypes have previously been related to a similar 
prevalence of inducible myocardial ischaemia on cardiac magnetic 
resonance imaging, as well as to similarly reduced coronary perfu-
sion efficiency during physical exercise5,7. The prognostic relevance 
of functional versus structural CMD in ANOCA patients has not been 
evaluated. We therefore aimed to evaluate the prognostic implica-
tions of structural versus functional CMD in patients with ANOCA.

Editorial, see page 703

Methods
STUDY POPULATION
The ILIAS (Inclusive Invasive Physiological Assessment in 
Angina Syndromes) registry is a global, multicentre initiative 
retrospectively pooling lesion-level coronary pressure and flow 
data, as well as vessel-level clinical outcome data. The registry 
is composed of 20 coronary physiology expert medical institutes 
from the Netherlands, Republic of Korea, Japan, Spain, Denmark, 
Italy and the United States of America. All data were gathered 
in local study protocols and ethical approval was obtained from 

local independent ethical commissions. Patients who underwent 
clinically indicated invasive coronary angiography and a compre-
hensive invasive physiological assessment of at least one native 
coronary artery were enrolled in the registry. Patients with haemo-
dynamic instability, significant valvular pathology and prior coro-
nary artery bypass graft surgery, as well as patients with acute 
coronary syndromes were excluded. Individual patient data for 
pooled analysis were collected using standardised spreadsheets and 
a fully compliant cloud-based clinical data platform (Castor EDC). 
Standardised definitions were used for all variables. The ILIAS 
Registry was registered at Clinicaltrials.gov: NCT04485234.

For this analysis, only those patients with ANOCA were 
selected. ANOCA was defined according to current consensus as 
the presence of stable anginal symptoms, a clinical indication for 
invasive coronary angiography, and no haemodynamically signi-
ficant epicardial coronary artery disease, defined as fractional flow 
reserve (FFR) >0.80.

CORONARY ANGIOGRAPHY AND PHYSIOLOGICAL 
ASSESSMENT
Coronary angiography and intracoronary testing were performed in 
all institutions using similar, standard techniques. After diagnostic 
coronary angiography, invasive physiological indices were meas-
ured using either separate pressure- (PressureWire; Abbott) and 
Doppler velocity sensor-equipped coronary guidewires (FloWire; 
Philips-Volcano), dual pressure- and Doppler flow velocity-
equipped guidewire (ComboWire; Philips-Volcano), or a temper-
ature-sensitive pressure sensor-equipped guidewire (PressureWire; 
Abbott) using routine techniques. Intracoronary nitrate (100 or 
200 μg) was administered before physiologic measurements. Using 
the Doppler velocity technique, baseline (bAPV) and hyperaemic 
(hAPV) average peak flow velocities were labelled as baseline and 
hyperaemic flow, respectively. Using the coronary thermodilution 
technique, resting and hyperaemic thermodilution curves were 
obtained in triplicate using three injections (4 mL each) of room-
temperature saline, and the inverse of the average basal (bTmn) 
and hyperaemic (hTmn) mean transit times were labelled as base-
line and hyperaemic flow, respectively. Hyperaemia was induced 
by intravenous infusion of adenosine (140 μg/kg per min) or aden-
osine triphosphate (ATP; 150 μg/kg per min) through a peripheral 
or central vein, an intracoronary bolus injection of adenosine (20-
200 mcg), or an intracoronary bolus injection of nicorandil (3 mg), 
according to local standards.

FOLLOW-UP AND CLINICAL ASSESSMENT
Clinical follow-up was obtained at outpatient clinic visits or by 
telephone contact to ascertain the occurrence of major adverse 
cardiac events (MACE) and target vessel failure (TVF). MACE 
was defined as the composite of all-cause death, acute myocardial 
infarction and clinically driven (urgent) revascularisation by means 
of coronary artery bypass or percutaneous coronary intervention 
(PCI). TVF was defined as the composite of cardiac death, acute 
myocardial infarction not clearly attributable to a non-target vessel, 
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and clinically driven (urgent) revascularisation of the target ves-
sel by means of coronary artery bypass graft surgery or PCI. All 
patient-reported events were verified by evaluating hospital records 
or contacting the treating cardiologist or general practitioner.

DATA ANALYSIS
CFR was calculated as the ratio of hyperaemic to basal coronary 
flow, and CFR <2.5 was considered abnormal. Minimal MR was 
calculated as the ratio of hyperaemic distal coronary pressure to 
hyperaemic distal coronary flow and expressed by the hyperaemic 
microvascular resistance index (HMR) for Doppler flow velocity 
measurements, and the index of microvascular resistance (IMR) 
for coronary thermodilution measurements. An HMR value of 
≥2.5 and an IMR value of ≥25 were considered abnormal8.

STATISTICAL ANALYSIS
Data were analysed on a per-patient basis for clinical characteris-
tics and on a per-vessel basis for all other calculations. Normality 
and homogeneity of the variances were tested using Shapiro-Wilk 
and Levene tests. Continuous variables are presented as mean±SD 
or median (first, third quartile [Q1, Q3]) and were compared with 
the Student’s t-test or the Mann-Whitney U test. Categorical vari-
ables are presented as counts and percentages and were compared 
using the Fisher's exact test. For vessel-to-patient analyses, robust 
regressions with Huber-White robust standard errors were used to 

adjust for clustering of vessels within patients, where appropriate. 
The association of continuous CFR, HMR, and IMR values, as 
well as the presence of abnormal MR with 5-year MACE and TVF 
was evaluated using (marginal) Cox proportional hazards mod-
els, adjusted for the effect of relevant clinical and angiographic 
characteristics (p<0.1 for inclusion). All clinical and angiographic 
characteristics (Table 1) were considered as covariates. Event 
rates over time across groups defined by normal/abnormal CFR 
and normal/abnormal MR were visualised using the unadjusted 
Kaplan-Meier method. The statistical significance of differences 
in event rates between groups was assessed with unadjusted (mar-
ginal) Cox proportional hazards models and is presented using haz-
ard ratios (HR) with 95% confidence intervals (95% CI). For the 
MACE endpoint, Cox proportional hazard analysis was adjusted 
for the clustering of vessels within patients. All Cox proportional 
hazards models were preceded by verification of the proportional 
hazard assumption using Schoenfeld’s residuals. A p-value <0.05 
(2-sided) was considered statistically significant. The Stata ver-
sion 14.0 (StataCorp) software package was used for calculations.

Results
PATIENT POPULATION
A total of 2,322 patients underwent invasive physiological assess-
ment in a total of 3,046 vessels. Among these, 320 patients had 
a non-stable indication for coronary angiography and obstructive 

Table 1. Baseline characteristics of the total study population and across the different groups defined by normal/abnormal CFR and MR.

Total
CFR ≥2.5 CFR <2.5 p-value 

across 
CFR 

groups

MR low MR high
p-value

MR low MR high
p-value

Patients N=1,102 N=420 N=112 N=344 N=226

Demographics

Age, yrs 63 (62-64) 61 (60-62) 62 (60-64) 0.336 64 (63-65) 66 (64-67) 0.322 <0.005

Male sex, % 69 (62-73) 69 (65-74) 72 (62-79) 0.650 64 (59-69) 72 (65-77) 0.427 0.105

BMI, kg/m2 26 (25–26) 25 (25–25) 26 (26–27) 0.007 26 (25–26) 26 (25–26) 0.523 0.263

LVEF, % 61 (59–62) 62 (61–63) 62 (60–63) 0.966 60 (59–61) 60 (60–62) 0.976 0.005

Coronary risk factors

Hypertension, % 58 (52-63) 52 (47-57) 62 (52-71) 0.147 58 (53-63) 66 (59-72) 0.044 0.008

Diabetes, % 24 (19-29) 22 (18-26) 22 (15-32) 0.712 26 (21-31) 24 (19-30) 0.645 0.158

Hyperlipidaemia, % 62 (57-68) 60 (55-65) 56 (46-65) 0.463 65 (59-69) 65 (59-71) 0.735 0.171

Positive family history, % 37 (32-47) 35 (31-40) 35 (26-46) 0.575 37 (32-43) 41 (34-48) 0.425 0.211

Current smoking, % 22 (17-27) 22 (18-27) 24 (16-34) 0.902 21 (17-26) 22 (17-28) 0.620 0.577

Prior myocardial infarction, % 14 (11-19) 12 (9-16) 14 (8-22) 0.643 16 (13-21) 17 (13-23) 0.749 0.020

Prior coronary intervention, % 21 (17-27) 20 (16-25) 20 (13-29) 0.702 24 (20-29) 18 (13-24) 0.390 0.560

Medication

Aspirin, % 78 (73-83) 80 (76-84) 78 (68-85) 0.231 77 (72-82) 78 (71-83) 0.986 0.597

ACE inhibitor, % 38 (33-44) 35 (30-39) 46 (36-56) 0.124 38 (33-44) 40 (34-47) 0.533 0.287

Beta blocker, % 46 (40-52) 43 (39-48) 41 (32-52) 0.455 47 (41-53) 52 (45-59) 0.541 0.058

Calcium antagonist, % 39 (33-45) 36 (32-41) 41 (32-52) 0.388 38 (32-43) 44 (37-51) 0.171 0.345

Nitrates, % 36 (30-42) 36 (32-42) 31 (22-41) 0.501 35 (30-41) 39 (32-46) 0.453 0.648

Data presented as n (%) or mean±standard deviation. BMI: body mass index; CFR: coronary flow reserve; LVEF: left ventricular ejection fraction; 
MR: minimal micorvascular resistance
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coronary artery disease was present in 855 vessels. These were 
excluded for the current analysis. From this population, follow-up 
data were missing for 41 patients. The final study population con-
sisted of 1,102 patients with 1,562 vessels who underwent a coronary 
angiography procedure between 1998 and 2018. The key baseline 
characteristics of the final study population are shown in Table 1. 
The mean age was 63±10.3 years and 69% of the patients were men.

CLINICAL AND PHYSIOLOGICAL CHARACTERISTICS ACROSS 
CFR AND MR GROUPS
Patients were classified into 4 groups based on CFR (cut-off value 
<2.5) and the presence of high MR (cut-off value ≥25 for IMR 
and ≥2.5 mmHg/cm/s for HMR). A total of 793 vessels (50.7%) 
had normal CFR, of which 618 (77.9%) had normal MR and 
175 (22.1%) had abnormal MR. Of the 769 vessels (49.3%) with 
abnormal CFR, 487 (63.3%) had normal MR consistent with func-
tional microvascular dysfunction, and 282 (36.7%) had abnormal 
MR consistent with structural microvascular dysfunction.

Patients with abnormal CFR were older, more likely to have 
hypertension, and had higher rates of previous myocardial 

infarction. In the normal CFR group, there were no differences in 
clinical characteristics between the high and low MR subgroup. In 
the abnormal CFR group, patients with high MR were more likely 
to have hypertension than patients with low MR (58.6%; 95% CI: 
53-63% vs 66.8%; 95% CI: 59-72%; p=0.044).

Angiographic and physiological characteristics are summarised 
in Table 2. In most cases, the LAD (n=779; 49%) was the inter-
rogated vessel. A clinically irrelevant but statistically significant 
difference in FFR was present between normal and abnormal MR 
groups, both in patients with (0.89±0.05 vs 0.90±0.05; p<0.005) 
as well as in patients without CMD (0.90±0.06 vs 0.92±0.06; 
p<0.005). The same finding applied to CFR, where a clinically 
irrelevant but statistically significant difference was documented 
between normal and abnormal MR groups both in patients with 
(1.96±0.40 vs 1.87±0.42; p<0.005) as well as in patients without 
CMD (3.65±0.98 vs 3.32±0.73; p<0.005).

CLINICAL OUTCOMES DETERMINED BY CFR AND MR
The median follow-up duration was 4.92 years (Q1, Q3: 1.99, 5.07). 
A total of 96 patients (9.1%) experienced at least one MACE, and 

Table 2. Coronary angiography characteristics of the total study population and across the different groups defined by abnormal and 
normal CFR and MR.

Total
CFR ≥2.5 CFR <2.5 p-value 

across 
CFR 

groups

MR low MR high p-value MR low MR high p-value

Vessels N=1,562 N=618 N=175 N=487 N=282

Interrogated vessel
LAD, (%) 779 (49) 332 (53) 72 (39) 0.019 234 (46) 141 (46) 0.910 0.123

RCX, (%) 388 (25) 129 (21) 37 (24) 0.932 151 (33) 71 (25) 0.136 0.090

RCA, (%) 386 (25) 155 (26) 65 (37) 0.010 99 (20) 67 (28) 0.126 0.084

Unknown, (%) 9 (1) 2 (0) 1 (0) n/a 3 (1) 3 (1) n/a

Quantitative analysis
Diameter stenosis, % 45.5±17.0 42.9±16.6 42.9±17.1 0.983 46.7±17.0 51.0±16.6 0.001 <0.005

Haemodynamic 
bHR 68.9±11.6 67.8±10.9 68.5±11.3 0.650 70.4±12.1 69.9±12.4 0.756 0.019

bPd 94.9±15.2 94.4±14.2 99.0±14.6 <0.005 93.4±15.5 96.0±16.5 0.019 0.184

hPd 81.5±14.9 80.5±13.9 86.6±12.5 <0.005 79.3±15.5 84.1±15.9 <0.005 0.3311

bPa 98.3±15.0 97.6±14.1 101.2±13.9 <0.005 97.3±15.5 99.7±16.2 0.027 0.818

hPa 90.1±15.5 89.0±14.9 94.4±12.2 <0.005 88.3±16.2 93.0±16.5 <0.005 0.889

bAPV 17.2±7.4 15.7±4.9 9.86±2.1 <0.005 23.4±8.1 14.1±3.7 <0.005 <0.005

hAPV 41.1±15.8 48.6±13.8 29.6±5.7 <0.005 47.2±15.7 27.4±7.4 <0.005 <0.005

bTmn 0.77±0.44 0.80±0.29 1.43±0.47 <0.005 0.41±0.23 0.88±0.39 <0.005 <0.005

hTmn 0.28±0.18 0.21±0.06 0.41±0.13 <0.005 0.22±0.13 0.54±0.26 <0.005 <0.005

Physiological metrics
FFR 0.90±0.06 0.90±0.06 0.92±0.06 <0.005 0.89±0.05 0.90±0.05 <0.005 <0.005

CFR 2.76±1.10 3.65±0.98 3.32±0.73 <0.005 1.96±0.40 1.87±0.42 <0.005 <0.005

HMR 2.29±0.86 1.79±0.38 3.00±0.56 <0.005 1.84±0.42 3.31±0.79 <0.005 <0.005

IMR 21.8±14.0 15.8±4.52 34.9±9.68 <0.005 15.76±4.67 42.7±21.1 <0.005 <0.005

Data presented as n (%) or mean±standard deviation. APV: average peak velocity; b: baseline; CFR: coronary flow reserve; FFR: fractional flow 
reserve; h: hyperaemic; HMR: hyperaemic microvascular resistance; HR: heart rate; IMR: index of microvascular resistance; LAD: left anterior 
descending artery; MR: minimal resistance; RCA: right coronary artery; RCX: ramus circumflexus coronary artery; Pa: aortic pressure; Pd: distal 
pressure; Tmn: mean transit time
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a total of 94 vessels (6.0%) experienced at least one TVF during fol-
low-up (Table 3). Of the clinical and angiographic characteristics, age, 
gender, diabetes, familial predisposition for coronary artery disease, 
previous myocardial infarction, nitrate use and reduced left ventri-
cular function were associated with 5-year MACE and TVF. After 
correction for these confounders, CFR as a continuous variable was 
independently associated with MACE (HR 0.67, 95% CI: 0.59-0.75; 
p<0.005) and TVF (HR 0.70, 95% CI: 0.59-0.83; p<0.005) at 5-year 
follow-up. Also, when restricting the analysis to patients with normal 
LV function, CFR as a continuous variable was independently assoc-
iated with 5-year MACE (HR 0.66, 95% CI: 0.53-0.83; p<0.005) and 
TVF (HR 0.68, 95% CI: 0.51-0.91; p=0.009). In contrast, MR para-
meters were not associated with MACE or TVF at 5-year follow-
up, whether HMR, IMR, or IMR corrected for wedge pressure was 
assessed (Supplementary Table 1-Supplementary Table 3).

Figure 1 and Figure 2 show the unadjusted Kaplan-Meier curves 
for MACE and TVF according to normal versus abnormal CFR or 
MR, respectively. Abnormal CFR was associated with an increased 

risk for 5-year MACE (HR 2.05, 95% CI: 1.47-2.87; p<0.005), and 
5-year TVF (HR 2.27, 95% CI: 1.47-3.49; p<0.005). Abnormal 
MR, in contrast, was not associated with an increased risk for 
5-year MACE (HR 0.99, 95% CI: 0.69-1.42; p=0.979) or 5-year 
TVF (HR 1.00, 95% CI: 0.64-1.57; p=0.971). The Central illustra-
tion shows the unadjusted Kaplan-Meier estimates for MACE and 
TVF according to the groups defined by normal/abnormal CFR and 
MR. The risk for MACE (Table 4) and TVF (Table 5) at 5-year fol-
low-up was increased for patients with abnormal CFR, regardless 
of the accompanying MR (MACE: HR 1.93, 95% CI: 1.37-2.72, 
for normal MR vs abnormal MR, HR 1.96, 95% CI: 1.33-3.04; 
p=0.877; TVF: HR 1.84, 95% CI: 1.23-2.75, for normal MR vs 
abnormal MR, HR 2.24, 95% CI: 1.39-3.52; p=0.553). Moreover, 
in patients with normal CFR, the risk for MACE and TVF at 5-year 
follow-up was low and did not differ between normal and abnormal 
MR (MACE: HR 0.65, 95% CI: 0.32-1.31; p=0.231 for abnormal 
MR compared to normal MR; TVF: HR 0.48, 95% CI: 0.19-1.22; 
p=0.124 for abnormal MR compared to normal MR).

Table 3. Five-year absolute MACE and TVF rates across groups defined by abnormal/normal CFR and MR.

Total
CFR ≥2.5 CFR <2.5

MR low MR high Total MR low MR high Total
MACE at 5 years, n (%) 96 (9.1) 23 (5.8) 6 (6.3) 29 (5.5) 42 (12.6) 25 (11.2) 67 (11.7)

All-cause death 37 (3.5) 10 (2.5) 1 (1.1) 11 (2.1) 16 (4.8) 10 (4.5) 26 (4.6)

Acute myocardial infarction 13 (1.2) 4 (1.0) 1 (1.1) 5 (1.0) 2 (0.6) 6 (2.7) 8 (1.4)

Urgent revascularisation 90 (4.3) 25 (6.3) 7 (7.4) 32 (6.0) 35 (10.5) 23 (10.3) 58 (10.2)

TVF at 5 years, n (%) 94 (6.0) 27 (4.3) 4 (2.5) 31 (3.9) 40 (8.3) 23 (7.6) 63 (8.2)

Cardiac death 32 (2.0) 9 (1.4) 0 (0) 9 (1.1) 14 (2.9) 9 (3.0) 23 (2.9)

Acute myocardial infarction 
(target vessel) 18 (1.2) 5 (0.8) 1 (0.6) 6 (0.7) 5 (1.0) 7 (2.3) 12 (1.6)

Urgent revascularisation 
(target vessel) 81 (5.2) 25 (4.1) 4 (2.5) 29 (3.7) 31 (6.5) 21 (7.1) 52 (6.8)

Data presented as median [25th- 75th IQ] or n (%). CFR: coronary flow reserve; MACE: major adverse cardiac events; and MR: microvascular resistance; 
TVF: target vessel failure
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Figure 1. Unadjusted Kaplan-Meier time-to-event curves according to normal or abnormal coronary flow reserve (CFR). (A) MACE and (B) 
TVF up to 5-year follow-up. Hazard-ratio (HR) with 95% confidence intervals (CI) presented based on Cox-regression analysis corrected for 
confounders and adjusted for patient clustering in case of MACE. MACE: major adverse cardiac events; MR: microvascular resistance; 
TVF: target vessel failure
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Figure 2. Unadjusted Kaplan-Meier time-to-event curves according to normal or abnormal microvascular resistance. (A) MACE and (B) TVF 
up to 5-year follow-up. Hazard-ratio (HR) with 95% confidence intervals (CI) presented based on Cox-regression analysis corrected for 
confounders and adjusted for patient clustering in case of MACE. MACE: major adverse cardiac events; MR: microvascular resistance; 
TVF: target vessel failure
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CENTRAL ILLUSTRATION Unadjusted Kaplan Meier event estimates for MACE and TVF at 5-year follow-up.
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Table 4. Cox-regression analysis after correction for confounders 
for MACE at 5-year follow-up across the different groups by 
normal/abnormal CFR and MR.

HR Std. err. 95% CI p-value

CFR norm/MR low reference – – –

CFR norm/MR high 0.65 0.23 0.32-1.31 0.231

CFR abn/MR low 1.93 0.34 1.37-2.72 <0.005

CFR abn/MR high 1.96 0.34 1.33-3.04 <0.005

Data presented as hazard ratio (HR) with standard error (std. err.), 
95% confidence interval (CI) and corresponding p-value for multivariate 
Cox-regression analysis.

Table 5. Cox-regression analysis after correction for confounders 
for TVF at 5-year follow-up across the different groups by normal/
abnormal CFR and MR.

HR Std. err. 95% CI p-value

CFR norm/MR low reference – – –

CFR norm/MR high 0.48 0.23 0.19-1.22 0.124

CFR abn/MR low 1.84 0.37 1.23-2.75 0.003

CFR abn/MR high 2.21 0.53 1.39-3.52 0.001

Data presented as hazard ratio (HR) with standard error (std. err.), 
95% confidence interval (CI) and corresponding p-value for multivariate 
Cox-regression analysis.
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The use of other cut-off values (CFR <2.0, IMR >40) did not 
alter the outcomes with respect to MACE and TVF at 5 years (data 
not shown). There was no interaction between the technique used 
to measure coronary flow or the technique by which hyperaemia 
was achieved and the clinical outcomes documented above.

Discussion
In this large registry of comprehensive coronary physiology meas-
urements, we evaluated the prognostic impact of structural versus 
functional microvascular dysfunction in patients with ANOCA. 
We documented that CMD identified solely by impaired CFR 
(≤2.5) was unequivocally associated with increased MACE and 
TVF rates over a 5-year follow-up period. Moreover, we found no 
significant difference in the risk for MACE and TVF in patients 
with CMD, whether a low CFR was accompanied by pathologi-
cally increased MR or not. As such, our data document that both 
subtypes of CMD, whether structural or functional in origin, por-
tend a similarly impaired prognosis during a 5-year follow-up 
period compared with normal microvascular function.

PATHOPHYSIOLOGY OF CORONARY MICROVASCULAR 
DYSFUNCTION
Structural CMD may represent those patients with architectural 
changes in their coronary circulation, such as arteriolar oblitera-
tion, microvascular obstruction and/or capillary rarefaction6. In 
line with previous studies, our study found that this group tends 
to have a more traditional cardiovascular risk profile and an 
increased prevalence of hypertension9. A study by Rahman et al 
on the pathophysiology of CMD indicated two potential mecha-
nisms for inducible ischaemia due to structural CMD7. They found 
that patients with structural CMD had a significantly higher pre-
valence of exercise-related hypertension and impaired systemic 
vasodilatation in response to acetylcholine, which in healthy indi-
viduals induces endothelial-dependent vasodilation. Therefore, 
an adequate increase in coronary flow in reaction to shear stress 
during exercise may be inhibited in patients with structural CMD 
and reduce maximal coronary blood flow (CBF), leading to higher 
minimal resistance in the coronary microcirculation. Theoretically, 
these patients benefit from targeted life-style interventions (smok-
ing cessation, weight loss) and treatment to improve afterload-
reduction and vascular remodelling, such as beta blockers, ACE 
inhibitors or statins9,10.

In contrast, those patients with diminished CFR and preserved 
MR, referred to as functional CMD, are characterised by a pre-
served maximal CBF, but an increased resting CBF7. In our 
study, patients with functional CMD indeed show significantly 
higher resting CBF as compared with patients with structural 
CMD (bAPV: 23.4±8.1 vs 14.1±3.7; p<0.005; bTmn: 0.41±0.23 
vs 0.54±0.26 p<0.005). Elevated resting CBF and concomi-
tantly reduced CFR were previously found to be prognostically 
important in patients with chronic coronary syndromes3. The ele-
vated resting CBF can be explained by either impaired coronary 
autoregulation, or by increased myocardial oxygen demand at rest. 

The study by Rahman et al suggested the latter, providing evi-
dence for higher resting myocardial oxygen demand and an inef-
fective metabolic resting state in patients with functional CMD 
in comparison with structural CMD despite equivalent myocardial 
work load7. In theory, targeted therapy for these patients should 
aim to improve basic myocardial metabolism. However, scientific 
evidence for this CMD subgroup is lacking and future research is 
needed to assess potential therapeutic options.

DIAGNOSTIC VALUE OF MICROVASCULAR RESISTANCE 
INDICES
Historically, the presence of pathologically increased minimal 
MR due to structural changes in the microvasculature has been 
coined as the mechanism of microvascular dysfunction, causing 
myocardial ischaemia by impairing the vasodilator response upon 
an increase in demand. Several authors have suggested that the 
identification of high MR is thereby a more reliable tool to iden-
tify the presence of CMD than CFR, mainly because of concerns 
regarding the impact of resting state variation on the assessment of 
resting coronary flow11. However, in our ANOCA population, 32% 
of patients had a normal MR despite the fact that CFR was abnor-
mal, and these patients were at increased risk for adverse cardiac 
event rates during follow-up. The risk for adverse events in these 
patients with abnormal CFR but normal minimal MR was as large 
as that in patients with impaired CFR and high MR. These find-
ings are in line with previous data from Rahman and colleagues, 
who documented that diminished CFR is associated with a higher 
prevalence of inducible myocardial ischaemia and reduced global 
perfusion reserve in addition to reduced coronary perfusion effi-
ciency during physical exercise, regardless of whether it is accom-
panied by normal or abnormal MR7.

On the other hand, 9% of patients in our study had abnormally 
high MR despite the presence of a normal CFR. These patients, 
who are considered to have CMD in ANOCA protocols12, were 
at equivalent risk for adverse events compared with patients in 
whom both CFR and MR were normal. Likewise, a recent pub-
lication by Toya et al reported no additional risk stratification of 
HMR in combination with CFR in an ANOCA population13. All of 
this is in line with Rahman et al, who documented benign myocar-
dial perfusion results and physiological exercise characteristics in 
patients with normal CFR but elevated MR7. Despite these initial 
data suggesting a lack of diagnostic and prognostic impact of soli-
tarily increased MR, it remains unknown whether such increased 
MR in the presence of normal vasodilator reserve still identifies 
a specific type of ANOCA pathophysiology that may benefit from 
targeted medical treatment strategies to improve the wellbeing 
of these patients. Moreover, it needs to be noted that the corre-
lation of the CMD endotypes in this study and abnormal vaso-
motor abnormalities assessed by increasing doses of acetylcholine, 
remains elusive but may allow for further stratification of ANOCA 
CMD endotypes14. Further studies are required to specifically 
elucidate the origin and diagnostic impact of increased minimal 
MR in the presence of a normal vasodilator reserve in ANOCA 
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patients, and to evaluate its relevance for angina symptoms and 
the effect of targeted medical treatment.

PROGNOSTIC VALUE OF MICROVASCULAR RESISTANCE 
INDICES
In contrast with the findings in this study, previous studies found 
significant associations between MR indices and clinical out-
comes. In the case of IMR, however, the prognostic value has 
mainly been derived from study populations including patients 
with ST-segment elevation myocardial infarction (STEMI), where 
IMR ≥40 was documented to provide the highest discriminatory 
value for the occurrence of adverse events15,16. It has been docu-
mented that, in the setting of STEMI patients, post-PCI IMR ≥40 
is significantly associated with microvascular obstruction, larger 
infarct size, as well as adverse left ventricular remodelling17. The 
pathophysiological substrate for high event rates in patients with 
abnormal IMR values in the setting of STEMI is therefore well 
established. In chronic coronary syndromes, which apply to the 
current study population, the prognostic value of IMR for adverse 
events has been less well established. In such a population, the 
prevalence of exceedingly high IMR values of ≥40 is very low. 
A sensitivity analysis in the current study population showed that 
an IMR ≥40 was not associated with MACE or TVF at 5-year fol-
low-up in this study population (data not shown). A previous study 
from Lee et al, in a mixed patient population including stable 
angina and acute coronary syndrome patients and using different 
cut-off values of 2.0 for CFR and 23 for IMR, has suggested that 
both CFR and IMR independently improved the risk stratification 
of patients with high FFR18. The discrepancy with our findings 
may be explained by the inclusion of unstable patients and con-
sequently a relatively higher rate of cardiac death and myocardial 
infarction, that drove the differences in MACE rates in their paper. 
Moreover, in a study by Nishi and colleagues, elevated post-PCI 
IMR values (IMR >25) were associated with a combined MACE 
endpoint that was driven by periprocedural myocardial infarc-
tions19. These data enforce the association between elevated post-
PCI IMR values and the extent of myocardial injury, which is, 
however, not relevant in the setting of ANOCA and was therefore 
not part of the clinical endpoints in the present study.

The prognostic value of the Doppler-derived HMR is less fre-
quently studied. Recent studies documented superior diagnostic 
utility of HMR over IMR for the prediction of the extent of left 
ventricular infarction20 and the identification of microvascular dys-
function post-STEMI8. However, similar to the findings for IMR, 
HMR was not associated with MACE or TVF at 5-year follow-up 
in this study.

Despite the lack of prognostic value of both IMR and HMR in 
patients with ANOCA in this study population, their incorporation 
into diagnostic strategies may allow the identification of specific 
pathophysiological substrates in angina syndromes. As indicated 
by Rahman et al, there is a significant difference in the physio-
logical explanation of abnormal CFR in patients with functional 
(normal MR) and structural (abnormal MR) CMD. It is possible 

that these differences translate into different treatment targets and 
future studies assessing the clinical implications of these patho-
physiologic characteristics are therefore needed.

Limitations
The results from the present study should be interpreted in con-
sideration of some limitations. First, this is an observational study 
and patients were treated according to clinical guidelines applic-
able at the time of the coronary angiography, but decisions in 
treatment were ultimately at the discretion of the treating physi-
cian. Second, no detailed information on the medication profiles 
of enrolled patients was available during the follow-up period, 
nor specifics regarding angina burden. The impact of CMD endo-
types on angina burden and the impact of medical therapy could 
therefore not be evaluated. Moreover, there is no information on 
specific clinical endpoints susceptible in the ANOCA population, 
such as hospitalisation for arrythmias, anginal symptoms or heart 
failure. The impact of different CMD endotypes on these end-
points could not be evaluated. Furthermore, it is important to note 
that our study population largely consists of male patients. Hereby, 
there might be an underrepresentation of female patients, and the 
results of this study should be interpreted with this consideration. 
Finally, despite the length of follow-up and the large number of 
included patients and vessels, this study is subject to the basic lim-
itations of a retrospective registry. For example, follow-up data 
were missing for 41 patients. Therefore, these conclusions should 
be confirmed in a prospective study.

Conclusions
Coronary microvascular dysfunction, identified by an impaired 
CFR, was unequivocally associated with increased MACE and 
TVF rates over a 5-year follow-up period. In contrast, MR was 
not associated with 5-year adverse clinical events. Moreover, in 
patients with CMD there was no difference in the risk for MACE 
and TVF between a low CFR accompanied by pathologically 
increased MR (structural CMD) or not (functional CMD).

Impact on daily practice
This study shows that CMD, identified only by an impaired 
CFR, was associated with increased rates of MACE and TVF 
over a 5-year follow-up. There was no difference in the risk 
for MACE and TVF whether a low CFR was accompanied by 
pathologically increased MR (structural CMD) or not (func-
tional CMD).
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Supplementary Table 1. Cox-regression analysis for dichotomous and continuous physiological indices after correction for confounders for 

MACE at 5-year follow-up across the different groups by normal/abnormal CFR and MR. 

  
Dichotomous variables HR Std. err. 95% CI p-value 

MR abnormal 1.01 0.13 0.78-1.32 0.905 

HMR abnormal 0.88 0.15 0.63-1.25 0.476 

IMR abnormal 1.04 0.22 0.68-1.59 0.840 

CFR abnormal 2.05 0.30 1.47-2.87 <0.005 

Continous variables     

HMR 0.98 0.08 0.82-1.15 0.861 

IMR 0.99 0.01 0.98-1.02 0.885 

IMR wedge corrected 0.99 0.01 0.98–1.01 0.969 

CFR 0.67 0.04 0.59-0.75 <0.005 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
CFR: coronary flow reserve, dichotomous cut-off value ≤2.5; HMR: hyperaemic microvascular resistance, dichotomous cut-off value ≥2.5; IMR: index of microvascular resistance, 

dichotomous cut-off value ≥25; MR: minimal resistance, combined variable of abnormal HMR and IMR  

 

 

  

Supplementary Table 2. Cox-regression analysis for dichotomous and continuous physiological indices after correction 

for confounders for TVF at 5-year follow-up across the different groups by normal/abnormal CFR and MR.  
Dichotomous variables HR Std. err. 95% CI p-value 

MR abnormal 0.93 0.15 0.67-1.28 0.64 

HMR abnormal 0.91 0.20 0.58-1.41 0.68 

IMR abnormal 0.84 0.21 0.52-1.38 0.49 

CFR abnormal 2.27 0.29 1.47–3.49 <0.005 

Continous variables     

HMR 1.01 0.14 0.78-1.33 0.89 

IMR 0.99 0.01 0.96-1.01 0.46 

IMR wedge corrected 0.99 0.01 0.98-1.01 0.31 

CFR 0.70 0.06 0.59-0.83 <0.005 

 



 
CFR: coronary flow reserve, dichotomous cut-off value ≤2.5; HMR: hyperaemic microvascular resistance, dichotomous cut-off value ≥2.5; IMR: index of microvascular resistance, 

dichotomous cut-off value ≥25; MR: minimal resistance, combined variable of abnormal HMR and IMR  

Supplementary Table 3. Cox-regression analysis for dichotomous and continuous physiological indices after correction for confounders for individual 

components of MACE at 5-year follow-up across the different groups by normal/abnormal CFR and MR. 

  

ALL-CAUSE MORTALITY 

Dichotomous variables HR Std. err. 95% CI P-Value 

MR abnormal 0.56 0.21 0.27–1.15 0.115 

HMR abnormal 0.46 0.20 0.19–1.11 0.084 

IMR abnormal 0.75 0.45 0.24–2.39 0.636 

CFR abnormal 1.35 0.37 0.78–2.26 0.065 

Continous variables     

HMR 0.74 0.16 0.49–1.14 0.182 

IMR 0.97 0.12 0.95–1.01 0.083 

IMR wedge corrected 0.97 0.13 0.94–1.01 0.073 

CFR 0.84 0.10 0.66-1.06 0.160 

REVASCULARISATION 
    

Dichotomous variables     

MR abnormal 1.07 0.29 0.62–1.81 0.806 

HMR abnormal 0.84 0.33 0.65–1.79 0.647 

IMR abnormal 1.45 0.59 0.66–3.24 0.345 

CFR abnormal 1.23 0.32 0.71–2.10 0.140 

Continous variables     

HMR 0.76 0.22 0.44–1.33 0.343 

IMR 1.01 0.01 0.98–1.02 0.557 

IMR wedge corrected 0.99 0.11 0.97–1.02 0.778 

CFR 1.21 0.32 0.75–2.10 0.347 

MYOCARDIAL INFARCTION 
    

Dichotomous variables     

MR abnormal 1.69 0.84 0.63–4.51 0.293 

HMR abnormal 0.73 0.68 0.12–4.54 0.744 

IMR abnormal 2.93 1.81 0.90–9.84 0.073 

CFR abnormal 1.48 0.76 0.54–4.07 0.439 

Continous variables     

HMR 0.68 0.40 0.22–2.15 0.516 

IMR 1.01 0.10 0.99–1.03 0.240 

IMR wedge corrected 0.99 0.12 0.97–1.02 0.996 

CFR 0.57 0.21 0.27–1.20 0.142 
 




