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ABSTRACT
Objective  This study aimed to evaluate the prognostic 
value of hyperemic microvascular resistance (HMR) and 
its relationship with hyperemic stenosis resistance (HSR) 
index and fractional flow reserve (FFR) in stable coronary 
artery disease.
Methods  This is a substudy of the DEFINE-FLOW cohort 
(NCT02328820), which evaluated the prognosis of lesions 
(n=456) after combined FFR and coronary flow reserve 
(CFR) assessment in a prospective, non-blinded, non-
randomised, multicentre study in 12 centres in Europe and 
Japan. Participants (n=430) were evaluated by wire-based 
measurement of coronary pressure, flow and vascular 
resistance (ComboWire XT, Phillips Volcano, San Diego, 
California, USA).
Results  Mean FFR and CFR were 0.82±0.10 and 2.2±0.6, 
respectively. When divided according to FFR and CFR 
thresholds (above and below 0.80 and 2.0, respectively), 
HMR was highest in lesions with FFR>0.80 and CFR<2.0 
(n=99) compared with lesions with FFR≤0.80 and CFR≥2.0 
(n=68) (2.92±1.2 vs 1.91±0.64 mm Hg/cm/s, p<0.001). 
The FFR value was proportional to the ratio between 
HMR and the HMR+HSR (total resistance), 95% limits 
of agreement (−0.032; 0.019), bias (−0.003±0.02) and 
correlation (r2=0.98, p<0.0001). Cox regression model 
using HMR as continuous parameter for target vessel 
failure showed an HR of 1.51, 95% CI (0.9 to 2.4), p=0.10.
Conclusions  Increased HMR was not associated with a 
higher rate of adverse clinical events, in this population of 
mainly stable patients. FFR can be equally well expressed 
as HMR/HMR+HSR, thereby providing an alternative 
conceptual formulation linking epicardial severity with 
microvascular resistance.
Trial registration number  NCT02328820.

INTRODUCTION
Fractional flow reserve (FFR) is calculated as 
the ratio between the mean distal coronary 
artery pressure (Pd) and the mean aortic 
pressure (Pa) during hyperemia.1 Admin-
istration of intracoronary nitrates ensures 
relaxation of the epicardial arteries and 
adenosine dilates the microcirculation and 

generates the hyperemic pressure gradient 
across an epicardial stenosis. Microcircu-
latory dysfunction impairs hyperemia and 
thus increases the hyperemic pressure ratio, 
potentially altering the treatment decision. 
Conceptually, preserved FFR and low coro-
nary flow reserve (CFR) indicate either 
increased hyperemic microvascular resist-
ance (HMR) or in a setting of normal micro-
vascular resistance a high resting myocardial 
flow.2 Conversely, reduced microvascular 
resistance produces lower FFR values for the 
same stenosis geometry.

A continuous relationship exists between 
FFR and major adverse cardiac events 
(MACEs) both before and after revascular-
isation, with lower FFR values associated 
with poorer outcomes. Interestingly, even 
FFR values right above the threshold (ie, 
0.80–0.90) associate with an increased rate 

Key questions

What is already known about this subject?
	► Fractional flow reserve (FFR) and hyperemic micro-
vascular (HMR) is assumed to reflect the epicardial 
and microvascular disease, respectively. Impaired 
microcirculation is associated with worse outcome 
following acute coronary syndromes.

What does this study add?
	► FFR is closely related to microvascular resis-
tance and can mathematically be expressed as 
HMR/HMR+hyperemic stenosis resistance index. 
Increased HMR is not associated with poor outcome 
in stable coronary lesions.

How might this impact on clinical practice?
	► Evaluation of the microcirculation should be inte-
grated in assessment of coronary artery disease 
as it potentially confounds the FFR value. However, 
there is no prognostic value of increased microvas-
cular resistance in stable coronary lesions.
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of revascularisation during follow-up.3 The net effect of 
coronary disease arises from both epicardial and micro-
vascular components. CFR assesses both,4 and low CFR, 
especially in combination with low FFR, associates with 
adverse cardiovascular outcomes.5 6 HMR conceptually 
distinguishes between low FFR lesions with concordant 
low CFR (higher resistance) and with discordant intact 
CFR (lower resistance).3 Increased microvascular resis-
tance has prognostic value following primary percuta-
neous coronary interventions (PCIs)7 and immediately 
after PCI in stable patients with ischaemic heart disease.8

This manuscript presents a substudy of Distal Evaluation 
of Functional performance with Intravascular sensors to assess 
the Narrowing Effect—combined pressure and Doppler FLOW 
velocity measurements—DEFINE-FLOW (NCT02328820), 
an international clinical trial with 12 participating 
centres in Europe and Japan.9 The primary purpose of 
the trial was to evaluate the prognostic value of combined 
FFR and CFR assessment by deferring PCI in the lesions 
with normal CFR (≥2.0) despite reduced FFR (≤0.80). 
This substudy aims to (1) evaluate the prognostic value 
of HMR in stable coronary artery disease and (2) investi-
gate the link between the microcirculation and epicardial 
pressure gradients and, thereby, between HMR and FFR 
according to the CFR level.

METHODS
Study subjects
The design of the DEFINE-FLOW (​clinicaltrials.​gov 
NCT02328820) study has been published previously.10 
Data generated by the authors are available in a public, 
open access repository.11 Combined pressure and 
Doppler sensors (on a single 0.014″ wire) measured pres-
sure and flow in all subjects. The main inclusion criteria 
were patients with ischaemic heart disease eligible for 
PCI, diameter stenosis ≥50%, and reference diameter 
≥2.5 mm. The main exclusion criteria were prior coro-
nary artery bypass graft surgery, left main disease, vessel 
tortuosity, severe left ventricular hypertrophy, contrain-
dication to adenosine infusion, recent (within 3 weeks) 
ST-elevation myocardial infarction, culprit lesion in non-
ST-elevation myocardial infarction and life expectancy 
less than 24 months. The results of the main study have 
been published.9

Patient and public involvement
Patients or the public were not involved in the design, 
conduct, reporting of the study, or dissemination plans 
of our research.

Ethics approval
The study was conducted according to the Helsinki 
Declaration following approval of local ethical commit-
tees/institutional review boards at all participating sites 
(Denmark: Aarhus, Italy: Rome, Japan: Gifu, Toda, Tokyo, 
Tsuchiura, Netherlands: Amsterdam AMC, Blaricu, 
Breda, Spain: Madrid, UK: London).

Invasive haemodynamic measurements and clinical decision 
making for revascularisation
In lesions suitable for PCI, flow and pressure were meas-
ured using the ComboWire XT (Phillips Volcano, San 
Diego, California, USA). For hyperemic measurement, 
100 µg (or 60 µg if limited by arrhythmia) intracoronary 
adenosine was administered for two consecutive values12 
after placing the wire as distally as possible. All flow 
and pressure curves were independently and centrally 
analysed at a blinded core lab (University Medical Centers, 
location Academic Medical Center, Amsterdam, Nether-
lands). PCI was performed only in lesions with combined 
FFR≤0.80 and CFR<2.0 and deferred in discordant and 
concordant negative combinations.

Statistics
HMR was defined as the ratio between the distal coronary 
pressure (Pd) and maximal coronary flow velocity during 
hyperemia. Hyperemic stenosis resistance (HSR) was 
defined as the ratio between the pressure gradient across 
the lesion (Pa−Pd) and maximal coronary flow velocity 
during hyperemia. Data were stratified according binary 
FFR/CFR thresholds into four groups: FFR>0.80 and 
CFR≥2.0, FFR≤0.80 and CFR≥2.0, FFR≤0.80 and CFR<2.0, 
FFR>0.80 and CFR<2.0. FFR is defined as Pd(h)/Pa(h), 
HMR=Pd(h)/Q(h) and HSR=[Pa(h)−Pd(h)]/Q(h), 
where Pd(h), Pa(h) and Q(h) represent the mean distal 
coronary pressure, mean aortic pressure and the average 
peak velocity during maximal hyperemia, respectively. 
Additional relationships can be derived as follows:
	﻿‍ HSR/HMR = Pa(h)/Pd(h) − 1 = 1/FFR − 1‍�

	﻿‍ HSR = HMR ∗
(
1/FFR − 1

)
‍�

	﻿‍ HMR = HSR/
(
1/FFR − 1

)
‍�

Straightforward manipulation shows that FFR=HMR/
(HMR+HSR) or, alternatively, that 1/FFR=1+HSR/HMR. 
The first equation is equivalent to Ohm’s law for two resis-
tors in series, corresponding to sequential epicardial and 
microvascular resistances.

Continuous variables are presented as mean±SD and 
categorical variables as number (%). The relationship 
between 1/FFR and HSR/HMR was investigated using 
linear regression analysis. Parameters were analysed per 
vessel using generalised estimating equations with pair-
wise analysis and Bonferroni adjustment for clustering. 
Lesions were classified according to a binary HMR 
threshold (2.5 mm Hg/cm/s) derived from a previous 
study13 and composite primary endpoint major adverse 
cardiovascular events were evaluated with a Kaplan-
Meier survival curve in lesions that were not revascu-
larised at the index procedure. In unrevascularised 
vessels, HMR was evaluated as a continuous variable to 
predict target vessel failure after adjustment for CFR 
and FFR using a Cox proportional hazards regression 
model accounting for multiple lesions per patient. 
Analysis was conducted in R V.4.0.5 (R Foundation for 
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Statistical Computing, Vienna, Austria) and SPSS V.17 
(IBM, USA).

RESULTS
Baseline characteristics
Tables 1 and 2 show population demographics and lesion/
vessel characteristics. Mean age was 67 years and 74% 
of the population was men; 344 (80%) presented with 
stable ischaemic heart disease and 86 (20%) with non-ST 
elevation myocardial infarction. The majority of lesions 
were located in the left anterior descending artery (LAD) 

314 (59%) and a majority of patients received aspirin 
and statin therapy (table 1). In total n=430 patients and 
n=533 lesions were included for physiological evaluation, 
of which data from n=456 lesions passed core-lab quality 
for analysis (table 2).

Overall and stratified invasive haemodynamic data
Mean FFR and CFR values were 0.82±0.10 and 2.2±0.6, 
respectively (table 2). HMR varied among the four quad-
rants by binary FFR=0.80 and CFR=2.0 (table 3): 2.4±0.89 
(FFR>0.80 and CFR≥2.0), 2.53±0.93 (FFR≤0.80 and 
CFR<2.0), 1.91±0.64 (FFR≤0.80 but CFR≥2.0) and 
2.92±1.2 (FFR>0.80 but CFR<2.0), all units of mm Hg/
cm/s and p<0.001. High HMR was associated with higher 
age (69 vs 65 years), higher FFR (0.83±0.1 vs 0.81±0.1) 
and highest proportion of hypertensives (61% vs 37%) 
(table  4). All haemodynamic values (except baseline 
average peak velocity) improved following PCI (table 5).

Clinical outcomes according to HMR-level
Kaplan-Meier curves of cumulative MACEs and target 
vessel failure (TVF) demonstrated no significant differ-
ences for medically treated lesions when using an HMR 
threshold of 2.5 mm Hg/cm/s: MACE: ∆ 0.3%, 95% CI 
(−5.0 to 5.6) and TVF: ∆ 0.4%, 95% CI (−4.4 to 3.6) 
(figure 1). Cox regression modelling of HMR as a contin-
uous parameter demonstrated an HR of 1.51 (IQR 0.9 to 
2.4), p=0.10, for target vessel failure for per 1 mm Hg/
cm/s increase in HMR (figure 2).

The relationship between FFR and HSR/HMR
FFR was closely related to the ratio HMR/(HMR+HSR) 
with r2=0.98, slope 0.95±0.005, p<0.0001; the Bland-
Altman plot showed a low bias (−0.003±0.02, figure  3). 
The highest and lowest HMR was observed in the reverse 
discordant group with FFR>0.80 and CFR<2.0 and in the 
discordant group with FFR≤0.80 and CFR≥2.0, respec-
tively (figure  4). Likewise the highest and lowest HSR 
was observed in the concordant abnormal group with 

Table 1  Demographics

n (%) or mean±SD

n 430

Male 318 (74)

Age (years) 67±10

BMI, kg/m2 26.8±4.1

Smoking status

 � Never 189

 � Quit 146

 � Active 95

Hypertension 292 (68)

Diabetes 116 (27)

Dyslipidaemia 378 (88)

Prior PCI of target vessel 60 (14)

History of MI 116 (27)

Total cholesterol, mg/dL 188.9±44.4

LDL, mg/dL 108±36.7

HDL, mg/dL 49.0±15.3

TG, mg/dL 128±92.3

HbA1c, % 6.1±1.4

Creatinine, mg/dL 0.9±0.20

BNP, ng/L 70.9±89.3

LVEF % 60±9.0

Medications

 � Aspirin 383 (89)

 � Second antiplatelet 297 (69)

 � Beta-blocker 262 (61)

 � Calcium antagonist 151 (35)

 � Nitrates 198 (46)

 � Statin 344 (80)

 � RAAS antagonist 69 (16)

 � Diuretic 77 (18)

 � Anti-diabetes 60 (14)

BMI, body mass index; BNP, brain-natriuretic peptide; HDL, 
high-density lipoprotein; LDL, low-density lipoprotein; LVEF, 
left ventricular ejection fraction; MI, myocardial infarction; PCI, 
percutaneous coronary intervention; RAAS, renin aldosterone 
angiotensin system; TG, triglyceride.

Table 2  Vessel-level haemodynamic and anatomic data

n (%) or mean±SD

FFR* (n=456) 0.82±0.1

CFR* (n=456) 2.2±0.6

HMR mm Hg/cm/s (n=456) 2.5±1.0

HSR mm Hg/cm/s (n=456) 0.58±0.07

Baseline Pd/Pa 0.93±0.07

LAD 314 (59)

LCx 122 (23)

RCA 97 (18)

*FFR and CFR as adjudicated by the central core laboratory.
CFR, coronary flow reserve; FFR, fractional flow reserve; HMR, 
hyperemic microvascular resistance; HSR, hyperemic stenotic 
resistance; LAD, left anterior descending artery; LCx, left 
circumflex artery; Pa, mean aortic pressure; Pd, mean distal 
pressure; RCA, right coronary artery.
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FFR≤0.80 and CFR<2.0 and in the concordant normal 
group with FFR>0.80 and CFR≥2.0 (table 3).

DISCUSSION
The main results of this study were (1) increased HMR 
did not associate with an increase in clinical events. (2) A 
basic haemodynamic relationship exists between FFR and 
microvascular resistance, namely (HMR/HMR+HSR); 

Table 3  Haemodynamic data according to FFR and CFR levels

Concordant normal 
(A) Discordant (B)

Concordant abnormal 
(C) Reverse discordant (D)

P value
FFR>0.80 and 
CFR≥2.0

FFR≤0.80 and 
CFR≥2.0 FFR≤0.80 and CFR<2.0 FFR>0.80 and CFR<2.0

n 201 68 88 99

Male/female 154/47 52/16 66/22 77/22 0.98

LAD/non-LAD 130/71 53/15 59/29 50/49 0.003

HTN/non-HTN 132/66 40/28 56/30 72/26 0.43

DM/non-DM 49/151 19/49 33/55 26/73 0.15

FFR 0.88±0.05 0.74±0.04* 0.68±0.10* 0.88±0.05 <0.001

CFR 2.5±0.4 2.6±0.3 1.5±0.3* 1.7±0.2* <0.001

DS% 57.6±11.0* 64.0±10.6§ 76.0±10.6 63.6±13.0 <0.001

Pd/Pa 0.96±0.03 0.90±0.04* 0.83±0.09* 0.96±0.03 <0.001

HMR mm Hg/cm/s 2.4±0.89† 1.91±0.64* 2.53±0.93 2.92±1.2 <0.001

HSR mm Hg/cm/s 0.32±0.18† 0.66±0.25* 1.3±0.78* 0.38±0.22 <0.001

bAPV cm/s 15.8±6.3 16.3±6.5 20.0±8.5‡ 19.1±9.1‡ <0.001

hAPV cm/s 37.7±11.0 40.1±16.0 28.9±13.7‡ 35.0±15.0‡ <0.001

Per-vessel analysis of key haemodynamic parameters divided according to FFR (cut-off 0.80) and CFR (cut-off 2.0). Mean±SD.
Generalised estimated equation model with pairwise Bonferroni test. Categorical variables analysed with Kruskal-Wallis H test.
*<0.0001 versus all groups.
†<0.001 versus B and D.
‡<0.05 versus A and B.
§<0.05 versus A and C.
bAPV, baseline average peak velocity; CFR, coronary flow reserve; DM, diabetes; DS, Diameter stenosis; FFR, fractional flow reserve; hAPV, 
hyperemic average peak velocity; HMR, hyperemic microvascular resistance; HSR, hyperemic stenosis resistance; HTN, hypertension; LAD, 
left anterior descending artery; Pd/Pa, distal and aortic pressure.

Table 4  HMR-level and haemodynamic characteristics

Low HMR 
(≤2.5) n=257

High HMR 
(>2.5) n=199 P value

Age 65.5±9.9 69.0±9.5 <0.001

Male/female 204/53 145/54 0.10

HTN/non-HTN 158/97 142/53 0.02

DM/non-DM 65/192 62/136 0.16

FFR 0.81±0.1 0.83±0.1 0.003

CFR 2.3±0.6 2.0±0.5 <0.001

DS% 63.3±12 63.6±14 0.85

Pd/Pa 0.92±0.1 0.93±0.1 0.035

HMR mm Hg/cm/s 1.8±0.4 3.3±0.8 <0.001

HSR mm Hg/cm/s 0.47±0.4 0.72±0.7 <0.001

bAPV cm/s 20.6±8.3 13.4±3.8 <0.001

hAPV cm/s 42.9±15.0 24.7±6.2 <0.001

Per-vessel analysis of key haemodynamic parameters divided 
according to HMR (cut-off 2.5) Mean±SD. T-test adjusted for 
difference in variances. Categorical variables analysed with 
Kruskal-Wallis H test.
bAPV, baseline average peak velocity; CFR, coronary flow 
reserve; DM, diabetes; DS, diameter stenosis; FFR, fractional flow 
reserve; hAPV, hyperemic average peak velocity; HMR, hyperemic 
microvascular resistance; HSR, hyperemic stenosis resistance; 
HTN, hypertension; LAD, left anterior descending artery; Pd/Pa, 
distal and aortic pressure.

Table 5  Pre and post-PCI

Baseline Post-PCI P value

n 35

FFR 0.67±0.1 0.87±0.1 <0.0001

CFR 1.5±0.3 2.2±0.5 <0.0001

Pd/Pa 0.83±0.1 0.94±0.03 <0.0001

HMR, mm Hg/cm/s 2.4±0.9 1.8±0.67 <0.0001

HSR, mm Hg/cm/s 1.2±0.8 0.28±0.2 <0.0001

bAPV, cm/s 19.8±10.9 20.9±8.5 0.4

hAPV, cm/s 29.3±17.3 42.3±15.4 <0.0001

Paired analysis of pre and post-PCI haemodynamic values.
bAPV, baseline average peak velocity; CFR, coronary flow 
reserve; FFR, fractional flow reserve; hAPV, hyperemic average 
peak velocity; HMR, hyperemic microvascular resistance; HSR, 
hyperemic stenosis resistance; PCI, percutaneous coronary 
intervention; Pd/Pa, distal and aortic pressure.
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(3) HMR is concordantly associated with the FFR classi-
fication and pronounced in lesions with combined low 
CFR and high FFR.

Guidelines recommend physiological assessment of 
moderate coronary artery disease prior to intervention.14 
Although deferring PCI given FFR>0.80 is associated with 
a good overall prognosis,15 the presence of FFR above 
the threshold does not necessarily indicate completely 
normal haemodynamic conditions in the investigated 
coronary territory. Increased microvascular resistance 
impairs the hyperemic pressure drop across an epicardial 
lesion and is thereby associated with higher FFR values,16 

although correct for the current state of the microvascu-
lature. Untreated lesions with combined FFR≤0.80 and 
CFR<2.0 are associated with the least favourable 
outcomes.6 Increased index of microvascular resistance 
can be observed in lesions with FFR>0.80.17 Hence, 
high resistance in the microvascular bed can occur in 
the setting of reversible perfusion defects as assessed by 
myocardial perfusion scintigraphy.18 Consequently, HMR 
plays a proportionally larger role than HSR in FFR for 
most moderate lesions (50%–90%), whereas in severe 
lesions the collaterals confound the apparent HMR value 
unless corrected for the coronary wedge pressure.

Microvascular resistance and the vasodilatory reserve 
are significant determinants of FFR, highlighted by the 
close relation between FFR and the ratio between HMR 
and total vascular resistance (HMR+HSR). In lesions with 
low FFR and normal CFR, the low FFR is driven by a low 
HMR, enhancing the pressure gradient across the epicar-
dial stenosis.19 Because pressure gradients depend on 
absolute flow, which is proportional to distal myocardial 
mass, lower FFR can be observed in LAD versus non-LAD 
lesions20–22 even for the same perfusion (flow normalised 
to distal myocardial mass). Because HMR does not explic-
itly adjust for the amount of distal myocardium, some of 
the difference between LAD and non-LAD findings may 
simply reflect the larger typical mass supplied by the 
LAD.23 Relatedly, FFR associates with the amount of viable 
myocardium, hence vascular resistance can be higher in 
non-viable myocardium and generate a higher FFR.24 25 
This association was negligible in the current study, as the 
average left ventricular ejection fraction was normal.

Under steady-state physiological conditions, the main 
pressure drop occurs in the microcirculation, and the 
epicardial arteries function as conduit vessels.26 In coro-
nary artery disease, epicardial stenoses increase the total 
vascular resistance. Thus, in conditions with abnormal 

Figure 1  Kaplan-Meier survival curve of (A) major adverse cardiovascular events (MACE) and (B) target vessel failure (TVF) 
in lesions with high versus low hyperemic microvascular resistance (HMR+ vs HMR−, using threshold 2.5 mm Hg/cm/s) and 
treated medically. There was no significant differences in the event rate.

Figure 2  Cox regression model of estimated target vessel 
failure (TVF) in medically treated vessels when adjusted 
for FFR and CFR after accounting for multiple lesions per 
patient. HR per 1 mm Hg/cm/s increase in HMR. CFR, 
coronary flow reserve; FFR, fractional flow reserve; HMR, 
hyperemic microvascular resistance.
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microcirculation (eg, hypertension, chronic kidney 
disease, diabetes, aortic stenosis, left ventricular hyper-
trophy), the FFR value may be higher compared with 
a state of healthy microcirculation, leading to deferral 
of revascularisation for an FFR value around the 0.80 
threshold. However, we could not demonstrate a signif-
icant association between poor outcome and high HMR 
in our substudy. Increased microvascular resistance 
measured as HMR and index of microcirculatory resis-
tance are predictors clinical outcome following primary 
PCI and acute and chronic coronary syndromes.7 8 It 
contrasts with the results of this current study for several 
reasons. First, the prognostic value of microvascular resis-
tance was related to the post-PCI FFR. In chronic coronary 
syndromes PCI improves the epicardial hemodynamics 
and decreases microvascular resistance,27 confirming the 
current results. Thus, post-PCI microvascular resistance 

partly reflects the PCI result, like the prognostic value 
of the post-PCI FFR.28 After revascularisation FFR, CFR, 
HSR and HMR was only assessed in relatively few cases, 
making it impossible to evaluate the prognostic value of 
post-PCI HMR. Second, PCI was deferred in lesions with 
FFR<0.80 and CFR≥2.0, which in clinical circumstances 
could have mandated PCI. Third, a high microvascular 
resistance reflects myocardial injury and infarction size in 
patients with acute ST-elevation myocardial infarction,29 
hence its prognostic value in that different scenario; in 
stable patients the microvascular resistance is multifacto-
rial and reflects underlying risk factors like hypertension 
and age that cause microvascular remodelling.30 Finally, 
the clinical outcome results of low versus high HMR, 
reflect the benign nature of chronic coronary syndromes 
in this population without left main and three vessel 
disease and therefore few events.

LIMITATIONS
For severe coronary lesions, collateral blood flow contrib-
utes to an increasingly substantial amount of myocardial 
supply. Because we did not record coronary wedge pres-
sures systematically, we only report apparent HMR and 
not adjusted for collateral flow in cases of severe epicar-
dial stenosis.

CONCLUSIONS
Increased HMR is not associated with increased event rate 
in stable coronary artery disease. FFR is related to stenosis 
and microvascular resistance via the equation HMR/
HMR+HSR. Further randomised studies are needed to 
evaluate the clinical relevance of these findings.
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