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Abstract

Aims The microvascular resistance reserve (MRR) was introduced as a means to characterize the vasodilator reserve capacity of
the coronary microcirculation while accounting for the influence of concomitant epicardial disease and the impact of admin-
istration of potent vasodilators on aortic pressure. This study aimed to evaluate the diagnostic and prognostic performance
of MRR.

Methods Atotal of 1481 patients with stable symptoms and a clinical indication for coronary angiography were included from the global

and results ILIAS Registry. MRR was derived as a function of the coronary flow reserve (CFR) divided by the fractional flow reserve (FFR)

and corrected for driving pressure. The median MRR was 2.97 [Q1-Q3:2.32-3.86] and the overall relationship between MRR
and CFR was good [correlation coefficient (Rs) = 0.88, P < 0.005]. The difference between CFR and MRR increased with
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decreasing FFR [coefficient of determination (R%) = 0.34; Coef.—2.88, 95% confidence interval (Cl): -3.05-—2.73; P < 0.005].
MRR was independently associated with major adverse cardiac events (MACE) at 5-year follow-up [hazard ratio (HR) 0.78;
95% Cl10.63-0.95; P = 0.024] and with target vessel failure (TVF) at 5-year follow-up (HR 0.83; 95% CI 0.76—0.97; P = 0.047).
The optimal cut-off value of MRR was 3.0. Based on this cut-off value, only abnormal MRR was significantly associated with

MACE and TVF at 5-year follow-up in vessels with functionally significant epicardial disease (FFR <0.75).

Conclusion MRR seems a robust indicator of the microvascular vasodilator reserve capacity. Moreover, in line with its theoretical back-

ground, this study suggests a diagnostic advantage of MRR over other indices of vasodilatory capacity in patients with hemo-

dynamically significant epicardial coronary artery disease.

Structured Graphical Abstract

Key Question

What are the diagnostic and prognostic characteristics of the microvascular resistance reserve (MRR), a novel and technique-agnostic

index for the assessment of coronary circulation vasodilatory capacity.

Key Finding

MRR was significantly associated with long-term clinical outcomes at 5-year follow up. The optimal cut-off value for MRR was 3.0. Only

MRR was significantly associated with long-term clinical outcomes in patients with functionally significant epicardial disease (fractional

flow reserve <0.75).

Take Home Message

MRR is a robust indicator of coronary circulation vasodilatory capacity. Moreover, this study suggests a diagnostic advantage of MRR over

other indices of the vasodilatory capacity in patients with haemodynamically significant epicardial coronary artery disease.
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Diagnostic and prognostic value of the microvascular resistance reserve (MRR).The MRR is a novel index of the coronary vasodilatory capacity. The MMR is
an index that corrects the assessment of the vasodilatory capacity for concomitant epicardial disease and the administration of vasodilatory indices.
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The MRR shows an excellent correlation with the coronary flow reserve (CFR), which decreases with decreasing fractional flow reserve (FFR) values. The
MRR is an independent and significant predictor of both major adverse cardiac events (MACE) and target vessel failure (TVF) at 5-year follow-up.

Coronary microvascular dysfunction « Coronary physiology * Microvascular resistance reserve * Coroanry artery disease

Keywords

Introduction

Coronary microvascular dysfunction (CMD) is increasingly recognized
as an important contributor to, or even the sole origin of, chronic cor-
onary syndromes (CCS)." In patients with CMD, the coronary circula-
tion is unable to accommodate an increase in myocardial demand due
to impairment of the vasodilator reserve capacity of the coronary cir-
culation.™ This fundamental issue of impaired vasodilator reserve may
originate from the inability of the microvasculature to fully dilate, or
from adaptive vasodilatation already in resting conditions reducing
the available reserve capacity despite a normal ability to fully dilate.?
Hereby, CMD considerably impacts the clinical course of CCS, and
studies on targeted therapy to improve the functional status of the cor-
onary microcirculation are emerging.4

Importantly, the diagnostic criteria of CMD remain ill-defined. The
coronary microcirculation cannot be visualized directly and there are
no animal models emulating human coronary microvascular pathology.”
Moreover, the compartments of the coronary arterial circulation
communicate in a continuum, and previously described indices
of CMD—derived from distal coronary pressure and/or flow
measurements—do not optimally distinguish between the epicardial
and microvascular compartments of the coronary circulation.®
Furthermore, hemodynamic alterations due to pharmacologically-induced
maximal vasodilatation, a requisite to study the vasodilator capacity of the
coronary circulation, may impact contemporary physiological indices used
to diagnose CMD. As a result, studies investigating CMD report different
techniques, indices, and cut-off values to define the presence or absence of
CMD, yet their validity in the presence of concomitant obstructive disease
is uncertain.

The microvascular resistance reserve (MRR) was introduced as a
means to characterize the vasodilator reserve capacity of the coronary
microcirculation while accounting for the influence of concomitant epi-
cardial disease and the impact of administration of potent vasodilators
on aortic pressure.8 Although initially derived from absolute coronary
flow measurements using the continuous thermodilution technique,
MRR can theoretically be applied to all modalities as long as accurate
coronary flow and pressure measurements are obtained.

The present study aims to evaluate the diagnostic and prognostic
performance of MRR, derived by either Doppler flow velocity- or bolus
thermodilution-based flow measurements, both in patients with and
without functionally significant epicardial coronary artery disease
(CAD).

Methods
Study population

The ILIAS (Inclusive Invasive Physiological Assessment in Angina
Syndromes) registry is a retrospective global, multi-center initiative pooling
vessel-level coronary pressure and flow data, as well as vessel-level clinical
outcome data. All studies included were approved by local medical ethics
committees. The registry is composed of 20 expert medical institutes
from the Netherlands, Korea, Japan, Spain, Denmark, Italy, and the
United States of America. All data were gathered in local study protocols

between 1998 and 2018. Patients who underwent clinically indicated inva-
sive coronary angiography and comprehensive invasive physiological assess-
ment of at least one native coronary artery were enrolled in the registry.
Patients with hemodynamic instability, significant valvular pathology, and
prior coronary artery bypass graft surgery, as well as patients with a clinical
presentation of acute coronary syndromes upon the index procedure,
were excluded. Individual vessel-level data for pooled analysis were col-
lected using standardized spreadsheets and a fully compliant cloud-based
clinical data platform (Castor EDC, Amsterdam, The Netherlands).
Standardized definitions were used for all variables. ILIAS Registry was re-
gistered at Clinicaltrials.gov (ClinicalTrials.gov Identifier: NCT04485234).

Coronary angiography and physiological
assessment

Coronary angiography and intracoronary physiological assessments were
performed in all institutions using standard techniques. After diagnostic cor-
onary angiography, invasive physiological indices were measured using ei-
ther separate pressure- (PressureWire, RADI medical—now Abbott
Vascular, St Paul, MN) and Doppler velocity sensor-equipped coronary
guidewires (FloWire, Endosonics—now Philips-Volcano, San Diego, CA),
dual pressure- and Doppler flow velocity-equipped guide wire
(ComboWire, Volcano Corp.—now Philips-Volcano, San Diego, CA), or
a temperature-sensitive  pressure  sensor-equipped guide wire
(PressureWire, St Jude Medical—now Abbott Vascular, St. Paul, MN) using
routine techniques. Intracoronary nitrate (100 or 200 pg) was administered
before physiologic measurements. Using the Doppler velocity technique,
baseline and hyperemic average peak flow velocities were labeled baseline
and hyperemic flow, respectively. Using the bolus coronary thermodilution
technique, resting and hyperemic thermodilution curves were obtained in
triplicate using three injections (4 mL each) of room-temperature saline,
and the inverse of the average basal and hyperemic mean transit times
was labeled baseline and hyperemic flow, respectively. Hyperemia was in-
duced by intravenous infusion of adenosine (140 ug/kg/min) or adenosine
triphosphate (150 pg/kg/min) through a peripheral or central vein, intracor-
onary bolus injection of adenosine (20-200 pg), or intracoronary bolus in-
jection of nicorandil (3 mg), according to local standards.” '

Derivation of MRR

MRR was derived based on the theoretic framework by De Bruyne et al.
The final formula used in the current analysis is a product of coronary
flow reserve (CFR) and fractional flow reserve (FFR) with correction for
the impact of changes in hemodynamics from non-hyperemic to hyperemic
conditions, as follows:

MRR = (CFR/FFR) X (Parest/Panyper),

where CFR indicates the ratio of coronary flow (velocity) at maximal hyper-
emia to coronary flow (velocity) at non-hyperemic conditions, FFR indicates
the ratio of distal coronary pressure to aortic pressure at maximal hyper-
emia, and Pa,s; and Pay, e, indicate aortic pressure during non-hyperemic
conditions and maximal hyperemia, respectively. Herewith, MRR corrects
the vasodilator reserve capacity of the coronary circulation (expressed by
CFR) for the impact of epicardial CAD severity (expressed by FFR), and
the impact of pharmacological vasodilatation on perfusion pressure (ex-
pressed by the ratio of resting to hyperemic aortic pressure).
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Treatment and clinical follow-up

Percutaneous coronary intervention (PCl) was performed according to
clinical practice guidelines at the time of the procedure. However, final de-
cisions regarding revascularization were at the discretion of the operator.
Clinical follow-up was obtained at outpatient clinic visits or by telephone
contact to ascertain the occurrence of major adverse cardiac events
(MACE) or target vessel failure (TVF). MACE was defined as the composite
of all-cause death, acute myocardial infarction of the target vessel, and clin-
ically driven (urgent) revascularization through coronary artery bypass or
PCI. TVF was defined as the composite of cardiac death, acute myocardial
infarction of the target vessel, and clinically driven revascularization of the
target vessel through coronary artery bypass graft surgery or PCl. All
patient-reported events were verified by evaluating hospital records or
contacting the treating cardiologist or general practitioner.

Statistical analysis

Data were analyzed on a per-patient basis by selecting a single vessel per pa-
tient. Only the vessel with the lowest MRR value was considered. Normality
and homogeneity of the variances were tested using Shapiro-Wilk and
Levene tests. Continuous variables are presented as mean + standard
deviation or median (first, third quartile [Q1, Q3]) and were compared with
the Student’s t-test or Mann—Whitney U test. Categorical variables are pre-
sented as counts and percentages and were compared using Fisher exact
test. The relationship between MRR and CFR was evaluated using linear re-
gression and Bland—Altman analysis. In the absence of a validated cut-off value
for normal vs. abnormal MRR, receiver operating characteristic (ROC) curve
analysis was performed to determine an independent cut-off value for
MRR. For this analysis, the presence of reversible perfusion abnormalities dur-
ing non-invasive stress testing before coronary angiography was used as the
standard of reference. Additionally, time-dependent ROC analysis was per-
formed to derive the optimal MRR cut-off value for MACE and TVF. The op-
timal cut-off value was determined using the Liu method."’

We subsequently evaluated the association of MRR and CFR as continuous
variables with TVF and MACE at 5-year follow-up. Survival analyses were per-
formed based on time-to-first-event analyses. The hazard ratio (HR) for
MACE per unit increase of MRR and CFR was calculated with the use of a
Cox proportional hazards model. The HRs for TVF and the individual compo-
nents of the composite endpoint (except death) per unit increase of MRR and
CFR were calculated with cause-specific proportional hazards models using
the Fine and Gray method to account for the competing risk of death. All models
were adjusted for the effect of relevant clinical and angiographic characteristics (P
< 0.1 for inclusion). All clinical and angiographic characteristics (Table 1) were
considered covariates. For normal vs. abnormal MRR, cumulative incidence rates
were visualized using the Kaplan—Meier method for the MACE endpoint, and by
means of the cumulative incidence function of Fine and Gray for the TVF end-
point to account for the competing risk of death. Subsequently, the prognostic
value of MRR was compared to established indices of CMD, such as CFR (cut-
off: < 2.5) and the presence of abnormal minimal microvascular resistance (MR),
using the Doppler-derived hyperemic microvascular resistance index (HMR; cut-
off: <2.5 mmHg/cm/s) or bolus coronary thermodilution-derived index of
microcirculatory resistance (IMR; cut-off: > 25 U). All proportional hazard mod-
els were preceded by verification of the proportional hazard assumption using
Schoenfeld’s residuals. The 95% confidence intervals (Cl) have not been adjusted
for multiple comparisons, and therefore inferences drawn from these intervals
may not be reproducible. A P < 0.05 (2-sided) was considered statistically signifi-
cant. The STATA version 14.0 (StataCorp, College Station, TX) software pack-
age was used for calculations.

Results

Characteristics of the study population

A total of 2322 patients were included in the registry and underwent
invasive physiological assessment in a total of 3046 vessels. Among

Table 1 Baseline characteristics
Patients, n 1481
Demographics
Age, years 63+10
Male sex 1091 (74)
Coronary risk factors
Hypertension 854 (58)
Diabetes 384 (26)
Hyperlipidemia 996 (67)
Positive family history 517 (35)
Current smoking 303 (20)
Prior myocardial infarction 260 (18)
Prior coronary intervention 334 (23)
Quantitative analysis
Diameter stenosis, % 509 +179
Lesion length, mm 15.3+10.8
Minimal lumen diameter, mm 1.58 + 0.65
Physiological indices
FFR 0.83+0.12
CFR 244+£0.99
MRR 322127
HMR® 224+0.89
IMR® 21.0+14.1

Values are given as mean =+ standard deviation, or n (%).

MRR (microvascular resistance reserve); CFR (coronary flow reserve); FFR (fractional
flow reserve); HMR (hyperemic microvascular resistance); IMR (index of
microcirculatory resistance).

N =708 (48%) with Doppler.

BN = 773 (52%) with bolus thermodilution.

these, 2209 patients had angiographic apparent obstructive CAD
(>50% diameter stenosis) in 2808 vessels. The other vessels were
marked as non-obstructive reference vessels based on angiography.
Patients with acute coronary syndrome (=217) as clinical diagnosis
upon the index procedure were excluded. In the remaining stable
CAD population, complete physiological data and patient and vessel
follow-up data were available in 1481 patients [4 patients (0.2%) with
incomplete physiological data, 62 patients (3%) lost to follow-up].

The key baseline and vessel characteristics are shown in Table 1. A
total of 708 patients (48%) were evaluated with Doppler-derived me-
trics and 773 patients (52%) with bolus coronary thermodilution-
derived metrics. The population consisted of 1091 men (74%) and
the mean age was 63 + 10 years. The left anterior descending artery
(LAD) was the most evaluated vessel (63%) and the mean % diameter
stenosis by quantitative analysis was 50.9 +17.5.

Diagnostic characteristics of MRR and

comparison with CFR

The distributions were significantly non-normal for both MRR (W =
093, P<0.005) and CFR (W=0.91, P<0.005) according to
Shapiro—Wilk tests. In the overall study population, the median MRR
was 2.97 [Q1-Q3: 2.32-3.86] and the median CFR was 2.30 [Q1-
Q3: 1.70-2.90] (P < 0.005 vs. MRR). Figure 1 displays the scatter plot
of individual CFR and MRR values, the corresponding linear correlation
between CFR and MRR (Figure 1A), the corresponding Bland—Altman
plot (Figure 1B), and a modified Bland—Altman plot with the effect of
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Table 2 Non-invasive stress test modalities

Non-invasive stress test Patients, n (%)

MRI 8(2)
SPECT/MIBI 275 (55)
PET 115 (23)
Stress echocardiography 1(0)

Other/not-specified 104 (20)

MRI (magnetic resonance imaging); SPECT (single-photon emission computed
tomography); PET (positron emission tomography).

FFR on the difference between CFR and MRR (Figure 1C). The overall
agreement between MRR and CFR was excellent (r,=10.88, P<
0.005). The Bland—Altman analysis documented a mean bias of 0.79
and limits of agreement of —0.41 to 2.06. The difference between
CFR and MRR increased with decreasing FFR (R2 =0.34; Coef—2.88,
95% Cl: -3.05-2.73; P < 0.005).

The threshold for abnormal MRR, and

classification agreement with CFR

A total of 503 patients (31%) had non-invasive stress testing performed
before undergoing invasive coronary angiography. Table 2 shows the
specific test involved. Using an abnormal non-invasive stress test as
the standard of reference, the area under the curve of MRR was 0.51
(95% CI 0.47-0.54; P < 0.005) and the optimal cut-off value was 3.0
with a sensitivity of 0.49 (95% Cl 0.43-0.56; P < 0.005) and a specificity
of 0.52 (95% CI 0.44-0.60; P < 0.005). Additional sensitivity analysis in-
cluding only patients with single photon emission computed tomog-
raphy (n=275) provided an optimal cut-off value of 3.0. Including
only patients with functionally non-obstructive CAD (FFR >0.80;
n = 311), or those tested with Doppler flow velocity (n = 489) identi-
fied an optimal cut-off value of 3.0. Similarly, the optimal cut-off value of
MRR for MACE and TVF at 5-year follow-up in the overall study popu-
lation was 3.1.

Using a 3.0 cut-off value for MRR, diagnostic agreement with CFR
<2.5 was 85%, whereas disagreement occurred in 226 patients
(15%). A normal MRR with abnormal CFR occurred in 87% (196 out

Table 3 MACE and TVF rates and their components
across the whole study population

Total, Hazard ratio P-value
n (%) (95% Cly*

MACE at 5 years 163 (11)
All-cause death 61(4) 095(0.71-127) 0.727
Acute myocardial infarction 23 (1)~ 1.03 (0.67-1.57)  0.891
(target vessel)
Urgent revascularization 149 (10) 0.89 (0.75-1.05) 0.193
TVF at 5 years 122 (8)
Cardiac death 46 (3) 0.88(0.78-1.01) 0.081
Acute myocardial infarction 23 (1) 0.95 (0.68-1.34)  0.782
(target vessel)
Urgent revascularization 81(5) 0.94(0.83-1.08) 0.433

(target vessel)

Cl (confidence interval); MACE (Major Adverse Cardiac Events); TVF (Target Vessel
Failure). ¥The point estimate represents a hazard ratio, since analyses taking into
consideration the competing risk of death using the fine-gray model were performed.

of 226), of which 67% (131 out of 196) had concomitant functionally
significant epicardial disease (FFR <0.80). Supplementary data online,
Table S1 shows the clinical characteristics across patients divided by
normal and abnormal MRR based on the cut-off value of 3.0.

Microvascular resistance reserve: survival
analysis

Median follow-up was 3.6 years (Q1-Q3: 2.0-5.1 years). Table 3 shows
the absolute MACE and TVF rates, as well as their components at a
5-year follow-up. Supplementary data online, Tables S7 and S2 show
the detailed outline of the proportional hazards analyses for MACE
and TVF, respectively. From the clinical and angiographic characteristics,
age, diabetes, familial predisposition for CAD, previous myocardial in-
farction, coronary lesion length, stenosis diameter, minimal lumen
diameter, flow method, and target vessel intervention were associated
with 5-year MACE and TVF (P < 0.1 for all). After correction for these
confounders, MRR was independently associated with MACE at 5-year
follow-up (HR 0.78; 95% CI 0.63-0.95; P =0.024) and with TVF at
5-year follow-up (HR 0.83; 95% Cl 0.76-0.97; P =0.047). There was
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no interaction between the flow method used and the association of
MRR with either MACE (P = 0.749) or TVF (0.653) at 5-year follow-up.
Likewise, CFR in the same population was independently and signifi-
cantly associated with MACE and TVF at 5-year follow-up (HR 0.77;
95% Cl 0.62-0.95; P=0.034 and HR 0.81; 95% Cl 0.63-0.99;
P = 0.048, respectively). A sensitivity analysis excluding patients who
underwent revascularization during the index procedure led to the
same results and conclusions (data not shown).

Figure 2 depicts the cumulative incidence curves for MACE (A) and TVF
(B) at 5-year follow-up stratified by normal vs. abnormal MRR (<3.0). The
clinical characteristics across the subgroups divided by normal and abnor-
mal MRR are shown in Table $3. In the whole study population, abnormal
MRR was significantly and independently associated with an increased risk
for MACE at 5-year follow-up (HR 1.90; 95% CI 1.17-3.08; P < 0.005) and
with TVF at 5-year follow-up (HR 1.94; 95% CI 1.08-3.49; P =0.017).
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Figure 3 shows the HRs and 95% Cls for MACE and TVF at 5-year follow-
up of normal vs. abnormal MRR (cut-off value 3.0) and other currently ap-
plied indices of CMD [abnormal CFR or abnormal MR (either abnormal
HMR or IMR)], stratified by the presence of functionally important epicar-
dial disease (FFR <0.75), intermediate (FFR 0.75-0.85) epicardial disease,
or functionally non-significant epicardial disease (FFR >0.85). In vessels
with an intermediate or functionally non-significant epicardial disease,
both MRR and CFR were significantly and independently associated
with MACE at 5-year follow-up. In vessels with a functionally significant
epicardial disease, only MRR was significantly associated with MACE
and TVF at 5-year follow-up. Abnormal MR did not show an association
with MACE or TVF at 5-year follow-up across any of the FFR subgroups
(Figure 3).

A sensitivity analysis with the use of alternative CFR cut-off values
(CFR <20 as used in obstructive coronary artery disease, CFR <2.6
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Figure 2 Cumulative incidence curves for MACE (A) and TVF (B) according to normal and abnormal MRR. Cumulative incidence curves for major
adverse cardiac events (MACE) (A) and target vessel failure (TVF) (B) up to 5-year follow-up according to normal or abnormal microvascular resistance
reserve (MRR) (cut-off value: 3.0). Hazard ratio (HR) with 95% confidence interval (Cl) presented based on proportional hazards analysis corrected for
confounders and accounting for the competing risk of death using the Fine-Gray model for TVF.
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Figure 3 Hazard ratios for the risk of MACE (A) and TVF (B) at 5-year follow-up according to different indices of CMD. Plot showing hazard ratios
with 95% confidence intervals associated with major adverse cardiac events (MACE) and target vessel failure (TVF) at 5-year follow-up based on multi-

variate proportional hazards analysis for indices of CMD (as binary variables). HR was adjusted for the competing risk of death for TVF using the Fine and

Gray method. MR [minimal resistance (HMR >2.5; IMR >25)].
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as identified as the optimal threshold for abnormal non-invasive stress
testing in the present study, or CFR <3.0 using the same threshold as
applied for MRR) did not alter the conclusions concerning MACE and
TVF at 5 years (data not shown). Likewise, a sensitivity analysis using
corrected microvascular resistance indices to adjust for the impact of
collateral flow by Yong’s formula'? did not alter the conclusions con-
cerning the association of abnormal MR and MACE (HR 1.01; 95% ClI
0.98-1.02; P=0.893) or TVF at 5 years (HR 0.99; 95% CI 0.98-1.01;
P=0.478).

Discussion

This study is the first to describe the diagnostic and prognostic charac-
teristics of MRR, an index of microvascular vasodilator reserve capacity
that conceptually accounts for epicardial CAD severity and the impact
of administration of potent vasodilators on aortic pressure in the as-
sessment of microvascular vasodilator function. Most importantly, we
document that MRR may provide a more accurate tool than CFR for
the assessment of microvascular vasodilator function across the spec-
trum of epicardial CAD. Although both MRR and CFR were independ-
ently associated with MACE and TVF at 5-year follow-up in vessels with
functionally intermediate or non-significant epicardial CAD, only ab-
normal MRR was independently associated with MACE and TVF in pa-
tients with hemodynamically significant epicardial disease (FFR <0.75)
(Structured Graphical Abstract). These findings relate directly to the diag-
nostic characteristics of MRR confirmed in this study, where, as ex-
pected, the difference between MRR and CFR is closely related to
the functional severity of concomitant epicardial disease expressed by
FFR.

MRR: theoretical framework and

diagnostic characteristics

The MRR provides a specific and robust index of the vasodilator cap-
acity of coronary microcirculation.® MRR represents the extent to
which resting resistance (R) would decrease upon induction of max-
imal coronary vasodilatation in the hypothetical case the epicardial ar-
tery were to be completely normal. Based on its theoretical
framework, MRR is independent of the epicardial resistance to coron-
ary flow and thereby specific for the microvasculature. In our popula-
tion, the median MRR was 2.97 (Q1-Q3: 2.32-3.86), comparable to
the results of the index paper by De Bruyne et al.® Furthermore, in
line with the findings of De Bruyne et al., MRR differed from CFR as
a function of FFR (Figure 1C), showing the fundamental difference in
both indices. Overall, MRR and CFR showed an excellent agreement
(rs=0.88; P <0.005), and the difference between both indices is
closely related to the functional severity of concomitant epicardial dis-
ease expressed by FFR (R* = 0.34; Coef.—2.88, 95% Cl: —3.05-2.73;
P < 0.005) (Figure 1C). These data reinforce the conceptual back-
ground of MRR described by De Bruyne et al. and serve as the basis
for the documented differences in prognostic value between the
two indices.

MRR: prognostic characteristics

We document that MRR as a continuous variable is independently as-
sociated with MACE at 5-year follow-up (HR 0.78; 95% CI 0.63-0.95,
P =10.024) and TVF at 5-year follow-up (HR 0.83; 95% Cl 0.76-0.97;
P =0.047). Although there are no studies to compare these results
with, they are in line with multiple reports regarding the increased
risk for MACE and TVF in patients with CMD.">'* CMD has been

proposed to contribute to the development and prognosis of epicar-
dial disease via the reduction of coronary blood flow and alteration of
wall shear stress.”>'® As mentioned before, MRR is theoretically a
microvasculature-specific index as it accounts for epicardial disease se-
verity and the impact of the administration of potent vasodilators on
aortic pressure. Hereby, it is arguably a more robust indicator of
CMD than CFR and indices describing microvascular resistance such
as HMR and IMR.

In addition, we found that in patients with intermediate or function-
ally non-significant epicardial disease, both CFR and MRR were equally
and independently associated with clinical outcomes. Hence, it can be
argued whether MRR has advantages over CFR in these cases.
However, in patients with functionally significant epicardial disease
(FFR <0.75), only an abnormal MRR was found to be an independent
predictor of MACE and TVF. In contrast to these findings, abnormal
microvascular resistance alone was not associated with either 5-year
MACE or TVF, which is in line with other reports on the prognostic va-
lue of microvascular resistance indices."”

These findings suggest that MRR is a more reliable indicator of CMD
particularly in the presence of functionally significant epicardial disease
(FFR <0.75). Prospective investigations to assess the MRR approach are
warranted to confirm these findings.

Limitations

The results from the present study should be interpreted in consider-
ation of some limitations. First, this is an observational study and pa-
tients were treated according to clinical guidelines applicable at the
time of the coronary angiography, but decisions in treatment were ul-
timately at the discretion of the treating physician. Second, not all stud-
ies employed central adjudication of adverse events, which may lead to
heterogeneity in results across studies. Nonetheless, event rates in the
ILIAS registry are similar to those documented in prospective studies
with central adverse event adjudication,'® strengthening the findings
of the present study. Moreover, a variety of vasodilators were used
in our study and, although all agents are documented to provide similar
hyperemic responses, future studies should be carried out with a more
homogeneous protocol. In addition, although the MRR theoretically can
be applied to all modalities that provide robust coronary flow measure-
ments, the results should be interpreted considering the potential over-
estimation of flow metrics through bolus thermodilution described
previously."”? Nonetheless, no interaction between flow measure-
ment technique and diagnostic or prognostic efficacy of MRR was docu-
mented in the present study. Uniform application of continuous flow
thermodilution, as used in the initial derivation of MRR, may further
enhance its diagnostic and prognostic value considering the operator-
independent nature of this absolute flow assessment.?! Further, no
detailed information on the medication profiles of enrolled patients
was available during the follow-up period, nor specifics regarding angina
burden. It is important to note that our study population largely con-
sists of male patients. Hereby, there might be an underrepresentation
of female patients, and the results of this study should be interpreted
with this consideration. In order to determine an independent cut-off
value of MRR for this analysis, we assessed the optimal cut-off value
to determine the presence of ischemia on a non-invasive stress test
prior to invasive coronary angiography. Although a large group of pa-
tients (n = 503) was included in this analysis, further validation studies
should confirm this MRR threshold for clinical decision-making.
Finally, despite the length of follow-up and the large number of included
patients and vessels, this study is subject to the basic limitations of a
retrospective registry.
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Conclusion

MRR is a robust indicator of the microvascular vasodilator reserve cap-
acity. In line with its theoretical background, our data suggest a diagnos-
tic advantage of MRR over CFR in patients with hemodynamically
significant CAD. Further studies are required to further elucidate the
potential of MRR for the diagnosis of CMD.

Clinical ~ Trial  Registration—Inclusive  Invasive  Physiological
Assessment in Angina Syndromes Registry (ILIAS Registry), NCT044
85234.
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Supplementary data are available at European Heart Journal online.
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