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Abstract
Coronary microvascular dysfunction (CMD) has emerged as an important therapeutic target in the contemporary management of
ischemic heart disease. However, due to a lack of a reliable traditional “gold standard” test for CMD, optimal treatment remains
undefined. The index of microcirculatory resistance (IMR) is an intra-coronary wire-based technique that provides a more
reliable and quantitative assessment of CMD and has been increasingly used as a preferred endpoint for evaluating CMD
treatment strategies in recent studies. IMR can help diagnose CMD in angina patients with non-obstructive epicardial coronary
disease, predict peri-procedural myocardial infarction in stable patients undergoing coronary stenting, and predict long-term
prognosis after acute myocardial infarction. Studies of IMR in the setting of non-ST-elevation acute coronary syndromes are still
lacking. This review critically appraises the current published literature evaluating targeted therapies for CMD using IMR as the
assessment tool and provides insights into evidence gaps in this important field.
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Abbreviations
ACS Acute coronary syndrome
CMD Coronary microvascular dysfunction
CMR Cardiac magnetic resonance imaging
IHD Ischemic heart disease
IMR Index of microcirculatory resistance
PCI Percutaneous coronary intervention
PMI Peri-procedural myocardial infarction
NSTEACS Non-ST-elevation acute coronary syndrome
PICSO Pressure-controlled intermittent coronary

sinus occlusion
STEMI ST-elevation myocardial infarction

Introduction

The coronary arterial tree is comprised of the large epicardial
arteries which function as capacitance vessels and the micro-
circulation (< 500 μm in diameter) which are resistance ves-
sels and responsible for the metabolic regulation of coronary
blood flow. Disruption of the coronary microcirculation can
therefore lead to impaired myocardial perfusion despite paten-
cy of epicardial arteries. Coronary microvascular dysfunction
(CMD) is increasingly recognized to play a crucial role in the
pathogenesis of myocardial ischemia, and its presence has
consistently been shown to portend a worse prognosis [1–3].
Consequently, targeted treatment of CMD presents a valuable
therapeutic strategy in the contemporary management of is-
chemic heart disease (IHD).

Direct assessment of CMD has historically been challeng-
ing due to the small size of the microcirculation and limited
spatial resolution of imaging techniques. Most available tests
therefore utilize the indicator-dilution principle to indirectly
assess the coronarymicrocirculation bymeasuringmyocardial
blood flow through the entire coronary vascular tree in re-
sponse to maximal hyperemia. However, this perfusion re-
serve method is greatly limited by its intrinsic variability due
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to dependence on hemodynamic perturbations, and lack of
specificity for the microcirculation, often resulting in disparate
results when different techniques are applied. The absence of a
reliable “gold standard” test has contributed to a lack of con-
sensus on the diagnostic criteria of CMD and presents great
challenges in evaluating potentially effective therapies [4].

Recently, the index of microcirculatory resistance (IMR), an
invasive intra-coronary wire-based technique, has been shown to
be a highly reliable and reproducible method for the quantitative
assessment of CMD. Unlike other methods that assess myocar-
dial blood flow, the IMR evaluates the minimum achievable
microvascular resistance to provide a more specific assessment
of microvascular integrity (Fig. 1). In stable coronary artery dis-
ease, IMR measured before percutaneous coronary intervention
(PCI) is predictive of peri-procedural myocardial infarction
(PMI) [5, 6]. In acute coronary syndromes (ACS), IMR mea-
sured acutely is predictive of infarct characteristics, left ventricu-
lar function recovery, and long-term prognosis [7–10]. Indeed,
the IMR is increasingly considered the new “gold standard” test
and a robust endpoint for evaluating CMD treatment strategies.

In this review, we analyze the contemporary literature evaluating
targeted therapies for CMD using the IMR.

Principles of the Index of Microcirculatory
Resistance

The IMR is a highly reliable and robust parameter for the
assessment of CMD, having been shown to significantly cor-
relate with true microvascular resistance derived from abso-
lute coronary flow in open-chested porcine models [11]. It
also has the advantages of being independent of variations in
hemodynamic state, having low baseline intrinsic variability,
high reproducibility [12], and importantly, being independent
of epicardial stenoses [11, 13]. Although no large-scale pop-
ulation data exists to define a “normal” IMR value, a cut-off
value of < 25 is accepted in stable patients [14].

A detailed discussion of the principles of IMR is covered
elsewhere [15]. In essence, derivation of IMR is based on two
fundamental principles: Ohm’s law and indicator-dilution theory.

Fig. 1 Assessment of the coronary microcirculation. CFR, coronary flow
reserve; IMR, index of microcirculatory resistance; Pa, mean proximal
arterial pressure; Pd, distal epicardial coronary pressure; Pv, venous
pressure. Reprinted from Xu, J et al. Assessing coronary microvascular

dysfunction in ischaemic heart disease: little things can make a big
difference. Heart, Lung and Circulation. 2020;29 (1):118–27. Copyright
(2019), with permission from Elsevier
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Using an intra-coronary guide wire with a pressure-temperature
micro-sensor near its distal tip acting as a distal thermistor, and
the wire shaft acting as a proximal thermistor, standardized vol-
umes (3 mL) of room temperature saline is injected down the
coronary artery under maximal hyperemia, and the change in
temperature can be recorded and plotted as a coronary
thermodilution curve. The IMR is given by the equation:
IMR= Pd × Tmn, where Pd is the distal epicardial coronary artery
pressure and Tmn is the mean transit time derived from the
thermodilution curve (Fig. 2). The main limitation of IMR is
the confounding factor of substantial collateral circulation in
the presence of severe epicardial stenosis. In these cases, a mod-
ified formula should be used to account for the contribution of
collateral flow: IMRtrue =Pa×Tmn× [(Pd –Pw)/(Pa –Pw)], where
Pa is mean proximal arterial pressure and Pw is the coronary
wedge pressure [16]. Alternatively, an empirical mathematically
derived formula which does not require coronarywedge pressure
measurement can also be used: IMRcalc =Pa × Tmn × [(1.35 ×Pd/
Pa) – 0.32] [17].

This review will focus on studies where IMR was used as a
tool to guide and evaluate targeted treatment for CMD across
the clinical spectrum of IHD. The specific patient population
studied for each treatment differs between studies and is clar-
ified in the text and also summarized in Table 1. Treatment
therapies will be grouped into pharmacological and non-
pharmacological.

Pharmacological Therapies

Statins

CMD can occur in the context of PCI due to a combina-
tion of distal micro-embolization of atheromatous debris,
platelet activation, and inflammatory reactions and is a
major mechanism for PMI [18]. Apart from their lipid-
lowering properties, the HMG-CoA reductase inhibitors
(statins) also have a number of beneficial cardiovascular
pleiotropic effects, and statin pre-treatment has consistent-
ly been shown to reduce incidences of PMI across the
clinical spectrum of IHD [19–21]. With the advent of
IMR studies, this reduction in PMI has been recognized
to be largely attributable to a targeted effect on PCI-
related CMD, despite the variable pre-treatment regimes,
small patient numbers, and lack of multi-center data in
these studies.

A randomized trial of 80 patients with stable angina
showed that, compared with controls, pravastatin pre-
treatment (20 mg/day for 4 weeks) prior to elective PCI was
associated with a significantly lower post-PCI IMR (median:
pre-treatment 12.6 vs no pre-treatment 17.6, p = 0.007) [22].
Similarly, a randomized study of 84 stable patients undergo-
ing elective PCI showed that higher-dose atorvastatin pre-
treatment (40 mg/day for 7 days) resulted in a significantly

Fig. 2 Measuring the index of microcirculatory resistance (IMR) in the
catheterization laboratory. The pressure-temperature sensor-tipped wire is
placed in the coronary artery. The coronary thermodilution curves are
plotted, as shown on the console screen, after injection of 3 mL room

temperature saline. The mean transit time (Tmn) at baseline and
hyperaemia were averaged from 3 separate injections. IMR is given by
hyperemic Tmn ×Pd
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lower post-PCI IMR (mean: high dose 16.5 vs low dose 31.2,
p < 0.001) as well as troponin I levels (mean: 0.11 vs 0.16 ng/
mL, respectively, p < 0.001), compared with lower-dose ator-
vastatin (20 mg/day for 7 days) [23].

Findings in ACS patients were comparable. A randomized
study of 77 patients with non-ST-elevation acute coronary
syndrome (NSTEACS) showed that pre-loading with higher-
dose atorvastatin (80 mg 12–24 h and further 40mg 2 h before
PCI) led to a significant lower post-PCI IMR (mean: high dose
14.1 vs low dose 19.2, p = 0.003) and creatine kinase myo-
cardial band levels (median: 1.4 vs 4.0 ng/mL, respectively,
p = 0.002), compared with lower-dose atorvastatin (10 mg
12–24 h before PCI) [24].

Whether statin therapy has a beneficial effect on mi-
crovascular function in patients who are not undergoing
PCI is still unclear. A single-center randomized study of
66 women with suspected ischemic chest pain and non-
obstructive epicardial coronary disease showed that
treatment with rosuvastatin 20 mg for 6 months, com-
pared with placebo, did not significantly influence IMR
values (mean: rosuvastatin 14.2 vs placebo 14.4, p =
0.55) [25]. It should be noted that the mean IMR was
very low in both groups at baseline (16.5 and 14.6)
suggesting that there was no significant CMD to begin
with, and therefore, it would be difficult to prove treat-
ment benefit, particularly given the small sample size.
Studies with statins involving patients with elevated
baseline IMR are needed.

P2Y12 Receptor Inhibitors

Ticagrelor, prasugrel, and cangrelor are newer generation
platelet adenosine diphosphate P2Y12 receptor inhibitors that
provide more rapid, potent, and consistent inhibition of plate-
let activity than clopidogrel. While these agents significantly
reduced ischemic events compared with clopidogrel, only
ticagrelor was superior to clopidogrel in preventing cardiovas-
cular as well as all-cause mortality in ACS patients [26–28]. It
has been suggested that P2Y12-independent effects of
ticagrelor, specifically its inhibition of cellular uptake of aden-
osine, may account for its additional mortality benefits beyond
platelet inhibition [29]. Indeed, ticagrelor has been shown to
dose dependently augment adenosine-induced coronary blood
flow in healthy subjects [30].

IMR was utilized in this context in a randomized trial of 76
patients with hemodynamically stable ST-elevation myocar-
dial infarction (STEMI). The study showed that a 180 mg
loading dose of ticagrelor before primary PCI led to a signif-
icantly lower IMR immediately post-PCI compared with
600 mg loading dose of clopidogrel (mean: ticagrelor 22.2
vs clopidogrel 34.4, p = 0.005), although this did not translate
to a reduction in infarct size at 3 months [31]. This benefit
however was not seen when ticagrelor was compared with
cangrelor in a randomized trial of 100 STEMI patients under-
going primary PCI, where the immediate post-PCI IMR mea-
sured in 90 patients was similar between both groups (median:
28 vs 30, respectively, p = 0.52), as was the final infarct size at

Table 1 Studies that utilized the index of microcirculatory resistance to evaluate effects of targeted therapies on coronary microvascular dysfunction
after percutaneous coronary intervention

Therapies Evidence Population Effect on CMD Limitations

Pharmacological

Statins Multiple randomized trials Stable CAD,
NSTEACS

Possibly
beneficial

Not placebo controlled

Ticagrelor Multiple randomized trials STEMI Inconclusive Only one trial suggested benefit over clopidogrel

Intra-coronary
fibrinolytic

Multiple randomized trials STEMI Possibly
beneficial

Earlier trials not reflective of contemporary PCI
practices

GP IIb/IIIa inhibitor Multiple randomized trials STEMI Inconclusive Absence of bleeding data in studies

Nicorandil Multiple randomized trials Stable CAD, STEMI Possibly
beneficial

Not placebo controlled

Non-pharmacological

Aspiration
thrombectomy

Multiple randomized trials STEMI Caution Conflicting evidence, may increase stroke risk

Distal protection Single randomized trial STEMI Possibly
beneficial

Conflicting evidence from non-IMR study

Direct stenting Single randomized trial Stable CAD Possibly
beneficial

No IMR data in ACS

PICSO Single prospective observational
study

STEMI Possibly
beneficial

Non-randomized

ACS acute coronary syndrome, CAD coronary artery disease, GP glycoprotein, IMR index of microcirculatory resistance, NSTEACS non-ST-elevation
acute coronary syndrome, PCI percutaneous coronary intervention, PICSO pressure controlled intermittent coronary sinus occlusion, STEMI ST-
elevation acute coronary syndrome
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12 weeks, which was measured in 75 patients [32]. Similarly,
in a randomized study of 110 STEMI patients, maintenance
ticagrelor therapy was not superior to prasugrel with respect to
IMR (median: 21 vs 18, respectively, p = 0.08), infarct size,
and plasma adenosine concentrations at 1 month [33]. Data for
prasugrel is scarce in contrast, with only a small randomized
study of 40 stable patients showing a lower post-PCI IMR
with prasugrel compared with clopidogrel (mean: 17 vs 26,
respectively, p = 0.007) [34].

More data is evidently needed before ticagrelor can be
established as a potential maintenance therapy to target
CMD. Results from several ongoing trials are eagerly awaited
(Table 2).

Intra-coronary Low-Dose Fibrinolytics

Disruption of the coronary microvasculature may occur in the
setting of acute myocardial infarction due to factors such as
micro-embolization and fibrin and platelet aggregation,
resulting in microvascular obstruction and lack of myocardial
perfusion despite restoration of epicardial flow. Fibrinolytic
agents may counteract many of these factors and therefore
may improve microvascular perfusion.

In a randomized pilot study of 41 patients with first-
presentation STEMI undergoing primary PCI, administration
of low-dose intra-coronary streptokinase (250 kU) immediate-
ly post-PCI significantly reduced IMR measured 2 days later,
without any observed increase in the rate of bleeding compli-
cations, compared with standard care (mean: 16.29 vs 32.49,
respectively, p < 0.001) [35]. This observation was confirmed

in a larger subsequent study of 95 STEMI patients, where the
same dose of intra-coronary streptokinase given immediately
post-primary PCI not only improved IMR at 2 days compared
with controls (mean: 20.2 vs 34.2, respectively, p < 0.001) but
also reduced infarct size at 6 months (22.7% vs 32.9%, re-
spectively, p = 0.003) [36]. Notably, concomitant peripheral
glycoprotein IIb/IIIa inhibitor was used in all patients in both
studies.

Indeed, a more recent study reflective of contemporary PCI
practices, where 440 STEMI patients undergoing primary PCI
were randomized to low-dose intra-coronary alteplase (10 mg
or 20 mg) or placebo after reperfusion and before stent im-
plantation, was stopped early due to futility based on a pre-
specified analysis [37]. However, the primary outcome in this
study was cardiac magnetic resonance imaging (CMR)-de-
rived microvascular obstruction, rather than IMR. Hopefully,
there will be some clarification on the benefit of this treatment
strategy in a large upcoming IMR-based trial.

Glycoprotein IIb/IIIa Inhibitors

Intra-coronary bolus administration of glycoprotein IIb/IIIa
inhibitors may also improve microvascular perfusion in a
manner analogous to fibrinolytic agents. In a study of 49
STEMI patients undergoing primary PCI, a single intra-
coronary tirofiban bolus-only strategy resulted in similar
IMR, measured 4–5 days post-PCI, compared with the stan-
dard intravenous bolus and maintenance infusion strategy
[38]. Since this was not a placebo-controlled trial, and there
was no baseline IMR measured in this study, whether this

Table 2 Active upcoming studies of index of microcirculatory resistance in coronary microvascular dysfunction

Study Design Treatment Comparator Population Primary endpoint

ANTMAN
(ACTRN12618001610224)

Randomized Ticagrelor Clopidogrel NSTEACS Difference in IMR pre and post-PCI

ERIC-PPCI: IMR
sub-study

(NCT02342522)

Randomized Remote ischemic
conditioning

Placebo STEMI CV death and re-admission for heart failure
at 1 year

PLEIO
NCT02618733

Randomized Ticagrelor Clopidogrel ACS with or
without
ST-elevation

IMR at 6 months

POSTDILSTEMI
(NCT02788396)

Prospective
observation-
al

High-pressure
post-dilatation

N/A STEMI Delta IMR before and after post-dilatation

PREDICT
(NCT02698618)

Randomized Ticagrelor Clopidogrel Stable diabetic
patients

Difference in IMR pre and post-PCI

RESTORE-MI
(ACTRN12618000778280)

Randomized Low-dose
intra-coronary
tenectaplase

Placebo STEMI CV death and re-admission for heart failure
at 2 years

NCT02976701 Randomized DLBS1033 Placebo STEMI IMR at 4 weeks

NCT03581513 Randomized Deferred PCI Immediate
PCI

STEMI Composite endpoint at 1 year: heart failure
or all-cause death or MI or TVR

ACS acute coronary syndrome, CV cardiovascular, IMR index of microcirculatory resistance, MI myocardial infarction, NSTEACS non-ST-elevation
acute coronary syndrome, PCI percutaneous coronary intervention, STEMI ST-elevation myocardial infarction, TVR target vessel revascularization
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treatment strategy was beneficial is uncertain. A more recent
randomized study of 62 patients undergoing delayed PCI be-
tween 1 and 2 weeks after acute myocardial infarction showed
that an intra-coronary bolus injection of 10 μg/kg tirofiban
resulted in a significantly lower post-PCI IMR compared with
placebo (mean: 16.75 vs 23.63, respectively, p = 0.008) [39].
However, in this study, the mean IMR values were quite low
in both groups. Further studies are needed before firm conclu-
sions can be made regarding this strategy.

Nicorandil

Nicorandil is a vasodilator that exerts a unique hybrid phar-
macologic effect as both a nitrate and an adenosine
triphosphate-sensitive potassium channel activator [40]. It
has a number of potentially beneficial effects on the microcir-
culation including preferential vasodilation of microvessels <
100 μm and reduction in endothelial dysfunction, oxidative
stress, and inflammation [41]. In a randomized study of 62
stable patients undergoing elective PCI, intravenous
nicorandil (6 mg bolus before PCI and 6 mg/h infusion for
24 h after PCI) led to a significantly lower IMR immediately
post-PCI compared with controls (mean: 17.9 vs 25.4, respec-
tively, p < 0.05) [42]. In a small non-randomized study of 32
STEMI patients, intra-coronary nicorandil 12 mg bolus ad-
ministered after primary PCI has also been shown to lead to
a lower post-PCI IMR [43].

Additional intra-coronary administration of nicorandil on
top of baseline intravenous infusion may show an additive
beneficial effect in STEMI patients. In a randomized study
of 40 first-presentation STEMI patients, all patients initially
received baseline intravenous nicorandil on presentation
(0.067 mg/kg bolus before PCI followed by 1.67 μg/kg/min
infusion for 24 h). Patients randomized to receive additional
intra-coronary nicorandil 2 mg immediately after primary PCI
had a lower IMR post-PCI (median: baseline 27.7, post-
nicorandil 18.7, p < 0.0001) compared with controls who re-
ceived only intra-coronary saline (median: baseline 24.3, post-
saline 23.8, p = 0.82), with a preferential effect on those with
elevated IMR of ≥ 21 [44].

Other Agents

The direct thrombin inhibitor bivalirudin was compared with a
multi-center randomized trial against unfractionated heparin
in 64 STEMI patients undergoing primary PCI. This study
demonstrated a lower post-PCI IMR with bivalirudin treat-
ment compared with heparin (mean: 43.5 vs 68.7, respective-
ly, p = 0.014) [45]. The high IMR values suggest significant
CMD in enrolled patients and therefore potential for this to
translate to a demonstrable clinical benefit. Unfortunately, the
study was terminated early due to expected futility to meet its
primary endpoint of infarct size by CMR.

Nitroprusside, a vasodilator which is a direct nitric oxide
donor, has also been hypothesized to exert a beneficial effect
on the microcirculation similar to nicorandil. This was inves-
tigated in a small prospective observational study of 18
STEMI patients with a post-PCI IMR ≥ 30, whereby intra-
coronary nitroprusside 100μg resulted in an immediate reduc-
tion in mean IMR from 76 to 45 (p = 0.0006) [46].
Unfortunately, in addition to its non-randomized design, the
study was significantly confounded by the fact that 66.7% of
study patients also received nicorandil prior to nitroprusside,
and therefore, the results should be interpreted with caution.

Intra-coronary administration of the angiotensin-
converting enzyme inhibitor enalaprilat has been tested
against placebo in a single-center randomized study of 40
stable patients undergoing elective PCI. This showed that
enalaprilat 50 μg not only reduced the pre-PCI IMR shortly
after administration (mean: baseline 27 vs after enalaprilat 19,
p < 0.0001), it also resulted in a significantly lowered IMR
post-PCI IMR compared to placebo (mean: 15 vs 33, respec-
tively, p < 0.001) [47].

Non-pharmacological Therapies

Pressure Controlled Intermittent Coronary Sinus
Occlusion

Controlled intermittent increases in coronary sinus pressure,
using a balloon-tipped catheter, may have beneficial effects on
myocardial perfusion through promotion of retrograde perfu-
sion of hypoperfused or ischemic myocardium [48]. This
strategy, pressure-controlled intermittent coronary sinus oc-
clusion, or PICSO, was examined in a non-randomized pro-
spective study, where 25 patients with acute anterior STEMI
and an IMR of > 40 after primary PCI were given this treat-
ment and compared with historical controls in a parallel study.
PICSO treatment resulted in a lower mean IMR at 24–48 h
compared with controls (mean: 24.8 vs 45, respectively, p <
0.001) and a reduced infarct size by CMR at 6 months (26%
vs 33%, respectively, p = 0.006) [49]. Randomized trial data is
eagerly awaited.

Aspiration Thrombectomy and Distal Embolization
Prevention Strategies

Distal thrombus embolization after infarct PCI is another pos-
sible mechanism of microvascular disruption and subsequent
myocardial hypoperfusion, with the associated consequences
of larger infarct size and worse prognosis [50]. Manual throm-
bus aspiration may reduce this distal embolization, but routine
application of current techniques and devices does not im-
prove mortality and may even be associated with elevated
stroke risk [51]. Nevertheless, the studies have consistently
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signaled an improvement in perfusion with aspiration
thrombectomy, albeit with subjective angiographic and elec-
trocardiographic measures.

It is in this context that the IMR, being a more objective and
quantitative measure of microvascular function and myocar-
dial perfusion, was utilized as the primary endpoint in a ran-
domized study of 63 STEMI patients, where adjunctive aspi-
ration thrombectomy led to a lower IMR post-PCI compared
to routine primary PCI (mean: 23.5 vs 34.2, respectively, p =
0.018) [52]. However, subsequent studies have suggested that
aspiration thrombectomymay be no better than intra-coronary
glycoprotein IIb/IIIa inhibitors [53] and even balloon angio-
plasty [54] and may be inferior to intra-coronary fibrinolytics
[55, 56], with respect to the IMR after primary PCI for
STEMI. Given the conflicting data and particularly the poten-
tial for increased risk of stroke, routine aspiration
thrombectomy cannot currently be recommended as a targeted
treatment strategy for CMD in the setting of STEMI.

Dedicated distal embolic protection devices have also
failed to show efficacy in native coronary artery PCI, with
one study of 626 STEMI patients suggesting that it may not
improve microvascular perfusion, although this was based on
electrocardiographic ST segment resolution [57]. IMR data is
scarce, but a small randomized study of 36 acute anterior
STEMI patients did in fact show that distal protection resulted
in a significantly lower IMR post-PCI than standard primary
PCI without distal protection (mean: 26.6 vs 37.2, respective-
ly, p = 0.03) [58].

Compared with conventional PCI with balloon pre-dilata-
tion, direct stenting is also thought to reduce distal emboliza-
tion, based on observations of lower rates of PMI with this
strategy [59]. This hypothesis was tested in a randomized
study of 50 stable patients undergoing elective PCI, which
showed that direct stenting was associated with a significantly
lower post-PCI IMR (mean: direct stenting 13 vs conventional
PCI 24, p < 0.01) as well as troponin T values, compared with
conventional PCI [60]. This has yet to be tested in ACS
patients.

Lifestyle Measures

Cigarette smoking cessation is undeniably beneficial to the
patient for a range of reasons, not the least of which is an
improvement in peripheral [61] and coronary endothelial
function [62]. With regard to CMD, an observational study
of 97 stable patients showed that baseline IMR was higher in
smokers compared with non-smokers, and smoking was an
independent predictor of increased IMR on multivariate anal-
ysis (odds ratio 3.14, 95% confidence interval 1.19–8.80, p =
0.02) [63]. Currently, however, there are no randomized data
on the specific effects of smoking cessation on CMD.

Microvascular complications are well recognized in diabe-
tes. Not surprisingly, coronary endothelial dysfunction and

attenuated coronary vasodilator capacity have been demon-
strated in diabetic patients [64]. In an observational IMR study
of 56 patients, diabetic patients with stable coronary disease
had higher mean IMR than non-diabetic patients (mean: 27 vs
16, respectively, p = 0.009), with a significant positive corre-
lation found between the mean IMR and HbA1c, suggesting
worse CMD with poor glycemic control [65]. Furthermore,
dyslipidemia, hypertension, and obesity were also found to
be associated with higher IMR in diabetic patients, with met-
formin having a protective effect.

Despite the lack of direct randomized evidence that
smoking cessation, weight loss, blood pressure control, and
exercise improves CMD, these observations suggest that the
benefits of lifestyle modifications are far reaching and should
be recommended in all patients with CMD, as stated in the
latest European guidelines [14].

Gaps in Evidence

Despite the numerous randomized studies evaluating targeted
treatment for CMD using IMR as a marker, most are limited
by small sample sizes, and study endpoints have largely been
restricted to immediate- or short-term improvements in IMR
and, in a few studies, infarct size. Although many studies
mentioned earlier demonstrated lower post-procedure IMR
with treatment targeted at the microvasculature, the lack of
data on pre-procedure IMR, and hence its change with thera-
py, has limited the validity of the observations. It may be
difficult with the currently available data to decide on the
value of such therapies with regard to protection against
CMD in the setting of PCI. Furthermore, data on key clinical
endpoints such as cardiovascular death, heart failure, and
quality of life are lacking, and whether improvements seen
in IMR are maintained at longer-term follow-up is also still
undetermined.

It has been shown that in STEMI patients undergoing pri-
mary PCI, coronary stent implantation itself significantly im-
proved the immediate post-PCI IMR compared with pre-PCI
[66]. This presents an important treatment confounder that
may be overlooked in non-randomized studies and again high-
lights the importance of obtaining a pre-PCI IMR.
Furthermore, in randomized studies where pharmacological
agents were studied, it may be important to understand the
pharmacokinetic properties of these drugs, since the immedi-
ate post-PCI IMR may reflect improved perfusion due to stent
implantation, before the drugs had time to work.

In patients with vascular risk factors, IMR has been shown
to be different between anterior and posterior coronary micro-
vascular beds [65], but there is no information on potential
differential effects of therapies in patients with CMD. Studies
involving PCI, for instance, only examine the IMR in target
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arteries, and it is unclear if non-target arteries would also ben-
efit from treatment.

To date, most IMR studies have been in the setting of stable
coronary disease and STEMI, and its role in NSTEACS is
therefore less clearly defined, despite it being the most com-
mon form of ACS presentation [67]. Indeed, a recent study
confirmed that the post-PCI IMR in NSTEACS patients is
also an independent predictor of major adverse cardiac events
at over 20-month follow up [10]. While aspiration
thrombectomy has not been shown to improve CMR-
derived microvascular obstruction and infarct size in
NSTEACS [68], there is currently no published data using
IMR endpoints. Similarly, there is a paucity of IMR studies
in patients with non-obstructive epicardial disease. In the
British Heart Foundation Coronary Microvascular Angina
(BHF CorMicA) study, 151 patients with angina and non-
obstructive epicardial disease were randomized to standard
care versus stratified medical therapy, whereby treatment
was tailored according to the diagnosis of vasospastic angina
(assessed using coronary reactivity testing) or microvascular
angina (assessed using IMR) [69]. Notably, the primary out-
come of this study was qualitative, in the form of patient-
reported questionnaires, and therefore whether the treatment
improved IMR is not known. Given the prevalence of these
conditions, there is a pressing need for studies of IMR-
directed therapies in these settings.

Finally, there have been many other small-scale treatment
studies for CMD with a variety of pharmacological and non-
pharmacological strategies not described here [4]. However,
these studies used perfusion reserve methods, such as coro-
nary flow reserve, to assess CMD. Given the limitations of
suchmethods, it would be prudent to investigate the feasibility
of these treatments using IMR before conclusions can be
drawn. In addition, studies of aspirin and traditional anti-
anginal agents such as beta-blockers, calcium channel
blockers, and nitrates are lacking and would be worth
investigating.

Conclusions

Numerous studies have consistently demonstrated the value of
IMR in prognostication as well as in the evaluation of targeted
therapies across the spectrum of ischemic heart disease
(Table 1). Pharmacological therapies have been the focus of
the majority of studies to date, with statins in particular dem-
onstrating more consistent and promising results. With regard
to the non-pharmacological therapies, PICSO is a novel ther-
apy that has shown promise in a non-randomized study set-
ting. There are many limitations in the studies reviewed and
considerable gaps in evidence in the field. Future research
should focus on addressing these knowledge gaps, as well as
assessing for longer term benefits and hard clinical endpoints.

Results from several ongoing randomized trials are expected
in the coming years and are an exciting space to watch. Given
the advantages of using IMR as the current preferred tool for
evaluating CMD, not only will it provide novel insights into
the assessment and treatment of CMD, it is foreseeable that
optimal therapy will become more defined for this important
condition in the near future.
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