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This editorial refers to ‘Coronary microvascular dysfunction

and future risk of heart failure with preserved ejection frac-

tion’†, by V.R. Taqueti et al., on page 840.

A variety of observations suggest that coronary microvascular dys-
function (CMD) is related to the pathogenesis of cardiovascular dis-
ease, including myocardial ischaemia and heart failure.1,2 CMD is due
to changes in the function and structure of the coronary microcircu-
lation and, in the absence of obstructive coronary artery disease
(CAD), is more prevalent among women, is poorly understood
mechanistically, and therefore represents a major unmet therapeutic
need.3 While termed ischaemia with no obstructive CAD (INOCA)
and myocardial infarction with no obstructive CAD (MINOCA),3 it is
also sometimes called ‘female-pattern’ cardiovascular disease along
with heart failure with preserved ejection fraction (HFpEF) because
these occur more commonly in women, and the relative paucity of
studies of women has resulted in therapeutic deserts for these condi-
tions. Notably, the ‘female-pattern’ terminology may soon be irrele-
vant, as INOCA, MINOCA, and HFpEF are increasingly being
diagnosed in men.3

We have suggested that CMD contributes to signs and symptoms
of ischaemia in patients both with and without evidence of obstruct-
ive CAD, and to HFpEF, both of which share common pathophysio-
logical pathways involving primary or secondary changes in the
coronary microcirculation.3,4 Our work, and that of others, indicates
that CMD and HFpEF appear associated along a continuum linked by
alterations in the coronary microcirculation.5–7 However, causal
mechanistic links and the sequence of causality remain unknown,
challenging therapeutic inroads in both conditions. Specifically, does
primary CMD lead to ventricular remodelling/diastolic dysfunction
and HFpEF or do alterations in myocardial remodelling/diastolic dys-
function observed in HFpEF lead to secondary CMD, i.e. the chicken
or the egg?

Previous work has demonstrated that coronary microvascular
abnormalities contribute critically to cardiac impairment in hyper-
trophic cardiomyopathy.8 Contributing to the area, Taqueti and col-
leagues9 demonstrate that CMD, indicated by low positron emission
tomography (PET) coronary flow reserve, combined with evidence
of diastolic dysfunction, measured by echo, predicts adverse progno-
sis including death (7%), with the major adverse cardiac event
(MACE) rate dominated by HFpEF hospitalization. Notably, minor
elevations in troponins measured prior to the non-invasive testing
further elevated MACE risk.

Further, in this issue of the journal, Taqueti et al.9 report a 2- to
3-fold higher mortality rate and a 2- to 5-fold higher MACE rate
than previously reported in cohorts with stable angina and no ob-
structive CAD.2,10 The current study subjects did not undergo coron-
ary angiography and were categorized as without obstructive CAD
due to the absence of segmental PET perfusion defects. However, pla-
que rupture often occurs in non-flow limiting stenoses, and obstruct-
ive CAD often has relatively higher MACE rates than non-obstructive
CAD, thus raising the possibility that occult obstructive CAD may
have contributed to their reported high MACE rate. The lack of valid-
ation of obstructive CAD status is a limitation of this current work, al-
though it reflects a single centre highly experienced with PET
perfusion imaging. The relatively high MACE rate in this work may also
be due to referral bias, as these patients underwent serial troponin
measurements prior to their PET scan, suggesting a higher risk cohort.

The major novel finding of this investigation was that CMD-
associated diastolic dysfunction predicted a >5-fold increased risk of
HFpEF hospitalization. This is consistent with a growing body of work
from our group showing that women with CMD often have left ven-
tricular (LV) diastolic dysfunction,5,11,12 and are at increased risk of
developing HFpEF.6 Indeed, closer examination of these studies re-
veals several striking parallels. For example, LV early diastolic strain
rate,5,11,12 and early volumetric filling rate,13 are reduced in women
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..with CMD, consistent with the impaired early LV relaxation rate (e’)
reported by Taqueti et al.9 Likewise, women with CMD often have
elevated LV filling pressures,5 supporting the echo-derived E/e’ data
reported here.

The exact mechanism(s) contributing to CMD-related diastolic dys-
function, however, remains incompletely understood. Diastolic dys-
function is a multifactorial process, and factors such as inflammation,
adverse LV remodelling, cardiometabolic dysfunction, myocardial fibro-
sis, and coronary microvascular ischaemia have all been implicated.
Indeed, elevated interleukin-6 was found strongly to predict HF hospi-
talization and all-cause mortality in women with CMD, suggesting that
inflammation plays an important role in the pathogenesis of disease
progression.14 The present study did not report LV mass or dimen-
sions, so it is unclear if overt myocardial hypertrophy directly contrib-
uted to the diastolic dysfunction; however, our group consistently finds
normal LV concentricity in women with CMD, suggesting that the con-
centric remodelling is not mandatory for diastolic dysfunction. The ob-
servation in the present study that CMD was associated with a
measurable increase in cardiac troponin (�25% of patients), however,
provides novel mechanistic insight. These new observations support
the hypothesis that repeat micro-infarctions caused by coronary
microvascular ischaemia lead to diffuse myocardial fibrosis, increased
LV stiffness, and impaired ventricular relaxation (Take home figure).
These data further suggest that isolated diastolic dysfunction, in the ab-
sence of abnormal flow reserve and myocardial injury, may be benign.
Consistent with emerging understanding in this area, diastolic dysfunc-
tion is neither mandatory nor sufficient for the development of HFpEF.

Of course, myocardial ischaemia itself could directly, and indirectly,
contribute to diastolic dysfunction in these patients; however, this hy-
pothesis has not been tested directly. ATP is required for several stages
of the myocellular relaxation process, including dissociation of myosin
from actin, calcium dissociation from troponin C, sequestration of cal-
cium into the sarcoplasmic reticulum, and calcium extrusion from the
cytoplasm. Such ischaemia would be expected to cause a shift in energy
metabolism from free fatty acids to glucose, and we have observed an
abnormal elevation in myocardial triglyceride content (i.e. myocardial
steatosis) in women with CMD compared with a group of matched ref-
erence controls; the level of triglyceride was strongly related to the LV
relaxation rate.5 Further investigation of myocardial steatosis in CMD
and HFpEF is needed to understand relationships to inflammatory,
metabolic, and fibrotic mechanistic pathways. This pathway is novel and
attractive given existing and developing therapies for other organ stea-
tosis, specifically for non-alcoholic fatty liver and steatohepatitis.

A critical question is: to what extent does CMD cause HFpEF and
therefore, could CMD-related ischaemia be a therapeutic target for
HFpEF? CMD itself is a heterogenous condition shaped by a variable
combination of endothelial dysfunction, vascular smooth muscle cell
hyperreactivity, sympathetic nervous system activation, vascular rarefac-
tion and arterial remodelling, and aortic stiffness.4 In addition to its piv-
otal role in subendocardial ischaemia and subclinical myocardial
infarctions, CMD appears to interplay with various factors including sys-
temic inflammation,14 interstitial fibrosis,7 and myocardial steatosis5

(Take home figure). However, how do diastolic dysfunction and ventricu-
lar remodelling then contribute to CMD, and/or does CMD cause

Take home figure Is coronary microvascular dysfunction (CMD) causal for ventricular remodelling and diastolic dysfunction and/or are ven-
tricular remodelling and diastolic dysfunction causal for CMD? Emerging evidence suggest that a progressive clustering of risk factors (hypertension,
dyslipidaemia, dysglycaemia, and oestrogen loss) promote a pro-inflammatory and pro-oxidative state, rendering the coronary microvasculature vul-
nerable to repeat epidsodes of myocardial ischaemia. These repeat episodes of ischaemic insult lead to progressive impairment of energy-dependent
cardiomyocyte relaxation and a shift in substrate metabolism, leading to cardiac steatosis, left ventricular diastolic dysfunction, and ultimately the de-
velopment of heart failure. Several knowledge gaps exist, however, including therapies to treat metabolic and inflammatory pathways, and prevent
myocellular damage. Moreover, it remains unclear to what extent adverse remodelling and diastolic dysfunction contribute to CMD. Future work
focusing on these important questions is desperately needed to fill key knowledge gaps (indicated by ‘?’).
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..diastolic dysfunction and ventricular remodelling? Patients with HFpEF
and no obstructive CAD have impaired myocardial flow reserve,15 so
perhaps CMD and HFpEF are involved in a vicious cycle, initiating and
exacerbating each other, as depicted in Take home figure. Intervention
trials of ischaemic heart disease secondary prevention agents (statins,
angiotensin-converting enzyme inhibitors) found to be effective in
pharmacological probe trials in CMD3 should include HFpEF as an out-
come to test the hypothesis that CMD is causal for HFpEF.

While the present data provide some of the strongest evidence to
date favouring CMD as a causal mechanistic pathway for HFpEF, the op-
posite may, alternatively or also, be true. Analysis of the troponin level
as a predictor of HFpEF in this population may have helped address this
question. If elevated troponin levels predicted HFpEF hospitalization in
the Taqueti cohort9 with low coronary flow reserve but not in pre-
served coronary microvascular function, this would suggest that chronic
CMD-related ischaemia leads to HFpEF via myocardial injury. On the
other hand, the absence of a relationship between the troponin level
and future HFpEF hospitalization in patients with CMD would suggest
that ventricular processes such as remodelling in response to pressure
overload may be the primary process, perhaps indicative of myocardial
tissue apoptosis and remodelling cell turnover. Specific study in CMD
subjects at rest and during stress testing with serial troponins and car-
diac magnetic resonance imaging- (CMRI) measured myocardial ischae-
mia, late gadolinium, and fibrosis tissue characterization is needed to
understand the pattern, chronicity, and specific relevance of low tropo-
nin elevations in CMD. Indeed, understanding of the role of CMD-
ischaemia-related micro-infarct/damage as an aetiological role in HFpEF
is important because putative preventive therapies for this pathophysi-
ology exist (aspirin, statin) and could be tested.

Prospective serial CMRI anatomical, perfusion, and T1 imaging
with serial inflammatory and troponin biomarkers over longer peri-
ods of time is also needed to answer ‘the chicken or the egg’ ques-
tion, e.g. to determine the causal sequence of ‘ventricular
remodelling causing CMD’ vs. ‘CMD causing ventricular remodelling’,
including investigation to understand if and how either or both of the
hypothesized pathways lead to HFpEF. These outlined studies, along
with the contributions from other advanced imaging modalities, such
as PET, coronary Doppler flow, and invasive coronary flow determin-
ations, are needed to understand these hypothesized causal mechan-
istic pathways. Supportive findings then can advise the design of
clinical intervention trials definitively to test causality, and inform
evidence-based therapeutic guidelines for CMD and HFpEF. These
studies and trials are urgently needed to address the epidemics of
CMD and HFpEF, as female-pattern cardiovascular disease that is
also increasingly relevant to men and currently lacks therapeutic
strategies.
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