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ABSTRACT

Microvascular dysfunction describes a varied set of conditions that includes vessel destruction, abnormal
vasoreactivity, in situ thrombosis, and fibrosis, which ultimately results in tissue damage and progressive
organ failure. Microvascular dysfunction has a wide array of clinical presentations, ranging from ischemic
heart disease to renal failure, stroke, blindness, pulmonary arterial hypertension, and dementia. An intrigu-
ing unifying hypothesis suggests that microvascular dysfunction of specific organs is an expression of a
systemic illness that worsens with age and is accelerated by vascular risk factors. Studying relationships
across a spectrum of microvascular diseases affecting the brain, retina, kidney, lung, and heart may
uncover shared pathologic mechanisms that could inform novel treatment strategies. We review the evi-
dence that supports the notion that microvascular dysfunction represents a global pathologic process. Our
focus is on studies reporting concomitant microvascular dysfunction of the heart with that of the brain, kid-

ney, retina, and lung.
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INTRODUCTION

The human microcirculation is tasked with the delivery of
oxygen and nutrients and removal of cellular waste prod-
ucts in the left-sided circulation, and with gas exchange in
the pulmonary circulation." Microvascular dysfunction
describes a varied set of conditions that cause small vessel
obstruction, resulting in tissue damage and organ dysfunc-
tion. Microvascular dysfunction has a wide array of clinical
presentations, ranging from ischemic heart disease to renal
failure, stroke, blindness, pulmonary hypertension, and
dementia.” This concept was introduced more than 30 years
ago in a study demonstrating that patients with angina and
normal epicardial coronary arteries had a systemic abnor-
mality in their vasodilator reserve.” An intriguing unifying
hypothesis suggests that microvascular dysfunction of spe-
cific organs is an expression of a systemic illness that wor-
sens with age and is accelerated by vascular risk factors.” In
support of this hypothesis, microvascular dysfunction of the
heart and brain may share a common pathophysiology.*®
Studying relationships across a spectrum of microvascular
diseases affecting the brain, retina, kidney, lung, and heart
may uncover shared pathologic mechanisms that could
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inform novel treatment strategies. We review the evidence
supporting microvascular dysfunction as a global patho-
logic process, specifically focused on concomitant presenta-
tion of microvascular dysfunction of the heart and other
organs (Figure).

METHODS

“pulmonary artery pressure” or “Woods units”; yielded 158
results), and retina (retina or retin* or retinopathy or retini-
tis or vision or eye or ocular; yielded 239 results). Our liter-
ature search, including search terms, was guided by the
Associate University Librarian of the Health Science Center
Library at the University of Florida, Gainesville, Fla.
Abstracts of all articles were reviewed for relevancy to the

subject (DSF and ECK). Human

We performed a literature search )
using PubMed and EMBASE for CLINICAL SIGNIFICANCE case-control, cross-sectional, pro-

articles pertaining to simultaneous
microvascular dysfunction of the
heart with microvascular dysfunc-
tion of another organ, specifically,
the brain, kidney, retina, and
lung. Search terms for microvascu-
lar dysfunction of the heart
(“microvascular angina” or
“syndrome X” or “coronary micro-
vascular dysfunction” or “coronary
flow reserve” or “myocardial

failure.

illness.

strategies.

® Microvascular dysfunction results in
tissue damage and progressive organ

e Unifying hypothesis suggests that
microvascular dysfunction is a systemic

e Uncovering shared pathologic mecha-
nisms could inform new treatment

spective, and descriptive studies
presenting evidence of concomitant
microvascular dysfunction of the
heart and brain, heart and retina,
heart and kidney, and heart and
lung, were included. Postmortem/
autopsy reports, and case reports
were excluded. The search was
updated on March 11, 2022, and no
additional articles were identified.

perfusion” or “normal coronary” or

“coronary vasoreactivity” or ‘“nonobstructive coronary”)
were combined with search terms for microvascular dys-
function of the brain (brain or cerebral or cerebrovascular
or “small-vessel disease” or lipohyalinosis or “cerebral
amyloid angiopathy” or lacunar; yielded 835 results), kid-
ney (chronic kidney disease or renal or nephropathy or
nephr* or “end-stage kidney disease” or “end-stage renal
disease”; yielded 886 results), lung (“pulmonary hyper-
tension” or “PAH” or “pulmonary vascular resistance” or

\ Pulmonary
arterial

hypertension . e

Figure Microvascular dysfunction affecting the heart,
brain, retina, lung, and kidney, representing different
manifestations of small vessel disease. They share path-
ophysiologic mechanisms and can occur concomitantly.
ANOCA = angina with no obstructive coronary artery
disease; HFpEF = heart failure with preserved ejection
fraction; INOCA = ischemia with no obstructive coro-
nary artery disease; MINOCA = myocardial infarction
with no obstructive coronary arteries.

CLINICAL MANIFESTATIONS
OF MICROVASCULAR DYSFUNCTION OF THE
HEART, BRAIN, KIDNEY, AND RETINA
The majority of patients undergoing coronary angiography
for anginal symptoms do not have flow-limiting narrowing
in their epicardial arteries,” and are diagnosed with angina
with no obstructive coronary artery disease or ischemia
with no obstructive coronary artery disease.® Coronary
microvascular dysfunction is defined as limited coronary
flow reserve or endothelial dysfunction that contributes to
myocardial ischemia and angina in the absence of obstruc-
tive stenosis.” It is associated with increased morbidity and
mortality, including myocardial infarction with no obstruc-
tive coronary arteries, and heart failure with preserved ejec-
tion fraction. '’

Endothelial dysfunction, capillary rarefaction, microcir-
culatory plugging with microthrombi and microemboli,
microvascular remodeling, and impaired autoregulation are
key pathophysiologic mechanisms shared among microvas-
cular dysfunction in different organs,”'" resulting in diverse
presentations: Cerebral small vessel disease affects the
microvasculature of the leptomeninges and the deep perfo-
rating branches of the anterior, middle, and posterior cere-
bral arteries.'” This form of microvascular dysfunction
manifests clinically as stroke, cognitive dysfunction, cere-
bral amyloid angiopathy, vascular dementia, depression,
and anxiety.'””'® It is the primary cause of lacunar stroke,
and a contributing factor in up to 45% of cases of
dementia.”'*'* Chronic kidney disease is a common condi-
tion affecting 20 million Americans.'’ Its pathophysiology
is characterized by capillary bed destruction, deranged vas-
oreactivity, and fibrosis leading to progressive renal
injury.'® The retina is unique in that blood vessels can be
directly visualized, allowing considerable insight into the
pathophysiologic changes of the microvasculature. Intimal
inflammation and fibrosis, edema, neovascularization, and
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capillary degeneration result in retinopathy and associated
vision loss.'? Lastly, in the lungs, pulmonary arterial hyper-
tension caused by vascular remodeling, vasoconstriction,
and in situ thrombosis leads to increased pulmonary vascu-
lar resistance, progressive right heart failure, and death.””

CONCOMITANT MICROVASCULAR DYSFUNCTION
OF HEART AND BRAIN

Studies assessing concomitant microvascular dysfunction in
the heart and brain are summarized in Table 1.>'”’ The
largest is a descriptive analysis of 95 subjects with coronary
microvascular dysfunction who underwent technetium-
99m-hexamethyl-propylene-aminoxime brain single-pho-
ton emission computed tomography to assess for cerebral

perfusion abnormalities.”’ The majority of subjects (76%)
had evidence of abnormal cerebral perfusion. The relation-
ship between brain and myocardial perfusion defects have
been reported in smaller studies.”””’ In one study of
patients with slow coronary blood flow on coronary angiog-
raphy, investigators reported decreased middle cerebral
artery peak systolic, end diastolic, and mean flow veloci-
ties,”* while in a smaller study no such association was
found.”” Cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADASIL)
is an inherited cerebral small vessel disease linked to muta-
tions in NOTCH3 in which patients present with stroke and
dementia.”’ Two studies assessed concomitant heart
involvement in CADASIL. In the first study, coronary flow
reserve was found to be decreased in CADASIL patients

Table 1 Evidence Supporting Common Pathophysiology Between Microvascular Dysfunction of the Heart and Brain

Reference Design Objective

Population n  Key Findings

Argiro et al 2021%° Descriptive

severity of CMD in

patients with CADASIL

Pai et al 2003 Case-control

patients with CMD

Determine prevalence and

Assess brain findings in

CADASIL 32 CFR and maximal MBF following regade-
nason infusion were decreased in
CADASIL patients compared with con-
trols. Degree of CMD did not correlate
with extent of neurologic
dysfunction.

High incidence of brain hypoperfusion
lesions on Tc-99m-ECD brain SPECT,
and coincident with myocardial
defects on the thallium-201 myocar-
dial perfusion SPECT

CMD 30

Brunelli et al 1996%°

Sun et al 2001°°

Karakaya et al 2011

Weidmann et al 19972*

Lesnik Oberstein et al
2003%

Descriptive

Case-control

Cross-sectional

Descriptive

Descriptive

Measure cerebral blood
flow and cerebrovascular
vasodilator reserve in
patients with CMD

Assess brain findings in
patients with CMD

Investigate cerebral blood
flow velocity in patients
with slow coronary
blood flow

Investigate cerebral blood
flow in patients with
CMD

Assess prevalence of myo-
cardial ischemia in
CADASIL

CMD

CMD

Slow coronary
blood flow

CMD

CADASIL

16

40

95

63

Cerebral blood flow and cerebrovascular
vasodilator reserve preserved in
patients with CMD, not consistent
with the hypothesis of a diffuse
smooth—muscle disorder

92% with definite myocardial perfusion
defects on thallium—201 myocardial
perfusion SPECT also had multiple
hypoperfusion areas in the brain.
Parietal lobes were the most common
area of hypoperfusion, cerebellum was
the least common

Right and left middle cerebral artery
peak systolic, end diastolic and mean
flow velocities were significantly
lower in patients with slow coronary
blood flow than those with normal
coronary flow

76% had pathologic findings suggestive
of cerebral perfusion abnormalities

25% of mutation carriers had ECG evi-
dence of myocardial infarction vs
none in the nonmutation carriers
(P=.011). ECG changes pre-dated
neurologic symptoms of CADASIL in
all patients.

CADASIL = cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; CFR = coronary flow reserve; CMD = coronary
microvascular dysfunction; ECG = electrocardiogram; MBF = myocardial blood flow; MVD = microvascular dysfunction; SPECT = single-photon emission com-

puted tomography.
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compared with control subjects.”® In the second study, 25%
of CADASIL mutation carriers had evidence of myocardial
infarction, whereas none of the nonmutation carriers had
such findings.”® Interestingly, the electrocardiographic
changes in the CADASIL patients pre-dated the develop-
ment of major neurologic symptoms.

CONCOMITANT MICROVASCULAR DYSFUNCTION
OF HEART AND KIDNEY

Some of the strongest evidence about the global nature of
microvascular dysfunction is that of cardiovascular disease
in patients with chronic kidney disease. While traditional
risk factors are associated with both cardiovascular disease
and chronic kidney disease, cardiovascular disease is more
prevalent in patients with chronic kidney disease, even
when adjusted for traditional risk factors.”” Patients with
chronic kidney disease are more likely to die from a cardiac
event than from progression to end-stage renal disease.’’ In
addition, kidney dysfunction is associated with increased
risk of both acute and chronic forms of cerebral small vessel
disease, including stroke and intracranial hemorrhage.”'
While some functional or structural aspects of microvas-
cular dysfunction can be directly assessed in the heart, ret-
ina, and brain, there is no widely accepted in vivo
measurement of microvascular dysfunction in the kidney.
However, peritubular capillary flow (renal plasma flow
minus glomerular filtration rate) in humans,”” and intravital
microscopy in a murine sepsis model have been studied.’”
Studies reporting a correlation between microvascular dys-
function of the heart and kidney (Table 2%%9% relied on
tests of kidney function, such as creatinine, glomerular fil-
tration rate, and albuminuria to quantify renal microvascu-
lar dysfunction. Numerous studies have demonstrated that a
lower glomerular filtration rate is related to decreased coro-
nary flow reserve in the heart.”*** Similarly, 2 studies dem-
onstrated an association between slow coronary contrast
flow on coronary angiography and decreased glomerular fil-
tration rate.***> One study of 220 subjects with angina but
no obstructive epicardial coronary artery disease reported
creatinine clearance to be independently associated with
the extent of microvascular dysfunction in the heart.”® In
hypertensive subjects, plasma levels of asymmetric dime-
thylarginine, a nitric oxide inhibitor, were highest in those
with impaired glomerular filtration rate and coronary flow
reserve in one study,”’ and in a separate study, those with
an abnormal stress test but no significant epicardial coro-
nary artery disease, low coronary flow reserve was associ-
ated with higher left ventricular mass index and albumin-
to-creatinine ratio.*® Tn a cross-sectional study, diabetics
with renal insufficiency had reduced coronary flow velocity
reserve compared with control subjects.”” Lastly, in a cohort
of women enrolled in the Women's Ischemia Syndrome Eval-
uation-Coronary Vascular Dysfunction (WISE-CVD) study,
investigators found a significant inverse correlation between
coronary blood flow (determined by invasive coronary
function testing) and wurine albumin-creatinine ratio,

suggesting a systemic process involving both the heart and
kidney.””

CONCOMITANT MICROVASCULAR DYSFUNCTION
OF HEART AND RETINA

Studies assessing the relationship between microvascular
dysfunction of the heart and retina are summarized in
Table 3.°'7 In 2 studies, coronary reactivity testing was
abnormal in diabetics with retinopathy.’'”” In a descriptive
study, 60 patients with microvascular dysfunction of the
heart underwent optical coherence tomography to assess
retinal abnormalities.”® Superficial vascular density was
abnormal in 45% of patients with microvascular dysfunc-
tion of the heart. Several studies have focused on retinal
arteriolar caliber as a marker for microvascular dysfunction
in the heart. For example, Wang et al’* studied 212 subjects
with no known cardiovascular disease and found that nar-
rower retinal arterioles were associated with impaired
hyperemic myocardial perfusion. In a separate study of
patients with known coronary microvascular dysfunction,
higher retinal arteriolar flow was seen in those with slow
coronary artery blood flow.”” These investigators concluded
that the higher retinal arteriolar flow was likely a product of
impaired vasodilation from microvascular dysfunction.
Moreover, in a large cross-sectional study, women with
small retinal venules were 3 times more likely to have
microvascular angina compared with women with large ret-
inal venules.”® Finally, in a study of 4593 middle- and
older-age adults with no known cardiovascular disease, the
presence of narrow retinal arterioles was associated with
left ventricular concentric remodeling independent of ath-
erosclerotic burden.”’

CONCOMITANT MICROVASCULAR DYSFUNCTION
OF HEART AND LUNG

Pulmonary hypertension, defined as resting mean pulmo-
nary artery pressure measured by right heart catheterization
>25 mm Hg, is further delineated into 5 groups, depending
on the underlying pathophysiologic mechanism.”® As it per-
tains to this review, group 1 pulmonary hypertension (pul-
monary arterial hypertension) predominately affects the
small resistance pulmonary arteries, is associated with a
poor prognosis, and can be idiopathic, genetic, or associated
with other conditions such as connective tissue
diseases.”™” The concomitant occurrence of pulmonary
hypertension and microvascular dysfunction of the heart
has been described (Table 4°°°°). In a study of patients
with systemic sclerosis, investigators reported considerable
overlap between cardiac involvement (both epicardial coro-
nary artery disease and coronary microvascular dysfunc-
tion) and the presence of pulmonary hypertension.”” For
example, about a third of patients with pulmonary hyperten-
sion had severely reduced coronary flow reserve on inva-
sive coronary reactivity testing. Other investigators report
significantly lower myocardial perfusion on cardiac
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Table 2 Evidence Supporting Common Pathophysiology Between Microvascular Dysfunction of the Heart and Kidney

Reference

Design

Objective

Population n

Key Findings

Nelson et al 2019%*

Kashioulis et al 2020%°

ﬁstlund-Papadogeorgos
et al 2020%°

Tsiachris et al 2012%®

Mohandas et al 2015%°

Bozbas et al 2008’

Fukushima et al 20128

Fujii et al 2008

Ragosta et al 2004*°

Akin et al 2014**

Chade et al 2006°°

Sakamoto et al 2012%°

Cross-sectional

Cross-sectional

Descriptive

Descriptive study

Descriptive study

Cross-sectional

study

Cross-sectional

Cross-sectional

Cross-sectional

Cross-sectional

Descriptive

Descriptive

Measure CFR

Identify abnormalities on
echocardiography

Determine predictors of
index of microvascular
resistance

Identify associations
between CFR and cardiac
and renal abnormalities

Assess if eGFR is associ-
ated with reduced CFR

Evaluate degree of CMD

Determine presence of
impaired myocardial per-
fusion

Identify relationship
between ADMA, eGFR,
and CMD

Determine prevalence of
impaired CVR in dia-
betics with nephropathy
and angiographically
normal coronary arteries

Assess association
between eGFR and coro-
nary blood flow

Determine association
between CKD and CMD

Assess if impaired CFR is
associated with CKD and
cardio-cerebrovascular
events

ESRD on dialysis and non- 30
obstructive CAD

Chronic kidney disease 132

Chronic angina and non- 220

obstructive LAD disease

Untreated hypertensives 37
with a positive stress
test and no significant
CAD

Women with signs/symp- 198
toms of ischemia
referred for coronary
angiography

ESRD on dialysis 86

Referred for myocardial 230
perfusion PET scan with-

out known CAD

Hypertensives with normal 66
or mild renal
insufficiency

Diabetics with nephropa- 64
thy but no CAD

Slow coronary blood flow 430
without obstructive CAD
and normal to mildly
impaired renal function

Patients referred for angi-
ography where CAD was

excluded

605

Patients with suspected 73
CAD but no epicardial
artery stenosis

CFR was reduced in patients
with ESRD

Patients with CKD stages 3 and
had left ventricular diastolic
dysfunction and reduced CFR

Creatinine clearance was inde-
pendently associated with
index of microvascular
resistance

Never-treated hypertensives
with low CFR had larger LV
mass index and higher albu-
min to creatinine ratio com-
pared with those with higher
CFR

eGFR significantly correlated
with CFR

CFR was impaired in ESRD com-
pared with renal transplants
and controls. On multivari-
ate analysis, creatinine, age,
and diastolic dysfunction
correlated with CFR

Global MFR is reduced in
patients with CKD and no
regional perfusion deficits

Plasma ADMA levels were high-
est in patients with reduced
eGFR and CFVR

eGFR and CFVR were signifi-
cantly associated with each
other

Abnormal CVR was associated
with patients who had dia-
betes and nephropathy but
not in controls

eGFR was significantly corre-
lated with SCF in patients
with normal to mildly
impaired renal function

GFR was significantly associ-
ated with CFR Patients with
impaired GFR were more
likely to be older, hyperten-
sive, and female

Patients with CKD had a sig-
nificantly lower CFR com-
pared with those without
CKD. In patients with low
CFR, cardio-cerebrovascular
events were more common
compared with patients with
normal CFR
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Table 2 (Continued)

Reference Design Objective Population n  Key Findings
Tsuda et al 2018 Cross-sectional Measure myocardial perfu- Chronic kidney disease 92 Patients with CKD had a sig-
sion reserve nificantly lower myocardial
perfusion reserve compared
with those without CKD
Bezante et al 2009 Descriptive Characterize changes in Hypertensives 26 Those with impaired CFR also
CFR and early renal had significantly lower eGFR
disease
Imamura et al 2014 Descriptive Assess relationship Chronic kidney disease 175 Worsening renal function was

between albuminuria

and CMD

Yilmaz and Yalta 2009“>  Cross-sectional

renal function

150

Jalnapurkar et al 202 Descriptive

testing

Evaluate relationship
between UACR and inva-
sive coronary function

associated with lower CFVR.
Albuminuria was the most
powerful predictor of abnor-
mal CFVR

Determine the presence of Patients with angiograph- 207 Those with impaired renal
slow coronary flow in
patients with impaired

function had slower coronary
flow (assessed by TIMI flow)
compared with those with
normal renal function

152 Coronary endothelial-depen-
dent variables had signifi-
cant inverse correlations
with log UACR

ically normal coronary
arteries and a GFR <90
mL/min/1.73 m?

Women with INOCA
enrolled in WISE-CVD

ADMA = asymmetric dimethylarginine; CAD = coronary artery disease; CFR = coronary flow reserve; CMD = coronary microvascular dysfunction;
CFVR = coronary flow velocity reserve; eGFR = estimated glomerular filtration rate; ESRD = end-stage renal disease; INOCA = ischemia with no obstructive
coronary artery disease; LV = left ventricular; MFR = myocardial flow reserve; MVD = microvascular dysfunction; SCF = slow coronary flow;
TIMI = thrombolysis in myocardial infarction; UACR = urine albumin-creatinine ratio; WISE-CVD = Women's Ischemia Syndrome Evaluation-Coronary Vascu-

lar Dysfunction.

magnetic resonance testing in subjects with group 1 pulmo-
nary hypertension compared with those without pulmonary
hypertension, and the pulmonary artery pressure as an inde-
pendent predictor of right and left ventricular myocardial
perfusion.®' Moreover, in a study of patients with hypertro-
phic cardiomyopathy, global myocardial flow reserve as
measured by positron emission tomography was an inde-
pendent predictor of concomitant pulmonary hyperten-
sion.’” Lastly, studies by Raman et al®® also report
evidence of coronary microvascular dysfunction of the right
and left ventricle on cardiac magnetic resonance testing in
patients with pulmonary arterial hypertension.

DISCUSSION

There is a significant body of information supporting the
concept of microvascular dysfunction as a systemic and
multi-organ pathologic process. A number of potential
mechanisms have been proposed to explain these associa-
tions: In the heart and brain, microvascular dysfunction is
associated with elevated serum levels of homocysteine,
serotonin, asymmetric dimethylarginine, and uric acid, all
of which perturb the nitric oxide pathway.®“® Bioavailable
nitric oxide is also decreased in chronic kidney disease,
which may contribute to both an increased risk of cardio-
vascular events and progressive renal dysfunction.’” Addi-
tional evidence about systemic endothelial dysfunction
comes from the Coronary Microvascular Angina

(CorMicA) study, in which arterioles isolated from gluteal
biopsies in patients with microvascular angina or variant
angina exhibited reduced maximum relaxation with acetyl-
choline and increased sensitivity to vasoconstricting
agents,m and the well-known multi-organ involvement
seen in systemic sclerosis and systemic lupus erythemato-
sus with abnormalities of the skin, lungs, kidney, heart, and
gastrointestinal tract.”' From the diagnostic perspective,
investigators identified 16 circulating biomarkers that were
found to be common to microvascular dysfunction of the
heart, brain, and kidney in a meta-analysis..68 These bio-
markers represented multiple mechanistic pathways,
including inflammation, coagulation/thrombosis, and endo-
thelial dysfunction.

Two genetic illnesses, CADASIL and Fabry disease, may
represent inherited forms of microvascular dysfunction.
CADASIL, as discussed earlier, has been associated with
impaired coronary flow reserve and maximal myocardial
blood flow in 32 patients,”® and also microvascular angina in
several case reports.’”’” Fabry disease, an X-linked lyso-
somal storage disease caused by a lack of alpha-galactosi-
dase activity, results in the accumulation of
globotriaosylceramide in cells and multi-organ failure.”*
This disease has been associated with microvascular angina’”
as well as cerebral small vessel disease.’® In one study of 10
patients with Fabry disease and 24 controls, resting and
hyperemic myocardial blood flow and coronary flow reserve
assessed by positron emission tomography were significantly
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Table 3 Evidence Supporting Common Pathophysiology Between Microvascular Dysfunction of the Heart and Retina

Reference Design Objective Population n Key Findings

Akasaka et al, 1997°*  Cross-sectional  Assess differences in CFR in patients CMD 44 CFR was reduced in patients with diabetes and diabetic reti-
with and without diabetes nopathy compared with controls. More severe retinopathy

was associated with worse coronary flow reserve

Eslami et al, 2021>° Descriptive Describe retinal changes in patients CMD 60 Superficial vascular density was abnormal in ~ half of
with CMD patients with CMD

Sundell et al, 2004°?  Cross-sectional ~ Determine whether diabetic retinopa- Diabetic retinopathy 33 Dipyridamole-stimulated flow and coronary vascular resis-
thy is associated with reduced coro- tance were blunted in diabetics with retinopathy com-
nary vasoreactivity pared with diabetics without retinopathy and controls

Liew et al, 2019°° Cross-sectional  Assess for differences in retinal micro- Patients with microvascular 915 Women (but not men) with small retinal venules were three-
vasculature between patients with angina and CAD fold more likely to have microvascular angina compared
CMD and CAD with women with large retinal venules

Arbel et al, 2014°° Cross-sectional ~ Determine utility of retinal blood flow CMD 28 Higher retinal arterial flow was observed in the slow coro-
as a predictor of slow coronary artery nary flow group
blood flow

Wang et al, 2008°* Cross-sectional ~ Determine relationship between retinal ~ Middle and older age adults 212 Narrower retinal arterioles are associated with lower hyper-
arteriolar narrowing and myocardial with no known cardiovascu- emic myocardial perfusion in asymptomatic adults with no
perfusion in patients with and with- lar disease coronary calcification
out CAD

Cheung et al, 2007°”  Cross-sectional ~ Determine relationship between retinal ~ Middle and older age adults 4593  Narrower retinal arterioles are associated with increased left

arteriolar narrowing and left ventricu-
lar remodeling in patients with and
without CAD

with no known cardiovascu-
lar disease

ventricular concentric remodeling regardless of level of
coronary atherosclerosis

CAD = coronary artery disease; CFR = coronary flow reserve; CMD = coronary microvascular dysfunction; MVD = microvascular dysfunction.
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Table 4 Evidence Supporting Common Pathophysiology Between Microvascular Dysfunction of the Heart and Lungs

Reference Design Objective

Population n Key Findings

Zhao et al, 2019°? Retrospective Assess relationship
between CMD and pul-

monary HTN

Vogel-Claussen et al
2011%

Prospective  Evaluate relationship
fusion with pulmonary
hemodynamics

Raman et al 2021°° Prospective  Assess prevalence of RV
ischemia in pulmonary
HTN without CAD

Raman et al 2020% Prospective  Assess prevalence of LV
ischemia in patients
with pulmonary HTN

Raman et al 2019°° Prospective  Determine feasibility of
rest/stress 0S-CMR in

pulmonary HTN

Komocsi et al 2010°° Prospective  Investigate degree of

overlap of CAD and pul-
monary HTN in systemic

sclerosis

between LV and RV per-

HCM with and without 89 Global MFR measured by quantita-
pulmonary HTN tive PET was an independent pre-
dictor for pulmonary HTN in
patients with HCM

RV and LV vasoreactivity signifi-
cantly reduced in subjects with

Known or suspected pul- 41
monary HTN and

controls pulmonary HTN Mean PA pressure
was an independent predictor of
RV and LV myocardial perfusion
reserve index on CMR
Pulmonary HTN and 53 Decreased 0S-CMR in pulmonary
controls HTN patients consistent with

microvascular dysfunction of the
RV
Decreased 0S-CMR and T1 reactivity
in pulmonary HTN patients with-
out CAD consistent with micro-
vascular dysfunction
Pulmonary HTN and 29 Compared with controls, patients
controls with pulmonary HTN had myocar-
dial deoxygenation of the inferior
RV on 0S-CMR
RV deoxygenation correlated with
the presence of LV deoxygenation
Systemic sclerosis 30 Angiographic coronary slow flow
patients with suspected (quantified by TIMI frame count),
pulmonary HTN and sus- was inversely related to CFR
pected CAD Severely reduced CFR (measured
invasively at time of coronary
angiography) in 35% of patients
with pulmonary HTN

Pulmonary HTN, CAD, and 47
controls

CAD = coronary artery disease; CFR = coronary flow reserve; CMD = coronary microvascular dysfunction; HCM = hypertrophic cardiomyopathy;
HTN = hypertension; LV = left ventricle; MFR = myocardial flow reserve; MVD = microvascular dysfunction; 0S-CMR = oxygen-sensitive cardiac magnetic res-
onance; PA = pulmonary artery; RV = right ventricle; TIMI = thrombolysis in myocardial infarction.

lower in patients with the disease vs reference subjects.”
Interestingly, female heterozygote patients with Fabry dis-
ease are at increased risk of developing small vessel disease
of the kidney, heart, and brain despite normal levels of
alpha-galactosidase activity.”®

We recognize several limitations in this review: First, we
focused our review on study level data supporting concomi-
tant microvascular dysfunction in the heart and another
organ including the kidney, brain, retina, and lung. There
are data supporting concomitant microvascular dysfunction
in other combinations not including the heart (such as the
brain/retina and the kidney).”” Second, we only included
full text articles in English, so this may not be a complete
list of all available data.

In conclusion, the reported evidence that supports the
intriguing notion that microvascular dysfunction is a global
pathologic process was reviewed. We contend that the diag-
nosis of microvascular dysfunction affecting the heart,
brain, kidney, lung, or retina should prompt evaluation of
other possible affected organs. A number of knowledge
gaps need to be addressed to better understand this

ubiquitous process and its shared pathophysiology which
will ultimately inform novel therapies.
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