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Abstract (230 words)

Cardiac and cerebrovascular diseases are currently the leading causes of mortality and disability worldwide.
Both the heart and brain display similar vascular anatomy, with large conduit arteries running on the
surface of the organ providing tissue perfusion through an intricate network of penetrating small vessels.
Both organs rely on fine tuning of local blood flow to match metabolic demand. Blood flow regulation
requires adequate functioning of the microcirculation in both organs, with loss of microvascular function,
termed small vessel disease (SVD). SVD in the heart, known as coronary microvascular dysfunction (CMD),
can cause chronic or acute myocardial ischemia and may lead to development of heart failure. In the brain,
cerebral SVD (cSVD) can cause an acute stroke syndrome known as lacunar stroke, or more subtle
pathological alterations of the brain parenchyma which may eventually lead to neurological deficits or
cognitive decline in the long term. Coronary microcirculation cannot be visualized in vivo in humans and
functional information can be deduced by measuring the coronary flow reserve (CFR). The diagnosis of
cSVD is largely based on brain magnetic resonance imaging, with white matter hyperintensities,
microbleeds and brain atrophy reflecting key structural changes. There is evidence that such structural
changes reflect underlying cSVD. Here we review interactions between SVD and cardiovascular risk factors
and we discuss the evidence linking cSVD with large vessel atheroma, atrial fibrillation, heart failure and

heart valve disease.






O 00 N o uu b~ WN

W W W W N N N N N N NN NN P P P P P P P B P p
W N P O VW 0 N OO U1 B W N P O O O N O O B W N » O

34
35
36

37

Introduction

Cardiovascular and neurological diseases are currently the leading causes of mortality and disability
worldwide(1,2), and notably affect more commonly the ageing population. Combined, cardiovascular and
neurological disease make up over 350 million Disability-Adjusted Life Years, i.e. years lived in good health
lost globally, per annum, and cause half of death due to non-communicable diseases around the world(2). A
large proportion of death and disability attributable to these entities appears to be preventable(2). A
thorough understanding of the pathophysiological bases, risk factors and eventually relation between
cardiac and cerebral conditions is therefore of the outmost importance to reduce their yearly toll. Indeed,
in spite of the different pathology and clinical manifestations, heart and brain disease appear to share, at
least in part, some common pathophysiological features, mainly related to vascular function in both organ
systems(3). The heart and brain display similarities in vascular anatomy, with large conduit arteries running
on the surface of the organ providing tissue perfusion through an intricate network of penetrating small
vessels. The public health burden of ischemic heart disease and cerebrovascular disease attributable to
large artery pathology is well characterized(4). By contrast, the contribution of small vessel disease (SVD) is
less well defined. SVD in the heart, known as coronary microvascular dysfunction (CMD), can cause chronic
or acute myocardial ischemia and lead to development of heart failure(5,6). In the brain, SVD can cause an
acute stroke syndrome known as lacunar stroke, or more subtle pathological alterations of the brain
parenchyma including white matter hyperintensities, microbleeds and brain atrophy which may eventually
lead to neurological deficits or cognitive decline in the long term(3,7). There is evidence that such structural
changes reflect underlying cerebral SVD (cSVD). Among these subclinical cerebral alterations, white matter
hyperintensities (WMH) are gaining increased attention due to their high prevalence in the general
population and their prognostic implication(8). WMH appear as areas of signal hyperintensity in the deep or
periventricular white matter, evident on brain magnetic resonance imaging (MRI) T2-weighted or Fluid-
Attenuated Inversion Recovery images(9). WMH are broadly equivalent to leukoaraiosis within white
matter, reported on CT scans(10). WMH appear to have a vascular origin and are associated with definite
alterations in cerebral small vessels, and in some reports with blood-brain barrier abnormalities or with
local inflammation(8). WMH are frequently reported in individuals at high cardiovascular risk(8). Indeed,
also CMD is more commonly encountered in individuals with a high burden of cardiovascular risk factors,
and recently was shown to have a strong inflammatory pathophysiology(11). The Aim of the present review
is to discuss the evidence linking WMH and cSVD and their potential connection with cardiovascular disease

and CMD.
Coronary and cerebral microcirculation

The coronary arterial system comprises three compartments, each with a different function, whose

anatomic borders cannot be clearly delineated in vivo (Figure 1 Panel A). The large epicardial coronary
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arteries have a diameter between 5 mm and 500 um and act as conductance vessels, accumulating blood
during systole and contributing through elastic recoil to myocardial perfusion in diastole. These arteries run
on the surface of the heart before branching into the myocardium giving rise to intramural vessels(12). Pre-
arterioles (diameter 100-500 um) compose the intermediate compartment. Their main role is to maintain
pressure at the origin of downstream arterioles within a narrow range, in response to changes in perfusion
pressure or blood flow(11). Arterioles (10-100um) are the third compartment, forming part of the
microcirculation with capillaries and venules. Arterioles are the main site of myocardial blood flow
regulation. They are responsible for matching myocardial oxygen demand to supply, by regulating their
tone in response to signals produced by the surrounding cardiac myocytes(11,13). Coronary
microcirculation cannot be visualized in vivo in humans. Functional information on the coronary
microcirculation can be deduced by measuring the coronary flow reserve (CFR). This is defined as maximal
myocardial blood flow (obtained during pharmacologically induced coronary vasodilation) divided by
baseline myocardial blood flow. CFR reflects flow changes due to both the epicardial and microvascular
compartments. In the absence of obstructive coronary artery disease, CFR is a marker of CMD. There is
evidence that in the absence of obstructive coronary artery disease impairment of CFR is indicative of

CMD(11).

CMD can result from structural or functional alterations of the coronary microvasculature resulting in
altered myocardial perfusion which manifests clinically as anginal pain and dyspnea(5). Specifically, adverse
remodeling of intramural arterioles, with medial wall thickening due to increased collagen deposition and
smooth muscle hypertrophy as well as some degree of intimal thickening, has been documented in patients
with reduced CFR(12). Functional abnormalities leading to CMD include impaired dilatation or excessive
coronary microvascular constriction, which may be due to abnormalities in endothelium-dependent as well
as to endothelium-independent mechanisms(11). Aside from the obvious impact of symptoms on quality of
life, CMD carries an increased risk of adverse events, including nonfatal myocardial infarction, nonfatal

stroke and hospitalization for heart failure, or death(14).

The cerebral circulation can be subdivided similarly into three different anatomical and functional
compartments (Figure 1 Panel B). 1) cerebral arteries entering the neurocranium, acting as conductance
vessels; 2) the pial circulation, which lies within the leptomeninges, and, the resistance vessels; 3) smaller
penetrating arteries, arterioles and capillaries which compose the cerebral microcirculation(15). Just as for
the heart, the brain lacks substantial energy reserves and therefore relies upon adequate minute-by-minute
perfusion to meet its metabolic requirements. The regulation of microcirculatory resistance therefore is a
key in maintaining an adequate local blood flow in the brain. On the one hand, cerebral circulation is
characterized by autoregulation, the ability to maintain a broadly stable blood flow over a wide range of
perfusion pressures(16). On the one hand, cerebral blood flow can selectively increase in areas of increased

neuron activity through direct and metabolic regulation, a process known as “neurovascular coupling”(17).
6
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Unique to cerebral microcirculation is the presence of the blood-brain barrier (BBB), which is the functional
element constituted by endothelial cells, pericytes and astrocytes connected by tight junctions, with
additional contribution of endothelial transporters(18). The BBB acts as a key regulator of trafficking of
metabolites and waste products between blood and brain extracellular fluid(18). Similar to microvessels in
the heart, the cerebral microcirculation cannot be imaged in human in vivo. Therefore, brain parenchyma

lesions caused by SVD have been adopted as the marker for microvessel alteration(19).

Cerebral SVD has been associated to a variety of brain parenchyma structural alterations, including WMH,
micro- hemorrhages, disruption of myelin, lacunae, dilated perivascular spaces, reduced glial and neuronal
density(19). Pathological analysis of the small arteries associated with these alterations has showed loss of
smooth muscle cells from the tunica media, with thickening of the vessel wall due fibro-hyalinosis, similar
to what is encountered in CMD(19,20). Microatheroma has been reported in earlier pathological reports
though now is not common. There is little evidence for small vessel thrombosis. In analogy to reduced CFR
in CMD, reduction of cerebrovascular reactivity, i.e. the ratio of maximal blood flow after a maximal
vasodilation to basal cerebral blood flow, has been described, using various techniques, in cerebral

SVD(21).

Figure 2 (panel A and B) shows two non-diseased arterioles of the coronary (panel A) and cerebral (panel B)

circulation.
White matter hyperintensities prevalence, pathophysiology and clinical relevance

WMH are amongst the most prominent and commonly encountered features in cerebral MRI. As described
above, they appear as areas of signal hyperintensity scattered in the deep or periventricular white T2-
weighted or FLAIR images(22). WMH can be found in MRI scans of asymptomatic individuals, and their
prevalence increases with age. Indeed, while 11-21% of otherwise healthy subjects with a mean age of 64
have WMH, these alterations are encountered in approximately 64-94% of otherwise healthy
octogenarians(23,24). Their prevalence, is even higher in subjects with a history of cardiovascular risk
factors, established cardiovascular disease or renal impairment(8,25). Compared to the frequency of WMH
on imaging studies, surprisingly few pathological studies are available to date(26). Furthermore, the
reliability of these studies is hampered by difficulties of matching MRI images with anatomical counterpart
in post mortem evaluation and tissue-processing artifacts(26). Therefore, the neuropathological substrate
of WMH is not yet defined. Earlier reports proposed demyelination and axonal loss as cardinal features of
WMH(27). Diffuse vacuolation, with glial rarefaction was also described to be present in WMH(28).
reduction of myelin content in WMH, therefore causing white matter “pallor”, has been described(29,30).
Whether the observed pallor is due to loss of myelin sheath or to myelin content reduction secondary to
neuronal loss, is still a matter of debate(31). Other studies focused on the presence of blood-brain barrier

(BBB) dysfunction, causing plasma protein leakage and chronic edema, a key feature of WMH(32).
7
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However, these findings are not universally supported by neuropathological studies, and some evidence
exists that BBB alterations may in fact be an independent phenomenon with respect to WMH(33). Reduced
blood vessel density alongside increased arteriolar wall thickening and tortuosity have been described in
WMH(34). In addition to these changes on the arterial side, venular fibrosis and stenosis have been
demonstrated(35). An ischemic pathogenesis of WMH has been supported by immuno-histochemistry and
gene expression profiling, which suggest a role of hypo-perfusion in the genesis of these changes(36). It is
probable that reduced cerebral perfusion can cause BBB leakage and fluid extravasation that, in turn, can
contribute to altered local tissue perfusion(37). Therefore, the two putative pathogenic elements are likely
to be inter-dependent. A report on 3248 participants in the Framingham Heart Study, whole blood gene
expression profile demonstrated a more prominent expression of inflammation-related genes in subjects

with WMH, pointing at inflammation as a potential pathogenic element(38).
Prognostic relevance of WMH

WMH have been associated to an overall decline of superior functions, as well as with an increased risk of
stroke, dementia and death(39). A high burden of WMH has been associated with gait disturbance and the
risk of falls(40,41), as well as urinary symptoms(42), which contribute to increased overall disability and
dependency. WMH have been shown to confer a higher risk of incident stroke (hazard ratio 3.1, 95%
confidence interval 2.3-4.1) in a metanalysis comprising more than 12.500 individuals(39). The burden of
WMH was also shown to be associated with stroke outcomes including all-cause mortality, functional and
cognitive outcomes as well as recurrent stroke(43). WMH have been associated with a 2.15 times greater
risk of developing depression in late life(44). Brain parenchymal alterations are specifically encountered in
elderly subjects with low mood and in individuals with reduced interests and motivation(45). The
connection between WMH and cognitive decline and dementia has been well established: a large meta-
analysis, including over 7500 subjects, was able to detect a 3-fold risk of incident dementia in subjects free
of cognitive impairment at baseline, but with evidence of WMH on MRI(39). Other prospective studies have
shown that the risk of both dementia and mild cognitive impairment is increased in the presence of
WMH(46). WMH lower the onset of overt dementia in a variety of neurodegenerative diseases(47).
coexistence of neurodegenerative forms of dementia, in particular Alzheimer’s Disease (AD), with
cerebrovascular disease and vascular forms of cognitive impairment is well described(48). recent work has
shown that younger individuals carrying an AD-causing autosomal dominant mutation exhibit WMH, and

these are evident well before onset of AD symptoms(49).

Cardiovascular diseases, WMH and CMD

An ever-growing amount of data is building inking cardiovascular disease with dysfunction in the
microvasculature of both the heart and the brain. The following sections discuss currently available data on
the complex association between cardiovascular diseases, WMH and CMD, while Figure 3 provides a model
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for their relationship and Tables 1 and 2 provide a summary of the most relevant studies.
Cardiovascular risk factors and SVD

Cardiovascular risk factors are well known to negatively impact on vascular function throughout the body.
Their contribution to overall cardiovascular disease is high, and strategies aimed at the reduction of
cardiovascular risk factor burden are effective in reducing cardiovascular morbidity and mortality.(50) Not
surprisingly, microvascular dysfunction in the coronary and cerebral circulation are sensitive to
cardiovascular risk factors, itemised below.

Hypertension

Hypertension is the risk factor which has been shown to have the strongest association with WMH. In an
early report by Wisemann et al. on approximately 150 subjects, hypertension was associated with a higher
overall burden of periventricular and subcortical WMH(51). In 1352 subjects free of dementia included in
the Framingham Offspring Study, the presence of arterial hypertension in midlife, was associated with
accelerated WMH progression on follow up(52). In another, larger cohort from the same study, (n=1814),
hypertension and increased left ventricular mass, a marker for hypertension-related damage in the
cardiovascular system, were associated with WMH burden(53).

Just as signs of cerebral SVD are more frequently encountered in hypertensive subjects, individuals with
high blood pressure were shown to have impaired CFR. In their seminal study, Gimelli and colleagues
elegantly showed that untreated hypertensive individuals have significantly reduced maximal coronary
blood flow and CFR when compared with normotensive subjects(54). Subsequent work showed that the
reduction of CFR is due to a transmural impairment of maximal blood flow and is directly proportional to
systolic blood pressure values(55). Further, CMD due to adverse structural remodeling of intramyocardial
arterioles contributed to the observed impairment of CFR(11). Initiation of anti-hypertensive treatment
improved CFR in these subjects(56). Figure 2 (panel C and D) shows arteriolar remodeling of the coronary
(panel C) and cerebral (panel D) arterioles in patients with arterial hypertension.

Hypercholesterolemia

The role of blood cholesterol on the development of WMH is less well defined when compared to
hypertension. In a large cohort comprising 1135 subjects with a history of ischemic stroke, Jimenez-Conde
and colleagues showed an association between hyperlipidemia, defined as hypercholesterolemia,
hypertriglyceridemia or current lipid-lowering treatment, and lower levels of WMH(57). By contrast, in a
Chinese cohort of 4683 hospitalized subjects plasma low density lipoprotein (LDL) cholesterol was
associated with an increased burden of WMH(58). This is consistent with the recent finding that subjects
affected by familial hypercholesterolemia have an increased burden of WMH when compared to healthy
controls(59). A recent trial on 732 hypertensive individuals has shown a significant reduction in WMH

progression in subjects assigned to treatment with Rosuvastatin(60). The effect of Rosuvastatin was
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additive with that of blood pressure lowering medications(60).

In their seminal paper, Yokoyama and colleagues first reported reduced CFR in hypercholesterolemic
individuals with normal epicardial coronary arteries(61). Subsequent evidence showed that plasma LDL
cholesterol concentration was indeed the subfraction more strongly associated with reduced CFR, an effect
which was shown to be, at least partially, reversed by lipid-lowering medications, suggesting a causal
relationship(62,63).

Insulin Resistance and Diabetes

There appears to be a relation between WMH and altered insulin sensitivity, though this is incompletely
characterized. A large study of 1232 subjects with manifest arterial disease has shown that individuals
(n=451) with evidence of metabolic syndrome did not have increased burden of WMH, despite being at
higher risk for cognitive impairment when compared to healthy controls(64). At variance, a significant
association between hyperglycemia or diabetes and WMH burden was found in a larger cohort consisting of
1597 young adults (mean age 40 years)(65). On the other hand, insulin resistance did not predict WMH
progression at 10 years of follow up in a cohort of 932 individuals from the Atherosclerosis Risk in
Community (ARIC) study(66). Similarly, glycemic control was not significantly associated with WMH in type
2 diabetic patients enrolled in the Action to Control Cardiovascular Risk in Diabetes Memory in Diabetes
(ACCORD MIND) trial at 40 months of follow up(67).

Hyperglycemia impairs endothelial function, even in healthy individuals(68). Indeed, diabetes mellitus and
hyperglycemia have been consistently associated with reduced CFR, measured with various techniques and
with the use of different vasodilators(69,70). the few available data on glucose-lowering drugs have been

inconsistent in reporting an improvement in CFR(71,72).
Cigarette Smoking

Smoking was associated with accelerated WMH progression on long term follow up in the Framingham
Offspring Study(52). In a subsequent report on 972 subjects from the ARIC Study, the risk of WMH
progression was proportional to the lifetime exposure to cigarette smoking, measured in pack-years(73).
Smoking was shown to substantially contribute to altered coronary microvascular function, with
detrimental effects on CFR detectable after the first few cigarettes(74,75). As shown by Kaufmann and
colleagues, high doses of antioxidants rapidly reversed coronary blood flow impairment in smokers,
suggesting increased oxidative stress as the cause of smoking-induced microvascular dysfunction(74).
Carotid Atherosclerosis and SVD

Carotid atherosclerosis is common in the general population, with an estimated prevalence reaching up to
40% in otherwise healthy middle-age adults in some series(76). In addition to being a known etiologic factor
for around 20% of ischemic strokes(77), carotid atherosclerosis is associated with cSVD and with WMH and

it has been hypothesized that carotid plaques may be a source of microemboli(78). A meta-analysis of cross

10



212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246

sectional studies comprising 5306 subjects showed a significant association between the presence of
carotid artery plaques and WMH(79). The potential atheroembolic etiology of WMH has been suggested by
small studies showing an association between the presence of WMH and an ipsilateral vulnerable carotid
artery plaque(80). However, vascular risk factors may be the confounding variables underlying the observed
associations(8). In a recent publication by our group, carotid plaque features were not associated to WMH
progression in asymptomatic subjects at intermediate-high cardiovascular risk with non-critical carotid
stenosis at 20 month follow up(81). The relationship between CMD and carotid atherosclerosis has been
less investigated. Indeed reports of reduced CFR in individuals with different stages of carotid
atherosclerosis exist in the literature(82,83). Considering that, in the case of CMD, no direct pathogenic role
for carotid plague may be hypothesized, it is likely that cardiovascular risk factors mediate the link between
carotid atherosclerosis and reduced CFR. Figure 4 shows FLAIR images on MRI scans for the identification of
WMH of two subjects at baseline and at 20 months.

Atrial fibrillation and SVD

Atrial fibrillation (AFib) is the most common disorder of the heart rhythm(84). It contributes to a substantial
proportion of ischemic strokes in the general population, and has been associated with the development of
cognitive impairment(85,86). A growing body of evidence is building linking AFib and WMH. Kobayashi et al
first reported increased WMH in AFib patients when compared to age and sex matched controls in a cohort
of 142 subjects(87). Gaita and colleagues reported an increased risk of WMH in subjects with AFib when
compared to controls (odds ratio 11, 95% confidence interval 6 to 21)(88). Patients with paroxysmal AFib
had less WMH when compared to those with persistent AFib(88). This is consistent with the higher risk of
thromboembolic events observed in persistent versus paroxysmal AFib, and supports the hypothesis that
part of the observed WMH could be related to subclinical embolism(89). However, in another observational
study on 234 stroke patients, an increased burden of WMH was found in AFib subjects specifically localised
in the anterior subcortical white matter(90). Due to the specificity of the WMH pattern and the lack of
relation with embolic distribution, Mayasi and colleagues put forward the hypothesis that the link between
AFib and WMH may extend beyond thromboembolism, and in fact may be due to a more global cardio-
vasculopathy(90).

Few data currently exist on CMD and AFib. Currently available reports have consistently shown a reduction
in maximal coronary blood flow with increased microvascular resistance, both parameters being markers of
CMD(91,92). These alterations persisted after conversion to sinus rhythm, and therefore appeared not to
be strictly arrhythmia-related, but possibly the expression of underlying endothelial dysfunction(91).

Heart failure and SVD

Heart failure (HF) has been consistently associated with cognitive impairment and dementia, possibly due
to the high comorbidity burden that is generally encountered in HF patients, and possibly to impaired

cerebral perfusion resulting from a failing heart(8).
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In an early report by Vogels and colleagues, HF patients had a higher burden of WMH when compared to
individuals with established cardiovascular disease(93). Left ventricular ejection fraction was shown to be
an independent predictor of WMH burden in HF subjects(93). A subsequent report on 69 HF patients
confirmed the association between reduced cerebral perfusion and WMH burden(94).

As extensively reviewed elsewhere(6), CMD is an hallmark of HF, both HF with preserved and with reduced
ejection fraction. Indeed, the synergistic effect of multiple cardiovascular risk factors and the low-grade
inflammatory milieu often found in subjects with cardiac conditions, was shown to impair the function of
coronary microcirculation. Ischemia secondary to CMD is a major contributor to structural and functional
myocardial impairment in HF with preserved ejection fraction, but also to contribute to myocardial
dysfunction in HF with reduced ejection fraction(11,95).

Heart valve disease and SVD

Substantial evidence on the association between heart valve disease an SVD is lacking. In 232 subjects with
significant chronic valve disease, Lee and colleagues report an association between WMH burden and right
atrial pressure(96). Therefore, they postulate a reduced perfusion pressure and increased capillary
hydrostatic pressure, secondary to increased venular pressure in the context of high right atrial pressure, as
a potential mechanism for WMH genesis in heart valve disease(96). As for what concerns CMD, severe
calcification causing aortic stenosis has been associated with reduced CFR(11). A possible reason for that
could be the increased left ventricular wall tension in the setting of increased afterload, with both reduced
coronary perfusion pressure and increased microvascular resistance due to extrinsic compression of the
microvasculature(6,11).

Congenital heart disease and SVD

Congenital heart disease may be associated with major cardiac dysfunction and potentially with impaired
systemic blood oxygenation. Patients with Eisenmenger syndrome were shown to have increase WMH,
possibly again attributable to impaired cerebral oxygenation(97).

Interestingly, to date no study has investigated CMD selectively in congenital heart disease. However,
evidence exists that the stressors of hypoxia and cardiopulmonary bypass do alter endothelia and
microvascular function systemically(98).

Treating microvascular dysfunction

There is relatively little high-quality data from randomized controlled trials on the treatment of
microvascular dysfunction and on the prevention of further accumulation of WMH. Based on the
observations reported above, approaches aimed at reducing the overall burden of cardiovascular risk
factors could be advocated. Adopting a healthy lifestyle incorporating a diet rich in fruits and wholegrains,
limiting high salt foods, sugary drinks and alcohol consumption, avoiding cigarettes smoking and
incorporating daily exercise has proven efficacy on reducing blood pressure and cholesterol concentrations,

as well as for improving glycemic control(50). While no formal data exist on the effectiveness of this
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approach in preventing SVD, the observation that overall cardiovascular risk factors burden in early
adulthood is associated to WMH development justifies advocating a lifestyle that limits risk factors
exposure(99). Angiotensin Converting Enzyme inhibitors (ACE-i) and statins were shown to improve
endothelial function and to significantly improve microvascular function in CMD(100). While less evidence
is available for cSVD, modulation of the renin-angiotensin-aldosterone axis and statin use has proven
efficacy in limiting WMH progression(60). Antiplatelet medications may be indicated in particular if large-
vessels atherosclerosis is detected. Indeed, inhibition of thromboxane A, pathway by low-dose aspirin has
shown to reduce microvascular constriction and local thrombosis(100). The use of phosphodiesterase type
3 inhibitor cilostazol, an antiplatelet medication with vasodilating properties, was shown to improve
CFR(100). Preliminary data on animal models suggest that cilostazol may improve cerebral microvascular
and BBB(101). Other approaches have been proposed, targeting hyperglycemia, inducing vasodilation or
modulating inflammation, but so far they remain experimental(100).

Future perspectives

The complex interplay between cardiovascular and nervous systems is gaining increasing attention, and the
central role of the microcirculation is currently an area of active investigation. Several studies are underway
to define strategies to abate SVD burden. These include lifestyle modification including aerobic exercise to
prevent WMH and improve cognitive function across different age categories (see ClinicalTrials.gov
NCT02729428). Pharmacological approaches with the use of cilostazol to improve blood vessel health are
being tested in randomized controlled trials (see ClinicalTrials.org NCT01932203). in both CMD and cSVD,
vasodilator drugs are being tested, including PDE3 and PDE5 inhibitors and ETA antagonists
(ClinicalTrials.org NCT03855332, NCT04097314 and NCT02450253). Furthermore, studies are being carried
out to directly evaluate the relationship between coronary and cerebral microcirculation (see

ClinicalTrials.go NCT04131075).

Conclusions

The heart and the brain both rely on fine tuning of blood flow to match rapid changes in metabolic
demand. Blood flow regulation requires adequate functioning of the microcirculation in both organs, with
loss of adequate small vessel function leading to clinical manifestations including chest pain, dyspnea, heart
failure, lacunar ischemia, WMH, cognitive impairment and dementia. Small vessel disease in the heart and
in the brain appear to share some common pathophysiological aspects, as can be inferred from the
presence of common risk factors and common morphological features of the diseased vessels. Further
studies are needed to elucidate the relation between cerebral and cardiac microvessels and to evaluate

effective therapeutic strategies for small vessel disease.

13



14



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Benjamin EJ, Muntner P, Alonso A, Bittencourt MS, Callaway CW, Carson AP, et al. Heart Disease and

Stroke Statistics-2019 Update: A Report From the American Heart Association. Circulation. 2019

Mar;139(10):e56-528.

Benziger CP, Roth GA, Moran AE. The Global Burden of Disease Study and the Preventable Burden of

NCD. Glob Heart. 2016 Dec;11(4):393-7.

Berry C, Sidik N, Pereira AC, Ford TJ, Touyz RM, Kaski J-C, et al. Small-Vessel Disease in the Heart and

Brain: Current Knowledge, Unmet Therapeutic Need, and Future Directions. ] Am Heart Assoc. 2019

Feb;8(3):e011104.

Global, regional, and national disability-adjusted life-years (DALYs) for 333 diseases and injuries and

healthy life expectancy (HALE) for 195 countries and territories, 1990-2016: a systematic analysis for

the Global Burden of Disease Study 2016. Lancet (London, England). 2017 Sep;390(10100):1260—-344.

Kaski J-C, Crea F, Gersh BJ, Camici PG. Reappraisal of Ischemic Heart Disease. Circulation. 2018

Oct;138(14):1463-80.

Camici PG, Tschope C, Carli MF Di, Rimoldi O, Van Linthout S. Coronary microvascular dysfunction in

hypertrophy and heart failure. Cardiovasc Res. 2020 Jan;

Gardener H, Wright CB, Rundek T, Sacco RL. Brain health and shared risk factors for dementia and

stroke. Nat Rev Neurol. 2015 Nov;11(11):651-7.

Moroni F, Ammirati E, Rocca MA, Filippi M, Magnoni M, Camici PG. Cardiovascular disease and brain

health: Focus on white matter hyperintensities. 1JC Hear Vasc. 2018;19.

Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F, Frayne R, et al. Neuroimaging standards

for research into small vessel disease and its contribution to ageing and neurodegeneration. Lancet

Neurol. 2013 Aug;12(8):822-38.

Alber J, Alladi S, Bae H-J, Barton DA, Beckett LA, Bell JM, et al. White matter hyperintensities in

vascular contributions to cognitive impairment and dementia (VCID): Knowledge gaps and

opportunities. Alzheimer’s Dement (New York, N Y). 2019;5:107-17.

Camici PG, Crea F. Coronary microvascular dysfunction. N Engl J Med. 2007 Feb;356(8):830-40.

Camici PG, d’Amati G, Rimoldi O. Coronary microvascular dysfunction: mechanisms and functional

assessment. Nat Rev Cardiol. 2015 Jan;12(1):48-62.

Camici PG, Olivotto I, Rimoldi OE. The coronary circulation and blood flow in left ventricular

hypertrophy. J Mol Cell Cardiol. 2012 Apr;52(4):857-64.

Maddox TM, Stanislawski MA, Grunwald GK, Bradley SM, Ho PM, Tsai TT, et al. Nonobstructive

Coronary Artery Disease and Risk of Myocardial Infarction. JAMA. 2014 Nov;312(17):1754-63.

Kulik T, Kusano Y, Aronhime S, Sandler AL, Winn HR. Regulation of cerebral vasculature in normal and

ischemic brain. Neuropharmacology. 2008 Sep;55(3):281-8.

Willie CK, Tzeng Y-C, Fisher JA, Ainslie PN. Integrative regulation of human brain blood flow. J Physiol.

2014/01/06. 2014 Mar;592(5):841-59.

Jackman K, ladecola C. Neurovascular regulation in the ischemic brain. Antioxid Redox Signal. 2015

Jan;22(2):149-60.

Liebner S, Dijkhuizen RM, Reiss Y, Plate KH, Agalliu D, Constantin G. Functional morphology of the

blood-brain barrier in health and disease. Acta Neuropathol. 2018 Mar;135(3):311-36.

Pantoni L. Cerebral small vessel disease: from pathogenesis and clinical characteristics to therapeutic

challenges. Lancet Neurol. 2010 Jul;9(7):689-701.

Mejia-Renteria H, Matias-Guiu JA, Lauri F, Yus M, Escaned J. Microcirculatory dysfunction in the heart

and the brain. Minerva Cardioangiol. 2019 Aug;67(4):318-29.

Staszewski J, Skrobowska E, Piusinska-Macoch R, Brodacki B, Stepien A. Cerebral and Extracerebral

Vasoreactivity in Patients With Different Clinical Manifestations of Cerebral Small-Vessel Disease: Data

From the Significance of Hemodynamic and Hemostatic Factors in the Course of Different

Manifestations of Cerebral Small-Ves. J Ultrasound Med. 2019 Apr;38(4):975-87.

Wardlaw JM, Valdes Hernandez MC, Munoz-Maniega S. What are white matter hyperintensities made

of? Relevance to vascular cognitive impairment. J Am Heart Assoc. 2015 Jun;4(6):1140.

Ylikoski A, Erkinjuntti T, Raininko R, Sarna S, Sulkava R, Tilvis R. White matter hyperintensities on MRl in
15



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

the neurologically nondiseased elderly. Analysis of cohorts of consecutive subjects aged 55 to 85 years
living at home. Stroke. 1995 Jul;26(7):1171-7.
Garde E, Mortensen EL, Krabbe K, Rostrup E, Larsson HB. Relation between age-related decline in
intelligence and cerebral white-matter hyperintensities in healthy octogenarians: a longitudinal study.
Lancet (London, England). 2000 Aug;356(9230):628-34.
Makin SDJ, Cook FAB, Dennis MS, Wardlaw JM. Cerebral small vessel disease and renal function:
systematic review and meta-analysis. Cerebrovasc Dis [Internet]. 2014/12/24. 2015;39(1):39-52.
Available from: https://pubmed.ncbi.nlm.nih.gov/25547195
Black S, Gao F, Bilbao J. Understanding white matter disease: imaging-pathological correlations in
vascular cognitive impairment. Stroke. 2009 Mar;40(3 Suppl):S48-52.
Fazekas F, Kleinert R, Offenbacher H, Schmidt R, Kleinert G, Payer F, et al. Pathologic correlates of
incidental MRI white matter signal hyperintensities. Neurology. 1993 Sep;43(9):1683-9.
Munoz DG, Hastak SM, Harper B, Lee D, Hachinski VC. Pathologic correlates of increased signals of the
centrum ovale on magnetic resonance imaging. Arch Neurol. 1993 May;50(5):492-7.
Joutel A, Chabriat H. Pathogenesis of white matter changes in cerebral small vessel diseases: beyond
vessel-intrinsic mechanisms. Clin Sci (Lond). 2017 Apr;131(8):635-51.
Smallwood A, Oulhaj A, Joachim C, Christie S, Sloan C, Smith AD, et al. Cerebral subcortical small vessel
disease and its relation to cognition in elderly subjects: a pathological study in the Oxford Project to
Investigate Memory and Ageing (OPTIMA) cohort. Neuropathol Appl Neurobiol. 2012 Jun;38(4):337—-
43.
Shaaban CE, Aizenstein HJ, Jorgensen DR, MacCloud RL, Meckes NA, Erickson Kl, et al. In Vivo Imaging
of Venous Side Cerebral Small-Vessel Disease in Older Adults: An MRI Method at 7T. AJNR Am J
Neuroradiol. 2017 Oct;38(10):1923-8.
Farrall AJ, Wardlaw JM. Blood-brain barrier: ageing and microvascular disease--systematic review and
meta-analysis. Neurobiol Aging. 2009 Mar;30(3):337-52.
Hainsworth AH, Minett T, Andoh J, Forster G, Bhide |, Barrick TR, et al. Neuropathology of White
Matter Lesions, Blood-Brain Barrier Dysfunction, and Dementia. Stroke. 2017 Oct;48(10):2799-804.
Moody DM, Thore CR, Anstrom JA, Challa VR, Langefeld CD, Brown WR. Quantification of afferent
vessels shows reduced brain vascular density in subjects with leukoaraiosis. Radiology. 2004
Dec;233(3):883-90.
Brown WR, Moody DM, Challa VR, Thore CR, Anstrom JA. Venous collagenosis and arteriolar tortuosity
in leukoaraiosis. J Neurol Sci. 2002 Nov;203-204:159-63.
Wharton SB, Simpson JE, Brayne C, Ince PG. Age-associated white matter lesions: the MRC Cognitive
Function and Ageing Study. Brain Pathol. 2015 Jan;25(1):35-43.
Wong SM, Jansen JFA, Zhang CE, Hoff El, Staals J, van Oostenbrugge RJ, et al. Blood-brain barrier
impairment and hypoperfusion are linked in cerebral small vessel disease. Neurology. 2019
Apr;92(15):e1669-77.
Verhaaren BFJ, Debette S, Bis JC, Smith JA, lkram MK, Adams HH, et al. Multiethnic genome-wide
association study of cerebral white matter hyperintensities on MRI. Circ Cardiovasc Genet. 2015
Apr;8(2):398-409.
Debette S, Markus HS. The clinical importance of white matter hyperintensities on brain magnetic
resonance imaging: systematic review and meta-analysis. BMJ. 2010 Jul;341:c3666.
Shen D-C, Wu S-L, Shi Y-Z, Wang S, Zhang Y-M, Wang C-X. The correlation between white matter
hyperintensity and balance disorder and fall risk: An observational, prospective cohort study. Chronic
Dis Transl Med. 2016 Sep;2(3):173-80.
Callisaya ML, Beare R, Phan T, Blizzard L, Thrift AG, Chen J, et al. Progression of white matter
hyperintensities of presumed vascular origin increases the risk of falls in older people. J Gerontol A Biol
Sci Med Sci. 2015 Mar;70(3):360-6.
Wehrberger C, Jungwirth S, Fischer P, Tragl K-H, Krampla W, Marlies W, et al. The relationship between
cerebral white matter hyperintensities and lower urinary tract function in a population based, geriatric
cohort. Neurourol Urodyn. 2014 Apr;33(4):431-6.
Georgakis MK, Duering M, Wardlaw JM, Dichgans M. WMH and long-term outcomes in ischemic
stroke: A systematic review and meta-analysis. Neurology. 2019 Mar;92(12):e1298-308.

16



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Herrmann LL, Le Masurier M, Ebmeier KP. White matter hyperintensities in late life depression: a
systematic review. J Neurol Neurosurg Psychiatry. 2008 Jun;79(6):619-24.
Jamieson A, Goodwill AM, Termine M, Campbell S, Szoeke C. Depression related cerebral pathology
and its relationship with cognitive functioning: A systematic review. J Affect Disord. 2019
May;250:410-8.
Verdelho A, Madureira S, Moleiro C, Ferro JM, Santos CO, Erkinjuntti T, et al. White matter changes
and diabetes predict cognitive decline in the elderly: the LADIS study. Neurology. 2010 Jul;75(2):160-7.
Kapasi A, DeCarli C, Schneider JA. Impact of multiple pathologies on the threshold for clinically overt
dementia. Acta Neuropathol. 2017 Aug;134(2):171-86.
Esiri MM, Nagy Z, Smith MZ, Barnetson L, Smith AD. Cerebrovascular disease and threshold for
dementia in the early stages of Alzheimer’s disease. Vol. 354, Lancet (London, England). England; 1999.
p. 919-20.
Lee S, Vigar F, Zimmerman ME, Narkhede A, Tosto G, Benzinger TLS, et al. White matter
hyperintensities are a core feature of Alzheimer’s disease: Evidence from the dominantly inherited
Alzheimer network. Ann Neurol. 2016 Jun;79(6):929-39.
Lloyd-Jones DM, Hong Y, Labarthe D, Mozaffarian D, Appel LJ, Van Horn L, et al. Defining and setting
national goals for cardiovascular health promotion and disease reduction: the American Heart
Association’s strategic Impact Goal through 2020 and beyond. Circulation. 2010 Feb;121(4):586-613.
Wiseman RM, Saxby BK, Burton EJ, Barber R, Ford GA, O’Brien JT. Hippocampal atrophy, whole brain
volume, and white matter lesions in older hypertensive subjects. Neurology. 2004 Nov;63(10):1892-7.
Debette S, Seshadri S, Beiser A, Au R, Himali JJ, Palumbo C, et al. Midlife vascular risk factor exposure
accelerates structural brain aging and cognitive decline. Neurology. 2011 Aug;77(5):461-8.
Jeerakathil T, Wolf PA, Beiser A, Massaro J, Seshadri S, D’Agostino RB, et al. Stroke risk profile predicts
white matter hyperintensity volume: the Framingham Study. Stroke. 2004 Aug;35(8):1857-61.
Gimelli A, Schneider-Eicke J, Neglia D, Sambuceti G, Giorgetti A, Bigalli G, et al. Homogeneously
reduced versus regionally impaired myocardial blood flow in hypertensive patients: two different
patterns of myocardial perfusion associated with degree of hypertrophy. ] Am Coll Cardiol. 1998
Feb;31(2):366-73.
Rimoldi O, Rosen SD, Camici PG. The blunting of coronary flow reserve in hypertension with left
ventricular hypertrophy is transmural and correlates with systolic blood pressure. J Hypertens. 2014
Dec;32(12):2465-71; discussion 2471.
Masuda D, Nohara R, Tamaki N, Hosokawa R, Inada H, Hikai T, et al. Evaluation of coronary blood flow
reserve by 13N-NH3 positron emission computed tomography (PET) with dipyridamole in the
treatment of hypertension with the ACE inhibitor (Cilazapril). Ann Nucl Med. 2000 Oct;14(5):353-60.
Jimenez-Conde J, Biffi A, Rahman R, Kanakis A, Butler C, Sonni S, et al. Hyperlipidemia and reduced
white matter hyperintensity volume in patients with ischemic stroke. Stroke. 2010 Mar;41(3):437-42.
Lin Q, Huang W-Q, Ma Q-L, Lu C-X, Tong S-J, Ye J-H, et al. Incidence and risk factors of leukoaraiosis
from 4683 hospitalized patients: A cross-sectional study. Medicine (Baltimore). 2017 Sep;96(39):e7682.
Todate Y, Uwano |, Yashiro S, Chida A, Hasegawa Y, Oda T, et al. High Prevalence of Cerebral Small
Vessel Disease on 7T Magnetic Resonance Imaging in Familial Hypercholesterolemia. J Atheroscler
Thromb. 2019 Mar;
Zhang H, CuiY, Zhao Y, Dong Y, Duan D, Wang J, et al. Effects of sartans and low-dose statins on
cerebral white matter hyperintensities and cognitive function in older patients with hypertension: a
randomized, double-blind and placebo-controlled clinical trial. Hypertens Res. 2019 May;42(5):717-29.
Yokoyama I, Ohtake T, Momomura S, Nishikawa J, Sasaki Y, Omata M. Reduced coronary flow reserve
in hypercholesterolemic patients without overt coronary stenosis. Circulation. 1996 Dec;94(12):3232—
8.
Kaufmann PA, Gnecchi-Ruscone T, Schafers KP, Luscher TF, Camici PG. Low density lipoprotein
cholesterol and coronary microvascular dysfunction in hypercholesterolemia. J Am Coll Cardiol. 2000
Jul;36(1):103-9.
Baller D, Notohamiprodjo G, Gleichmann U, Holzinger J, Weise R, Lehmann J. Improvement in coronary
flow reserve determined by positron emission tomography after 6 months of cholesterol-lowering
therapy in patients with early stages of coronary atherosclerosis. Circulation. 1999 Jun;99(22):2871-5.
17



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Tiehuis AM, van der Graaf Y, Mali WPTM, Vincken K, Muller M, Geerlings MI. Metabolic syndrome,
prediabetes, and brain abnormalities on mri in patients with manifest arterial disease: the SMART-MR
study. Diabetes Care. 2014 Sep;37(9):2515-21.
Weinstein G, Maillard P, Himali JJ, Beiser AS, Au R, Wolf PA, et al. Glucose indices are associated with
cognitive and structural brain measures in young adults. Neurology. 2015 Jun;84(23):2329-37.
Dearborn JL, Schneider ALC, Sharrett AR, Mosley TH, Bezerra DC, Knopman DS, et al. Obesity, Insulin
Resistance, and Incident Small Vessel Disease on Magnetic Resonance Imaging: Atherosclerosis Risk in
Communities Study. Stroke. 2015 Nov;46(11):3131-6.
de Havenon A, Majersik JJ, Tirschwell DL, McNally JS, Stoddard G, Rost NS. Blood pressure, glycemic
control, and white matter hyperintensity progression in type 2 diabetics. Neurology. 2019
Mar;92(11):e1168-75.
Title LM, Cummings PM, Giddens K, Nassar BA. Oral glucose loading acutely attenuates endothelium-
dependent vasodilation in healthy adults without diabetes: an effect prevented by vitamins Cand E. J
Am Coll Cardiol. 2000 Dec;36(7):2185-91.
Yokoyama I, Momomura S, Ohtake T, Yonekura K, Nishikawa J, Sasaki Y, et al. Reduced myocardial flow
reserve in non-insulin-dependent diabetes mellitus. ] Am Coll Cardiol. 1997 Nov;30(6):1472-7.
Di Carli MF, Janisse J, Grunberger G, Ager J. Role of chronic hyperglycemia in the pathogenesis of
coronary microvascular dysfunction in diabetes. J Am Coll Cardiol. 2003 Apr;41(8):1387-93.
Kato S, Fukui K, Kirigaya H, Gyotoku D, linuma N, Kusakawa Y, et al. Inhibition of DPP-4 by alogliptin
improves coronary flow reserve and left ventricular systolic function evaluated by phase contrast cine
magnetic resonance imaging in patients with type 2 diabetes and coronary artery disease. Int J Cardiol.
2016 Nov;223:770-5.
Morishita T, Uzui H, Ikeda H, Amaya N, Kaseno K, Ishida K, et al. Effects of Sitagliptin on the Coronary
Flow Reserve, Circulating Endothelial Progenitor Cells and Stromal Cell-derived Factor-lalpha. Intern
Med. 2019 Oct;58(19):2773-81.
Power MC, Deal JA, Sharrett AR, Jack CRJ, Knopman D, Mosley TH, et al. Smoking and white matter
hyperintensity progression: the ARIC-MRI Study. Neurology. 2015 Feb;84(8):841-8.
Kaufmann PA, Gnecchi-Ruscone T, di Terlizzi M, Schafers KP, Luscher TF, Camici PG. Coronary heart
disease in smokers: vitamin C restores coronary microcirculatory function. Circulation. 2000
Sep;102(11):1233-8.
Ciftci O, Caliskan M, Gullu H, Erdogan D, Topcu S, Guler O, et al. Acute effects of smoking light
cigarettes on coronary microvascular functions. Clin Cardiol. 2009 Apr;32(4):210-4.
Zhan C, Shi M, Yang Y, Pang H, Fei S, Bai L, et al. Prevalence and Risk Factors of Carotid Plague Among
Middle-aged and Elderly Adults in Rural Tianjin, China. Sci Rep. 2016 Mar;6:23870.
Petty GW, Brown RDJ, Whisnant JP, Sicks JD, O’Fallon WM, Wiebers DO. Ischemic stroke subtypes: a
population-based study of incidence and risk factors. Stroke. 1999 Dec;30(12):2513-6.
Markus HS, King A, Shipley M, Topakian R, Cullinane M, Reihill S, et al. Asymptomatic embolisation for
prediction of stroke in the Asymptomatic Carotid Emboli Study (ACES): a prospective observational
study. Lancet Neurol. 2010 Jul;9(7):663-71.
Moroni F, Ammirati E, Magnoni M, D’Ascenzo F, Anselmino M, Anzalone N, et al. Carotid
atherosclerosis, silent ischemic brain damage and brain atrophy: A systematic review and meta-
analysis. Int J Cardiol. 2016;223.
Altaf N, Daniels L, Morgan PS, Auer D, MacSweeney ST, Moody AR, et al. Detection of intraplaque
hemorrhage by magnetic resonance imaging in symptomatic patients with mild to moderate carotid
stenosis predicts recurrent neurological events. J Vasc Surg. 2008 Feb;47(2):337-42.
Ammirati E, Moroni F, Magnoni M, Rocca MA, Anzalone N, Cacciaguerra L, et al. Progression of brain
white matter hyperintensities in asymptomatic patients with carotid atherosclerotic plaques and no
indication for revascularization. Atherosclerosis. 2019;287.
Danad I, Raijmakers PG, Kamali P, Harms HJ, de Haan S, Lubberink M, et al. Carotid artery intima-media
thickness, but not coronary artery calcium, predicts coronary vascular resistance in patients evaluated
for coronary artery disease. Eur Heart J Cardiovasc Imaging. 2012 Apr;13(4):317-23.
Sen N, Poyraz F, Tavil Y, Yazici HU, Turfan M, Hizal F, et al. Carotid intima-media thickness in patients
with cardiac syndrome X and its association with high circulating levels of asymmetric

18



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

dimethylarginine. Atherosclerosis. 2009 Jun;204(2):e82-5.
Go AS, Hylek EM, Phillips KA, Chang Y, Henault LE, Selby J V, et al. Prevalence of diagnosed atrial
fibrillation in adults: national implications for rhythm management and stroke prevention: the
AnTicoagulation and Risk Factors in Atrial Fibrillation (ATRIA) Study. JAMA. 2001 May;285(18):2370-5.
Wang TJ, Massaro JM, Levy D, Vasan RS, Wolf PA, D’Agostino RB, et al. A risk score for predicting stroke
or death in individuals with new-onset atrial fibrillation in the community: the Framingham Heart
Study. JAMA. 2003 Aug;290(8):1049-56.
Kwok CS, Loke YK, Hale R, Potter JF, Myint PK. Atrial fibrillation and incidence of dementia: a systematic
review and meta-analysis. Neurology. 2011 Mar;76(10):914-22.
Kobayashi A, Iguchi M, Shimizu S, Uchiyama S. Silent cerebral infarcts and cerebral white matter lesions
in patients with nonvalvular atrial fibrillation. J Stroke Cerebrovasc Dis. 2012 May;21(4):310-7.
Gaita F, Corsinovi L, Anselmino M, Raimondo C, Pianelli M, Toso E, et al. Prevalence of silent cerebral
ischemia in paroxysmal and persistent atrial fibrillation and correlation with cognitive function. J Am
Coll Cardiol. 2013 Nov;62(21):1990-7.
Link MS, Giugliano RP, Ruff CT, Scirica BM, Huikuri H, Oto A, et al. Stroke and Mortality Risk in Patients
With Various Patterns of Atrial Fibrillation: Results From the ENGAGE AF-TIMI 48 Trial (Effective
Anticoagulation With Factor Xa Next Generation in Atrial Fibrillation-Thrombolysis in Myocardial
Infarction 48). Circ Arrhythm Electrophysiol. 2017 Jan;10(1).
Mayasi Y, Helenius J, McManus DD, Goddeau RPJ, Jun-O’Connell AH, Moonis M, et al. Atrial fibrillation
is associated with anterior predominant white matter lesions in patients presenting with embolic
stroke. J Neurol Neurosurg Psychiatry. 2018 Jan;89(1):6—13.
Wijesurendra RS, Liu A, Notaristefano F, Ntusi NAB, Karamitsos TD, Bashir Y, et al. Myocardial Perfusion
Is Impaired and Relates to Cardiac Dysfunction in Patients With Atrial Fibrillation Both Before and After
Successful Catheter Ablation. ] Am Heart Assoc [Internet]. 2018 Aug 7;7(15):e009218-e009218.
Available from: https://pubmed.ncbi.nim.nih.gov/30371239
Range FT, Schafers M, Acil T, Schafers KP, Kies P, Paul M, et al. Impaired myocardial perfusion and
perfusion reserve associated with increased coronary resistance in persistent idiopathic atrial
fibrillation. Eur Heart J. 2007 Sep;28(18):2223-30.
Vogels RLC, van der Flier WM, van Harten B, Gouw AA, Scheltens P, Schroeder-Tanka JM, et al. Brain
magnetic resonance imaging abnormalities in patients with heart failure. Eur J Heart Fail. 2007
Oct;9(10):1003-9.
Alosco ML, Brickman AM, Spitznagel MB, Garcia SL, Narkhede A, Griffith EY, et al. Cerebral perfusion is
associated with white matter hyperintensities in older adults with heart failure. Congest Heart Fail.
2013;19(4):E29-34.
Van Linthout S, Rimoldi O, Tschope C, Camici PG. Coronary microvascular dysfunction in heart failure
with preserved ejection fraction - adding new pieces to the jigsaw puzzle. European journal of heart
failure. England; 2020.
Lee W-J, Jung K-H, Ryu YJ, Kim J-M, Lee S-T, Chu K, et al. Association of Cardiac Hemodynamic Factors
With Severity of White Matter Hyperintensities in Chronic Valvular Heart Disease. JAMA Neurol. 2018
Jan;75(1):80-7.
Dokumaci D Sen, Dogan F, Yildirim A, Boyaci FN, Bozdogan E, Koca B. Brain metabolite alterations in
Eisenmenger syndrome: Evaluation with MR proton spectroscopy. Eur J Radiol. 2017 Jan;86:70-5.
Scolletta S, Marianello D, Isgro G, Dapoto A, Terranova V, Franchi F, et al. Microcirculatory changes in
children undergoing cardiac surgery: a prospective observational study. Br J Anaesth. 2016
Aug;117(2):206-13.
Williamson W, Lewandowski AJ, Forkert ND, Griffanti L, Okell TW, Betts J, et al. Association of
Cardiovascular Risk Factors With MRI Indices of Cerebrovascular Structure and Function and White
Matter Hyperintensities in Young Adults. JAMA. 2018 Aug;320(7):665-73.
Bairey Merz CN, Pepine CJ, Shimokawa H, Berry C. Treatment of coronary microvascular dysfunction.
Cardiovasc Res. 2020 Feb;
Edrissi H, Schock SC, Cadonic R, Hakim AM, Thompson CS. Cilostazol reduces blood brain barrier
dysfunction, white matter lesion formation and motor deficits following chronic cerebral
hypoperfusion. Brain Res. 2016 Sep;1646:494-503.

19



20



Figure Legends
Figure 1. Structural and spatial organization of cardiac and cerebral circulations

Panel A. Resin cast of the coronary circulation, showing large epicardial conductance arteries branching
down to penetrating small vessels (reproduced with permission from Camici PG, and Rimoldi OE J Nucl Med
2009;50:1076-1087)

Panel 2. Resin cast of the cerebral circulation Large, superficial cerebral arteries give origin to pial and
penetrating vessel, providing blood flow to brain parenchyma (reproduced with permission from Zlovovich

BV et al, Neurosurgey 1998;43:877-878).

Figure 2. Small arteries of the heart and brain

Panel A. Small artery, healthy human myocardium. Male aged 27 y. Hematoxylin and eosin stained section,

kindly provided by Mary Sheppard & Joe Westaby, St George’s Cardiac Pathology group.

Panel B. Small artery, healthy human brain subcortical white matter. Male aged 56 y. Hematoxylin and

eosin stained section, tissue kindly provided by Margaret Esiri, Oxford Brain Collection. Bar=20microns.

Panel C. Adverse remodelling of intramural coronary arteriole in a patient with arterial hypertension
resulting in medial wall thickening, mainly due to smooth muscle hypertrophy and increased collagen
deposition, with variable degrees of intimal thickening. This is the anatomical substrate underlying the
abnormal coronary physiology and blood flow in these patients. Masson trichrome stained section. Bar=100

microns. (Courtesy of Prof Giulia D’Amati, Sapienza University, Rome).

Panel C. Small penetrating arteries exhibiting cerebral small vessel disease, human brain subcortical white
matter. Green: fibrous connective tissue, Masson trichrome stained section. Bar=100 microns. Tissue kindly

provided by Margaret Esiri, Oxford Brain Collection.

Figure 3. Proposed model for the relationship between cardiovascular disease, white matter
hyperintensities and coronary microvascular dysfunction.

Cardiovascular risk factors all contribute to endothelial dysfunction which in turn causes microvessels
alterations, in terms of functional impairment or adverse vascular remodeling. Altered structure and
function of the microcirculation is the basis of coronary microvascular disease (CMD) and cerebral small
vessels disease (cSVD). Carotid atherosclerosis is associated to cSVD, to which it may contribute through
microembolization. On the other hand, atherosclerosis and carotid plaque development share the same risk
factors. Atrial fibrillation is associated to cSVD, and again microembolization has been put forward as a

potential pathogenetic mechanism. Valvular heart disease alters hemodynamics across microcirculation,
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and possibly reduces perfusion pressure both in the coronary and cerebral arteries. Finally, congenital heart
disease was shown to be associated to cSVD, possibly due to cerebral hypoperfusion and due to the effects
of heart and lung machine in early heart surgery. Cardiopulmonary bypass was shown to alter endothelial
function systemically.

CMD is commonly found in heart failure, and it appears to contribute to its pathogenesis and progression.

Heart failure per se may afterwards contribute to cSVD through reduced cerebral perfusion.

Figure 4. Fluid attenuated inversion recovery images (FLAIR) of two subjects affected by non-critical

carotid atherosclerosis

Subject A had a minimal white matter hyperintensities (WMH) burden, with no progression after 20
months. Subject B had a higher burden of WMH (note the hyperintense, patchy areas of the deep white
matter, more prominent around the posterior horns of the lateral ventricles), with evidence of progression
(red region of interest) after follow up. Both individuals had non-critical carotid atherosclerosis, no plaque

related parameter was found to predict WMH progressors. (Reproduced from Ref 80, with permission).
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Table 1. Summary of selected publications concerned with the relationship between white matter hyperintensities and cardiovascular diseases

Abbreviations. AFib= atrial fibrillation; BP= blood pressure; FH= familial hypercholesterolemia; HR= hazard ratio;

ejection fraction; OR=0dds ratio; SBP= systolic blood pressure; WMH= white matter hyperintensities.

HTN=hypertension; LVEF= left ventricular

Condition

Study

Main findings

Ref

Hypertension

Debette et al, 2011

1352

HTN, i.e. SBP>140 mHg or current BP lowering medications, at a mean age of 54 years
old were associated with WMH progression during 7 year follow up (B £ SE=0.23
0.06, p < 0.001).

51

Jeerakatil et al, 2004

1814

HTN (R=0.473, p<0.0001) is associated with WMH load. Cigarette smoking (avg daily
cigarettes 5.2+11.2 vs 3.118.7, p<0.001) are associated with the presence of large
WMH.

52

Dyslipidemia

Todate et al, 2019

63

WMH were more common in subjects with familial hypercholesterolemia than in
healthy controls (controls, 0% vs. FH, 14.2%, p=0.02) at a mean age of 49.

58

Zhang et al, 2019

732

Low-dose Rosuvastatin significantly reduced new WMH and cognitive impairment with
respect to placebo at 59.8 months of follow up in a cohort of hypertensive elderly
(HR=0.500; 95% Cl: 0.34-0.74, p<0.001 and HR=0.54; 95% Cl: 0.36-0.80, p=0.002,
respectively).

59

Diabetes

Weinstein et al, 2015

1597

Diabetes was associated to increased WMH volume in subjects with mean age of 40
years (B £ SE=0.22 + 0.09, p=0.015).

64

De Havenon et al, 2019

816

Effective intensive glycemic control (lower HbA1C) was not associated with reduced
WMH progression over 40 months (p=0.916).

66

Smoking

Power et al, 2015

972

Active cigarette smoking was associated with WMH progression at 6 years follow up
(OR 1.52; 95% Cl 1.01-2.30). Probability of WMH progression increased with pack/year
(OR 1.21; 95% Cl 1.04-1.41).

72

Carotid atherosclerosis

Moroni et al, 2016

5306

Carotid atherosclerosis was associated with the presence of WMH in a meta-analysis of
cross-sectional studies (OR 1.42, 95% Cl 1.22-1.66, p<0.0001).

78

Ammirati et al, 2019

51

No association between carotid plaque features of vulnerability (including plaque
density, plaque neovascularization, microcalcification or remodeling) and WMH
progression at 20 months of follow up (all p>0.05).

80

Atrial Fibrillation

Gaita et al, 2013

270

WMH were more common in AFib subjects when compared to healthy age, sex-
matched controls (OR 11, 95% Cl 6-21; p<0.001). Persistent AFib patients had a higher
WMH burden with respect to paroxysmal AFib (WMH number 41.1 + 28.0vs. 33.2 +
22.8, p =0.04).

87

Mayasi et al, 2018

234

Among stroke patients, AFib is associated to increased burden of WMH selectively in

89




anterior subcortical WMH (OR 3.647, 95% Cl 1.681 to 7.911, p=0.001).

Heart failure

Vogels et al, 2007

148

Heart failure is significantly associated with an increased burden of WMH compared to
controls (p<0.001). LVEF correlated significantly with WMH burden (R=-0.495,
0<0.001).

92

Alosco et al 2013

69

Reduced cerebral perfusion, measured as peak flow velocity of the middle cerebral
artery, was associated to increased WMH burden in subjects with heart failure (B=-
0.34, p=0.02)

93

Valvular heart disease

Lee et al, 2018

232

Among patients with significant heart valve disease, right atrial pressure was linearly
associated with WMH volume (beta= 0.702; 95% Cl, 0.373-1.031; p = 0.001)

95




Table 2. Summary of selected publications concerned with the relationship between coronary microvascular dysfunction and other cardiovascular diseases

ACEi= angiotensin converting enzyme inhibitor; AFib=atrial fibrillation; CC-IMT= common carotid intima-media thickness; CFR= coronary flow reserve;
HTN=hypertension; LDL= low density lipoprotein cholesterol; LVH= left ventricular hypertrophy; MBF= maximal blood flow; For an updated and in-depth review
of coronary microvascular dysfunction in Heart Failure see ref 94.

Condition Study n Main findings Ref

Hypertension Rimoldi et al, 2014 40 CFR was reduced in subjects with HTN and LVH when compared to healthy controls. 54
CFR reduction was mainly due to MBF impairment (subepicardial MBF 3.07 ml/min per
g vs 1.76 ml/min per g, p<0.001, subendocardial MBF 3.18 ml/min per g vs 1.91 ml/min
per g, p<0.001)

Masuda et al, 2000 12 ACEi initiation increases MBF in subjects with hypertension after 12 weeks of 55
treatment (1.77 vs 1.70; p non significant). Coronary resistance was shown to
significantly decrease p<0.003.

Dyslipidemia Kaufmann et al, 2000 80 LDL was shown to negatively correlate with CFR in hypercholesterolemic subjects (r=- 61
0.61, p<0.05)

Diabetes Yokoyama et al, 1997 37 CFR is significantly reduced in subjects with non-insulin dependent diabetes mellitus 67
(2.77+0.85 vs 3.8+1.0, p<0.01).

Smoking Kaufmann et al, 2000 19 CFR was reduced in 3 (21%) of the 11 smokers and none of the 8 controls (p<0.05). 73
High dose of vitamin C normalized CFR in smokers (p<0.05).

Carotid atherosclerosis Sen et al, 2009 60 CC-IMT was higher in subjects with microvascular angina compared to control subjects | 82

(0.71£0.11vs 0.60 + 0.16 <0.01). Subjects with microvascular angina were also more
likely to have carotid artery plaques (33% vs 10%, p=0.03)

Atrial Fibrillation Wijesurendra et al, 2018 | 74 MBF was reduced in AFib patients both under resting and stress conditions (p=0.044 90
and p<0.001 respectively). Rest and stress MBF did not change 6 to 9 months after
successful catheter ablation
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