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Small vessel disease is characterized by global dysfunction of the microvascular system leading to reduced
perfusion of various organ systems. The kidney is significantly vulnerable for microvascular dysfunction given its
intricate capillary network and extensive endocrine influence. Studies have demonstrated a relationship between
impaired renal function and small vessel disease in other organ systems, particularly the heart. Here we discuss

the relationship between the kidney and the heart in the setting of microvascular dysfunction and identify areas
of future study to better understand this relationship and potentially identify novel therapeutic strategies.

1. Introduction

Small vessel disease (SVD) is characterized by global dysfunction of
the microvascular system leading to reduced perfusion of various organ
systems. The organ systems affected by microvascular dysfunction
involve those that receive substantial portions of cardiac output (brain,
kidney, retina, etc.) and can present clinically as stroke, renal failure,
blindness, ischemic heart disease, and dementia [1,2]. There are a va-
riety of hypotheses regarding the global distribution of SVD, with some
implicating individual organ systems and others indicating the presence
of a systemic illness. In particular, the kidney is significantly involved in
discussions surrounding microvascular dysfunction given its intricate
capillary network and extensive endocrine influence. Several studies
have demonstrated the relationship between impaired renal function
and small vessel disease in other organ systems, with some of the
clearest associations being between the kidney and the heart [3]. While
the vast interplay of kidney and cardiovascular disease is a rapidly
progressing area of study, examining this affiliation in regard to SVD
could identify areas that merit further investigation. Here, we identify
chronic kidney disease (CKD) as a microvascular disease, discuss the
relationship between the kidney and the heart in the setting of micro-
vascular dysfunction and identify areas of future study to better un-
derstand this relationship and potentially identify novel therapeutic
strategies.

2. Chronic kidney disease: a microvascular disease

Kidney disease, including acute kidney injury (AKI), CKD, and end

stage renal disease (ESRD) are among the top ten leading causes of death
in the United States [4]. AKI has been found to occur in 20 % of all
hospitalized patients and one-half of critically ill patients [5,6]. CKD
affects 15 % of adults in the United States, costing Medicare $36 billion
in 2017 [7,8]. The kidneys are a highly vascular organ that demonstrate
serially connected capillary beds and receive 20 % of cardiac output.
While this unique, autoregulatory microvasculature ensures physiologic
renal function, it also creates susceptibility to ischemia. Therefore,
diabetes, hypertension, and hyperlipidemia are vascular risk factors that
have long been linked to kidney damage [8].

There are several factors involved in CKD that result in dysfunction
of the microvascular system, but three critical areas have been identi-
fied: fibrotic remodeling, impaired vasoreactivity, and capillary rare-
faction [8]. Fibrosis is characterized by an increase in extracellular
matrix deposition that leads to an accumulation of nonfunctional tissue.
Fibrotic remodeling in the kidney is a complex molecular process that
involves several different cell types interacting at various levels of
cellular structure. One of the cell types implicated is vascular pericytes,
which possess the ability to differentiate into myofibroblasts; myofi-
broblasts deposit excessive extracellular matrix, which contributes to
the development of fibrosis [9]. Indeed, in mice undergoing ureteral
obstruction to induce renal fibrosis, vascular pericytes were identified as
the primary source of myofibroblasts contributing to interstitial fibrosis
[10]. While the specific mechanisms involved in renal fibrosis remain
unclear, this differentiation of pericytes into myofibroblasts demon-
strates how chronic kidney disease can result in an environment that
leads to dysfunction of the local microvascular system.

Additionally, kidney disease has been associated with a loss of
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vasoreactivity. Compromised renal vasoreactivity has been identified in
a variety of acute kidney injuries including calcineurin toxicity,
contrast-induced acute kidney injury, and hepatorenal syndrome
[11-13]. Similar to other capillary networks, endothelial nitric oxide
synthase (eNOS) plays a primary role in reducing shear stress in the
renal microvasculature by facilitating flow-mediated dilation [14,15].
Interestingly, hypertensive patients with reduced eGFR and decreased
coronary flow velocity reserve were associated with increased levels of
asymmetric dimethylarginine (ADMA) when compared to hypertensive
patients with normal renal function [16]. ADMA is an endogenous in-
hibitor of nitric oxide synthase that has been associated with endothelial
dysfunction and has been shown to increase with worsening renal
function [17,18]. Loss of vasoreactivity in the kidney can further pro-
gression of renal disease by predisposing to hemodynamic instability
and metabolic imbalance. These studies demonstrate the presence of
impaired vasoreactivity in CKD and highlight the importance of endo-
thelial dysfunction in its pathogenesis.

Another critical aspect that demonstrates the connection between
CKD and microvascular dysfunction is capillary rarefaction. Capillary
rarefaction is characterized by structural and/or functional loss of the
small vessels and is present in CKD [19]. Vascular endothelial growth
factor (VEGF) is an angiogenic molecule that has a critical role in
maintaining the integrity of microvascular networks throughout the
body, including the kidney. In patients with a variety of glomerular
diseases, VEGF-expressing cells were decreased or absent in areas of
glomerular sclerosis [20]. This loss of renal VEGF further exemplifies
how kidney disease can interfere with signaling pathways involved in
the maintenance of the microvasculature.

Historically, decreased renal function as a result of compromised
perfusion was thought to be caused by hypotension or obstruction of the
large renal vessels. However, a meta-analysis encompassing seven ran-
domized controlled trials demonstrated that in patients with athero-
sclerotic renal artery stenosis revascularization was not superior to
medical therapy regarding any outcome, including renal events and
myocardial infarction [21]. These findings establish an important
distinction: macrovascular disease does not fully explain the renal im-
pairments seen in kidney disease. Dysfunction of the dense capillary
network present in the kidney is a complicated pathophysiologic process
that contributes to worsening renal function and potentially has effects
on other organ systems.
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3. CKD and coronary microvascular dysfunction

The relationship between CKD and cardiovascular disease is exten-
sively documented, with cardiovascular death accounting for nearly 50
% of mortality in patients with CKD compared to 25 % in patients with
normal renal function [22]. Additionally, patients with CKD are six
times more likely to die of cardiovascular event than progress to end
stage renal disease, and this increased risk is not completely explained
by the presence of traditional risk factors [23]. Further, the association
between cardiac events and CKD is evident even in patients without
existing coronary vessel disease [23,24]. Therefore, it has been sug-
gested that microvascular dysfunction could be the etiology linking
these two disease processes. The studies linking CKD and coronary
microvascular dysfunction are listed in Table 1.

Currently, there is no widely accepted in vivo measure of renal
microvasculature capacity; however, estimated glomerular filtration
rate (eGFR) can serve as an estimation of renal function and thus
microvasculature damage. Coronary flow reserve is a measure of coro-
nary artery vasodilation that is widely used to evaluate coronary
microvascular function. Several studies have demonstrated the associ-
ation between CKD and low coronary flow reserve (CFR), which is a
strong predictor of cardiovascular mortality [25-27]. Interestingly, in
patients without obstructive coronary artery disease, those with CKD
had decreased CFR compared to those with a normal GFR [26]. Simi-
larly, Charytan et al. found a progressive decrease in CFR with an in-
crease in severity of CKD, with a 23 % lower CFR in patients with
dialysis-dependent CKD [27]. Further, coronary flow reserve is a risk
factor for coronary events in patients with CKD, independent of tradi-
tional risk factors [28]. Taken together, these studies establish the
presence of coronary microvascular dysfunction in patients with CKD,
and microvascular dysfunction might explain the increased risk of car-
diovascular events in CKD (Fig. 1).

4. Microvascular dysfunction in CKD: cause or consequence?

While microvascular dysfunction is clearly present in CKD, the
question remains whether CKD causes dysfunction of the coronary
microvasculature or both kidney disease and coronary microvascular
dysfunction reflect global dysfunction of the microvasculature. A recent
literature review presents substantial evidence that microvascular
dysfunction is a systemic process that concomitantly affects multiple

Table 1
References demonstrating association of CKD and CMD in the absence of obstructive CAD.
Reference Design Population Measurement of CFR Key findings
Sakamoto et al. Prospective Patients without obstructive CAD or Intracoronary papaverine CFR was significantly lower in patients with CKD compared to
[25] Cohort vasospasm (N = 73, CKD = 13) controls; low CFR and CKD were associated with increased cardio-
cerebrovascular events
Chade et al. Cross- Patients without CAD referred for Intracoronary adenosine Decreased GFR was associated with low CFR
[26] sectional angiography (N = 605, CKD = 124)
Nelson et al. Cross- ESRD patients without obstructive CAD  Intracoronary adenosine Patients with ESRD had a reduced CFR
[54] sectional (N = 30, ESRD = 15)
Kashioulas Cross- CKD 3 and 4 patients without a Intracoronary adenosine CKD patients had significantly reduced CFVR compared to
et al. [55] sectional diagnosis of heart disease (N = 132, controls
CKD =91)
Fukushima Cross- CKD patients with normal LV function Stress 82Rb PET/CT Global MFR was reduced in patients with CKD compared to
et al. [56] sectional and coronary artery flow (N = 82, CKD (dipyridamole) controls
= 40)
Tsuda et al. Cross- CKD patients without heart disease or Stress SPECT-MPI (adenosine) CKD patients had a lower MPR index compared to controls
[571 sectional CAD (N =92, CKD = 46)
Yilmaz and Cross- Patients with decreased GFR and Thrombolysis in myocardial Decreased GFR was associated with decreased coronary flow
Yalta [58] sectional normal coronary arteries (N = 207, infarction (TIMI) frame count
CKD = 105)
Ragosta et al. Cross- Patients with diabetic nephropathy Doppler ultrasound scanning Patients with diabetes and renal failure were more likely to have
[59] sectional without CAD (N = 64, CKD = 21) wire abnormal CVR

CKD: chronic kidney disease; CMD: coronary microvascular dysfunction; CAD: coronary artery disease; CFR: coronary flow reserve; GFR: glomerular filtration rate;
ESRD: end stage renal disease; CFVR: coronary flow velocity reserve; LV: left ventricular; MFR: myocardial flow reserve; MPR: myocardial perfusion reserve; CVR:

coronary velocity reserve.
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Fig. 1. Bidirectional relationship between CKD and small vessel disease.

organ systems [3]. The evidence includes a number of clinical studies
demonstrating that clinical presentation of microvascular dysfunction in
one organ system is often accompanied by subclinical or overt micro-
vascular dysfunction of other organ systems. In support of this hypoth-
esis, abnormalities of 16 biomarkers reflecting systemic disease were
found in the setting of isolated microvasculature dysfunction of the
heart, kidney, and brain [29]. Even genetic disorders which predomi-
nantly affect one organ system demonstrate evidence of subclinical
microvascular dysfunction in other organs [30,31]. Several large pro-
spective cohort studies have shown that changes in the retinal vascu-
lature independently predict the development of incident CKD and
worsening renal function [32-34]. Taken together, these papers provide
an overabundance of evidence that demonstrate the systemic nature of
microvascular disease, suggesting that CKD is a consequence of global
small vessel impairment. Contrarily, several studies exist that implicate
CKD as the causative force for microvascular dysfunction in other or-
gans. Utilizing two experimental mouse models of uremic CKD, Prom-
mer et al. demonstrated microvascular rarefaction in the heart and
cremaster muscle that was dependent on serum urea levels [35]. The
microvascular damage in the myocardium and cremaster preceded any
macrovascular pathology and increased with severity of renal disease.
These observations suggest that CKD can lead to microvascular
dysfunction in distant organs. Several other studies have shown that
experimental CKD is associated with microvascular rarefaction of the
myocardium and is unaffected by hypertension or antihypertensive
therapy [36,37]. Sympathetic hyperactivity, up-regulation of calci-
neurin signaling pathways, dysfunction of bone marrow derived pro-
genitor cells and endothelin have been proposed to mediate some of
these effects [36,38-40]. Interestingly, we have shown in women with
ischemia and non-obstructive coronary angiograms, decreased coronary
flow reserve is associated with dysfunction of bone marrow derived
angiogenic cells [41]. Thus, CKD and microvascular dysfunction might
have a bidirectional relationship, where CKD can cause microvascular
dysfunction and systemic microvascular dysfunction can lead to CKD
(Fig. 1).

5. Diagnosis of renal microvascular dysfunction

Experimental studies have relied on enumerating microvascular
density to quantify microvascular rarefaction or arterial myography to
examine vasoreactivity ex vivo. Computed tomography (CT) and mag-
netic resonance imaging (MRI) are both widely used imaging techniques
that have proven to be extremely effective in clinical practice to evaluate
structural defects in the kidneys. However, they lack the resolution for
imaging microvasculature in vivo. Blood oxygen level dependent (BOLD)
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MRI determines vessel functionality by measuring the oxygenation state
of the tissues. While BOLD MRI is a useful technique, it is indirect and
can only detect vascular dysfunction in areas where established pa-
thology is already present, limiting its potential to monitor alterations in
the microvasculature prior to pathology [42]. Thus, these imaging
methods have obvious limitations and are not readily applicable to the
clinical setting to measure renal microvascular function. The renal flow
reserve, the difference between stress and basal flow, has been proposed
as a marker of renal microvascular function [43]. However, unlike
coronary flow reserve, the methodology has not been standardized or
shown to be predictive of either cardiac or renal outcomes in prospective
studies. The renal resistive index at the level of the arcuate arteries can
be measured by ultrasound and is defined as the (peak systolic velocity
— end diastolic velocity) / peak systolic velocity. Although it is often
impaired in microvascular dysfunction, an abnormal resistive index is
not specific and might reflect central hemodynamic characteristics
rather than that of the renal microcirculation.

6. Treatment of microvascular dysfunction

While treatment of atherosclerosis is driven by data from random-
ized controlled trials and guidelines from professional societies, whether
these interventions are effective for microvascular dysfunction is un-
certain. The ENDOFIND study is currently evaluating the role of endo-
thelial dysfunction in the pathogenesis of microvascular dysfunction and
the effect of intensive medical management on decreasing adverse
outcomes in such patients [44]. Biological sex and age are powerful
modulators of coronary microvascular function and women have
traditionally been underrepresented in most clinical trials. The
WARRIOR trial is specifically recruiting women with microvascular
dysfunction to determine how intense medical management will
modulate outcomes in women with coronary microvascular dysfunction
[45]. Anti-inflammatory agents such as IL-1p and IL-6 antagonists have
shown to be efficacious in the treatment of coronary atherosclerosis,
while others such as methotrexate have been disappointing [46-48].
Inflammation has been implicated in the pathogenesis of microvascular
dysfunction. Given the complexities in inflammatory pathways and
heterogeneity in treatment responses, these agents need to be evaluated
in patients with microvascular dysfunction. A few agents that specif-
ically target the microvasculature have shown promise in experimental
studies. In AKI, decreased levels of VEGF are associated with increased
capillary rarefaction and associate negatively with chances of renal re-
covery [49]. While randomized controlled trials in humans are lacking,
studies in a porcine model of renal artery stenosis demonstrated that
intrarenal infusion of VEGF preserved renal microvasculature and
function [50]. The lack of therapies targeting microvascular dysfunction
in the kidney highlights the need for more preclinical studies investi-
gating the mechanistic causes associated with the dysfunction of renal
microvascular network in CKD.

7. Knowledge gaps

Ample evidence exists for microvascular dysfunction in kidney dis-
ease and its association with adverse outcomes. However, these studies
rely on detection of microvascular dysfunction in distant, more acces-
sible, vascular beds such as the eye, oral mucosa or skin. There are
structural and functional differences between microvasculature in
different organs and dysfunction in one organ does not imply dysfunc-
tion in another. One major knowledge gap is the lack of non-invasive in
vivo imaging modalities to longitudinally monitor microvascular
changes in the kidney. Advances in ultrasound (US) imaging technology
provide the most promising developments in monitoring renal micro-
vasculature. Contrast-enhanced ultrafast Doppler US is a relatively novel
imaging technique that uses microbubbles to enhance images and has
been shown to accurately predict the progression from AKI to CKD
following ischemic AKI in an ischemia/reperfusion injury mouse model
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[51]. This novel US technique has potential to serve as a method of
monitoring renal microvasculature in patients at risk of developing CKD,
although it needs to be validated in future clinical studies of human
subjects before it can be adopted to clinical practice.

Serum creatinine, and presence of microalbuminuria are used to
establish a diagnosis of CKD. However, these assays lack sensitivity and
novel biomarkers that can detect mild renal dysfunction is necessary to
facilitate early intervention and to prevent progressive kidney disease.
Several studies have demonstrated cystatin C to be a better predictor of
outcomes and have stronger associations with CKD than serum creati-
nine [52]. In a study of elderly patients without CKD, serum cystatin C
levels had stronger associations with all-cause mortality and cardio-
vascular events than serum creatinine; also patients with elevated cys-
tatin C levels had a 4-fold increased risk for developing CKD when
compared to those with normal cystatin C levels [53]. This study dem-
onstrates the potential of cystatin C to serve as a biomarker for patients
who have preclinical kidney disease. Whether cystatin C is a marker for
microvascular dysfunction is an intriguing possibility that remains to be
tested.

While it is evident that CKD can cause microvascular dysfunction, the
molecular pathways leading to microvascular dysfunction in distant
organs is unclear and has hampered development of specific therapeutic
agents. Accumulation of uremic toxins, endocrine or metabolic changes,
sympathetic activation, impaired function of bone marrow derived
angiogenic cells and circadian dysfunction all have been postulated as
possible contributors to microvascular dysfunction. However, rodent
models of CKD have shown limited potential for translation to human
disease. The use of large animal models and validation of putative tar-
gets in human tissues might help us uncover pathways that are more
relevant to human disease.

8. Perspectives

CKD is a microvascular disease that is characterized by fibrotic
remodeling, impaired vasoreactivity, and microvascular rarefaction.
While the epidemiological link between CKD and CVD is well studied,
microvascular dysfunction could prove to be one of the pathophysio-
logic links between these two common diseases. Further study into the
question of whether CKD is a cause or consequence of global impaired
microvasculature is warranted and could provide mechanistic insights to
guide treatment decisions and devise new trials to discover novel ther-
apeutics. Additionally, several knowledge gaps exist in regard to imag-
ing of the renal microvasculature, biomarkers to determine early-stage
CKD, and signaling pathways mediating microvascular dysfunction and
addressing these knowledge gaps could provide improved outcomes in
this patient population.
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