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Abstract

Patients with chronic kidney disease (CKD) commonly experience cardiovascular disease (CVD), and a major cause of death
in these patients is CVD. Therefore, the prevention of CVD progression is very crucial in patients with CKD. Recently, this
relationship between CKD and CVD has increasingly been examined, and a concept termed “cardiorenal syndrome” has
been advocated. Coronary artery disease (CAD) and myocardial injury are crucial factors that contribute to the occurrence
of CVD. The initial step CAD is endothelial dysfunction that can be detected as a decrease in the coronary flow reserve
(CFR). The previous studies have reported that decreased CFR is significantly correlated to coronary events and mortality.
Furthermore, CFR reduces with a decline in the kidney function. Another important presentation of CAD is coronary artery
calcification. Vascular calcification is a crucial pathophysiological state, particularly in patients with CKD, and it affects
the stability of coronary atherosclerotic plaque. In CKD, not only the traditional risk factors but also CKD-related non-
traditional risk factors play key roles in CVD progression. Therefore, the mechanisms responsible for CVD progression are

very complex; however, their clarification is crucial to improve the prognosis in patients with CKD.
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Introduction

Chronic kidney disease (CKD) has recently been gaining
attention, because many studies have demonstrated a strong
correlation of CKD with mortality. Cardiovascular disease
(CVD) is a well-known major cause of death in patients with
CKD. Therefore, understanding the association between
CKD and CVD is crucial. To this end, the concepts of “car-
diorenal association” and “cardiorenal syndrome” have been
advocated [1], and a large number of clinical and experimen-
tal studies have attempted to elucidate the detailed mecha-
nisms. Furthermore, CKD is considered to be a crucial risk
factor for CVD even in the field of cardiology [2].

Along with the classical risk factors such as hyperten-
sion, smoking, hyperlipidemia, diabetes mellitus, and aging,
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CKD-specific non-classical risk factors contribute to CVD
progression in CKD. CKD-specific non-classical risk factors
include inflammation, anemia, volume overload, oxidative
stress, renin—angiotensin system, sympathetic nerve system,
uremic toxins, and chronic kidney disease-mineral bone dis-
order (CKD-MBD). As mentioned above, many studies have
assessed the cardiorenal association; however, the detailed
pathophysiological mechanisms remain unknown.

One of the crucial pathophysiological manifestations of
CVD in CKD is coronary artery disease (CAD). The CAD
prevalence and the number of severe coronary artery sten-
oses increase as kidney function deteriorates [3, 4]. How-
ever, several aspects regarding this subject including the
pathophysiological mechanisms remain unclear. In the pre-
sent review, we summarize the characteristics and possible
pathophysiological mechanisms of CAD in CKD based on
the present clinical and experimental evidences (Fig. 1).
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Fig. 1 Putative mechanisms of
CAD in CKD. CAD coronary
artery disease, CKD chronic
kidney disease, CFR coronary
flow reserve, ACS acute coro-
nary syndrome
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A previous study conducted in the United States has
reported that the averaged estimated glomerular filtra-
tion rate (eGFR) in 14,527 patients with acute myocardial
infarction (AMI) was 70 +21 mL/min/1.73 m?, and 33.6%
of these patients had CKD [5]. A Canadian study using a
large population cohort demonstrated significantly higher
incident AMI rates in patients with CKD than in those
with diabetes [6]. Data of Japanese patients undergoing
hemodialysis showed that the cause of death was AMI in
3.0% of these patients [7]. Moreover, based on the data
of patients with non-dialyzed CKD and those undergoing
hemodialysis in the United States, although the AMI prev-
alence increased with decrease in the eGFR, it decreased
in patients undergoing hemodialysis [8, 9].

Several studies have evaluated the presence of CAD
in asymptomatic patients new to hemodialysis [10, 11].
These data demonstrated that approximately 50% of these
patients already had CAD without any clinical symptoms.
However, these studies were performed during the first
decades of the 2000s and a recent study has reported that
the CAD prevalence has decreased among these patients
in recent years [12].

The diagnosis of CAD in patients with CKD is very
challenging, because these patients do not demonstrate the
typical clinical symptoms of CAD and do not show the
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typical changes observed in CAD on electrocardiogram
(ECG), such as ST-T change and abnormal Q wave. An
interesting study has compared the clinical symptoms of
patients undergoing hemodialysis with those not undergo-
ing hemodialysis [13]. The percentage of those with chest
discomfort, those with ST-T changes, and those with an
AMI diagnosis at the emergency department visits was
significantly lower, and the percentage of those with pul-
monary edema, cardiac arrest, and death during hospitali-
zation was significantly higher in the hemodialysis group
than in the non-hemodialysis group. Furthermore, patients
with AMI who had lower kidney function had poor prog-
nosis [5]. Thus, the presence of CKD is a crucial issue for
patients with CAD.

Endothelial dysfunction of coronary artery

Endothelial dysfunction is the first step of atherosclerosis,
and albuminuria is believed to reflect endothelial dysfunc-
tion. Endothelial dysfunction evaluated using acetylcholine-
stimulated forearm blood flow was significantly associated
with CVD in patients with hypertension [14]. Moreover,
not only decreased kidney function but also albuminuria is
reportedly associated with an increased CVD risk [15, 16].

Impaired blood flow in the small intramural resistance
vessels or in the coronary capillary system that cannot be
visualized using coronary angiography results in decreased
coronary microcirculation [17]. Coronary blood flow
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normally increases automatically from the resting level to
the peak level in response to increases in the myocardial
oxygen demand [18]. Such a change in the coronary blood
flow is regarded the coronary flow reserve (CFR). Several
studies have demonstrated that CFR is significantly asso-
ciated with kidney function [19-21]. Several our clinical
studies assessed CFR using transthoracic Doppler echo-
cardiography (Fig. 2) [20, 22-24], a non-invasive and safe
method that does not involve the risk of radiation expo-
sure. Our data showed that CFR was significantly associ-
ated with the estimated glomerular filtration rate (eGFR)
in hypertensive patients without a significant coronary
artery stenosis (Fig. 3a) and that both CFR and eGFR
were significantly associated with asymmetric dimethy-
larginine (ADMA), an endogenous competitive inhibitor
of nitric oxide (NO) synthase (Fig. 3b, c) [20]. Therefore,
decreased local NO production following an increase in
ADMA may lead to impaired microcirculation in the kid-
neys and heart, particularly in CKD. In fact, the previous
studies have reported that decreased CFR was related to
mortality in patients with CKD not undergoing hemodialy-
sis as well as in those undergoing hemodialysis [25, 26].

cm/sec

CACin CKD

There are several risk factors for coronary artery calcifica-
tion (CAC): age, diabetes mellitus, and CKD are believed
to be the most important of these [27, 28]. With population
aging, the CAC prevalence is increasing and male sex has
a greater impact on CAC [29]. Furthermore, racial differ-
ences are also observed with respect to CAC progression,
with Asians reported to have a lower prevalence than in the
Western countries, including United States [30]. The CAC
prevalence is much lower in Japan than in the other coun-
tries. Decreased kidney function is an important risk fac-
tor of CAC, and it has been reported that the prevalence
of severe CAC increases with worsening of kidney func-
tion [31]. At the initiation of hemodialysis therapy, 81% of
the study subjects in our earlier study already had CAC;
43.8% had mild-to-moderate CAC, and 37.5% had severe
CAC [32]. The CAD prevalence is higher in patients with
CAC and the prevalence is related to CAC severity [33]. This
finding is also supported by the results of several studies
conducted on only patients with CKD [31, 34].

Vascular calcification is commonly observed in CKD,
because, in addition to several classical risk factors,
patients with CKD also have certain unconventional risk

Baseline Hyperemia

!

47.48 cm/sec 87.34 cm/sec

CFR 1.77 (normal: > 3.0)

CFR=hyperemic MDV/basal MDV

Fig.2 Measurement of CFR. a Visualization of the coronary artery
using transthoracic echocardiography. b Coronary flow velocity at
baseline and during hyperemia in patients with abnormal CFR. a
Imaging of LAD using transthoracic echocardiography. First, the
MDYV at baseline is measured; thereafter, the MDV during a hypere-

mic condition induced by ATP administration (140 pg/kg/min IV) for
3-5 min b is measured. CFR is calculated as the ratio of hyperemic
MDYV to basal MDV. CFR coronary flow reserve, LAD left anterior
descending artery, MDV mean diastolic velocity

@ Springer



728 Clinical and Experimental Nephrology (2019) 23:725-732
A
<~ 200 r=0.337
E 180 p=0.006
N
Q. 160
< 140
€ 120
= 100
E g0
g 60
o 40
20
1 15 2 25 3 35 4 45 5
CFR
B C
,TET 65| e o . . ,_ET
.6 2 r=-0.459 ~
v so o @ .o
E .55 \.’{’f‘. o p<0.001 é"
o & <
§ .5 e o .}.o):. d S
=) ° o ° ° a
< .45 % o ° <
[ )
4 C P, o \
.35 . ° .
3 -3
1 15 2 25 3 35 4 45 5 20 40 60 80 100 120 140 160 180 200
CFR eGFR (mL/min/1.73m?)

Fig.3 Relationship among eGFR, CFR, and ADMA. a Relationship
between eGFR and CFR. b Relationship between ADMA and CFR.
¢ Relationship between ADMA and eGFR. eGFR estimated glomeru-

factors of vascular calcification [28]. Among the various
risk factors, mineral bone disorder is believed to be the
most crucial factor for patients with CKD. The underly-
ing mechanisms include the role of elevated serum phos-
phate levels, parathyroid hormone levels, and fibroblast
growth factor 23 levels as well as decreased active vitamin
D and klotho. Although these factors exert a considerable
influence on the progression of vascular calcification in
CKD, phosphate is the most important factor [28, 35].
The supposed mechanisms of vascular calcification involve
the transformation of vascular smooth muscle cells into
osteoblast-like cells by the uptake of phosphorus into cells
through sodium-dependent phosphorus co-transporters and
decrease of inhibitors against vascular calcification [35].
Even in the general population, serum phosphate levels are
significantly associated with CAC prevalence [36]. Serum
phosphate levels are also significantly associated with not
only increased CAD, but also increased the other CVD
events [37, 38]. Furthermore, the results of a meta-analysis
have demonstrated that the presence of vascular calcifica-
tion is significantly associated with higher CVD events
and mortality [39].
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Impact of CAC on CAD in CKD

The pathophysiology of vascular lesions related to CAD is
broadly classified into atherosclerosis and arteriolosclerosis.

American Heart Association has reported the Stary clas-
sification for atherosclerosis of coronary artery (Table 1)
[40]. As per this classification, advanced types of atheroma,
such as type 4 and 5, include calcific lesions. As mentioned
above, CAC is a very important and prominent vascular
lesion for CKD. There are two types of vascular calcifica-
tions based on the mechanisms of vascular calcific forma-
tion: one mechanism involves atherosclerotic calcification
occurring in the intimal layer of the artery, while the other
involves Monckeberg’s arteriosclerosis that occurs in the
medial layer of the artery. Although these two types of vas-
cular calcifications can be observed in patients with CKD,
Monckeberg’s arteriosclerosis is often more prominent. With
the progression of the stage of CKD, vascular calcification
progresses and is a very crucial clinical problem, particularly
in patients with CKD stage 5D (those undergoing dialysis).

Acute coronary syndrome (ACS) is a syndrome that
includes AMI and unstable angina pectoris that leads to
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Table 1 Stary classification Stary et al. [40]

Classification Histology

Main mechanisms of progression

Type I (initial lesion)
rophage foam cells
Type II (fatty streak lesion)
Type III (intermediate lesion)
Type IV (atheroma lesion)
Type V (fibroatheroma lesion)
Type VI (complicated lesion)

Increase in macrophages and formation of scattered mac-

Mainly intracellular lipid accumulation

Type 11+ extracellular lipid pools

Type 11+ extracellular lipid core

Lesion with lipid core, fibrous cap, and calcification

Lesion with ulceration, hemorrhage, and thrombus

Lipid accumulation

Lipid accumulation
Lipid accumulation
Lipid accumulation
Increase of VSMC and a fibrous component

Hemorrhage, thrombus, and hematoma

VSMC vascular smooth muscle cell

No calcium, "Micro" calcium,
minimal large plague
plaque

Heavy

calcium, Moderate
smaller \ | calcium,
plaque \v large plaque

Schoenhagen P. et al. Cleve Clin J Med. 2002;(69) Supple 3:512-520.

Fig.4 Impact of the degree of vascular calcification on plaque stabil-
ity. Coronary artery calcification alters plaque stability depending on
the size and distribution of the calcium deposit. Spotty calcification is
strongly associated with the occurrence of acute coronary syndrome

myocardial damage and death due to decreased coronary
blood flow. The causes of ACS involve rupture of unsta-
ble plaque and thrombus formation in the coronary artery.
The stability of plaque is reportedly related to calcification
(Fig. 4) [41]. Plaque with trivial or mild calcification is
unstable; however, plaque with severe calcification becomes
stable. In our previous study that assessed a composition of
culprit coronary lesions in patients with CKD demonstrated
that the percentage of necrotic core and dense calcium sig-
nificantly increased in advanced CKD and a calcific lesion
was particularly prominent (Fig. 5) [42]. In agreement with
the previous reports [43], our study also proved that the
necrotic core/dense calcium ratio was significantly higher
in patients with ACS than in those with stable angina pec-
toris [42].

In addition to atherosclerosis, arteriolosclerosis and
endothelial dysfunction are also of critical importance in
CKD. Not only significant coronary artery stenosis but
also arteriolosclerosis and endothelial dysfunction result
in impaired coronary microcirculation and lead to cardiac
hypertrophy and myocardial fibrosis. CFR reflects sever-
ity of arteriolosclerosis and endothelial dysfunction, and
CAC proved to be inversely associated with CFR [44—46].
In patients with advanced CKD including those undergoing
dialysis, elevations of cardiac biomarkers such as troponin
T and I, patchy myocardial fibrosis, and chronic myocardial
injury are often observed [47, 48]. Such myocardial ischemia
in advanced CKD is diffuse. Therefore, majority do not show
typical ECG changes, such as ST elevation and abnormal
Q wave in myocardial infarction (MI). We speculate that
these pathophysiological mechanisms may be the underlying
reason for the high incidence of congestive heart failure and
type 2 myocardial infarction (non-ST elevation MI without
a significant coronary artery stenosis) in advanced CKD.

Treatment of CAD in CKD

In general, aggressive treatment for CAD involves percu-
taneous coronary intervention (PCI) and coronary artery
bypass grafting (CABG). It is very challenging to decide
which treatment is better for patients with CKD, and the
strategy is controversial. A randomized-controlled trial
(RCT) in patients with severe CAD demonstrated that
CABG resulted in lower rates of the combined end point of
major adverse cardiac or cerebrovascular events at 1 year
compared to PCI [49]. Another RCT conducted on subjects
with multivessel CAD and diabetes mellitus also demon-
strated that CABG reduced the mortality rates and MI preva-
lence significantly more than PCI [50].

In contrast, limited information is available regarding this
issue in CKD, because, to our knowledge, no RCT has been
conducted on patients with CKD until date. The results of
a previous meta-analysis that included patients with CKD
except for those undergoing dialysis reported no significant
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Fig.5 Visualized images of the coronary plaque morphology in each CKD stage. CKD chronic kidney disease

differences in the mortality between the CABG and PCI
groups; however, CABG was superior to PCI in terms of the
occurrence of MI and revascularization [51]. With respect to
patients undergoing dialysis, a previous observational study
using multivariable adjusted proportional hazards regres-
sion and a propensity score-matched cohort have revealed
that, as compared to PCI, CABG was associated with sig-
nificantly lower risks for both, death and the composite of
death or MI [52]. A meta-analysis has shown that the short-
term mortality is higher and the long-term cardiac event
rate is lower in the CABG group as compared to that in the
PCI group [53]. Although the meta-analysis also reported
no significant differences in the long-term mortality, several
critical issues were included in this study. First, these data
are mainly from foreign countries other than Japan. Japanese
patients undergoing dialysis are reported to have much bet-
ter prognosis than patients undergoing dialysis in the other
countries [54]. If an intervention study that targets patients
with CAD undergoing dialysis is performed in Japan, favora-
ble results can be obtained. Second, PCI is a treatment for a
local vascular lesion, and CABG is a treatment for the total
vessel. Patients undergoing dialysis have severe vascular
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calcification; therefore, cardiologists commonly encounter
coronary lesions for which PCI is challenging in the clinical
setting. In severe CAC, stent delivery for a target lesion is
often disturbed. Furthermore, patients undergoing dialysis
commonly exhibit multivessel lesions. Thus, we believe that
CABG should be selected for patients undergoing dialysis if
the patient condition is relatively stable.

Taking these findings into account, we propose the fol-
lowing indications of PCI for patients with CKD; (1) an
emergency case, (2) early-to-moderate stage CKD, (3) high
risk involved in surgical approach, (4) short expected life
span, and (5) contraindication for CABG (single-vessel dis-
ease or two-vessel disease except for left anterior descending
and/or left main trunk).

Conclusion

The course of CAD in patients with CKD is different from
that in those without CKD. Thus, occasionally, common pro-
tocol followed for patients without CKD may not be appli-
cable to those with CKD. Furthermore, the available data
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regarding CKD have been derived from clinical studies that
did not involve patients with CKD. Therefore, these data
may not applicable to patients with CKD. Thus, the treat-
ment decision for patients with CKD should be made after
considering the patient’s clinical characteristics.
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