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Abstract

Cardiovascular disease (CVD) is a life-limiting comorbidity in patients with chronic kidney disease (CKD). In childhood,
imaging studies have demonstrated early phenotypic characteristics including increases in left ventricular mass, carotid artery
intima-media thickness, and pulse wave velocity, which occur even in young children with early stages of CKD. Vascular
calcifications are the signature of an advanced phenotype and are mainly found in adolescents and young adults treated with
dialysis. Association studies have provided valuable information regarding the significance of a multitude of risk factors in
promoting CVD in children with CKD by using intermediate endpoints of measurements of surrogate parameters of CVD.
Dialysis aggravates pre-existing risk factors and accelerates the progression of CVD with additional dialysis-related risk factors.
Coronary artery calcifications in children and young adults with CKD accumulate in a time-dependent manner on dialysis.
Identification of risk factors has led to improved understanding of principal mechanisms of CKD-induced damage to the
cardiovascular system. Treatment strategies include assessment and monitoring of individual risk factor load, optimization of
treatment of modifiable risk factors, and intensified hemodialysis if early transplantation is not possible.
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Scope of the problem: pediatric mortality
on dialysis

Introduction

Chronic kidney disease (CKD) is associated with the devel-

opment of cardiovascular disease (CVD). Cardiovascular dis-
ease is an evolving process starting at early CKD stages, and
children with CKD are likely the pediatric population with the
highest risk for CVD [1]. In all age groups, but especially in
the young, CVD results in excessive morbidity and mortality
of dialysis patients, which is attributed to an unparalleled ac-
cumulation of risk factors. These include classical CVD risk
factors, CKD-related risk factors appearing at early stages of
CKD, and dialysis-related risk factors.
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Data from pediatric registries have consistently shown that
CVD is the single most important comorbidity preventing
long-term survival in pediatric dialysis patients. A recent re-
port by the North American Pediatric Renal Transplant
Cooperative Study (NAPRTCS) summarizing data on >
6000 children on dialysis has compared clinical parameters
and patient survival in the first 10 years of the registry
(1992-2001) with the last decade (2002-2011) [2]. While
there was a significant improvement in survival after dialysis
initiation in the latter cohort, cardiopulmonary complications
remained the leading specified cause of death (21%) in both
cohorts. Likewise, population-based registry data from 6473
pediatric patients undergoing chronic renal replacement ther-
apy in 36 European countries in the years 2000-2013 showed
CVD as the leading cause of death (18.2%), with cardiac
arrest/sudden death (54.4%) as the main contributor [3]. In a
study by the Australia and New Zealand Dialysis and
Transplant Registry, with data of > 1600 patients receiving
renal replacement therapy (study period 1963-2002), CVD
was the most common cause of death in the entire cohort;
cardiovascular causes accounted for 57% of deaths among
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children receiving hemodialysis (HD), 43% among those re-
ceiving peritoneal dialysis (PD), and 30% among those with a
functioning renal transplant [4]. Mortality rates were 30 times
as high as for children without end-stage kidney disease
(ESKD). This study showed significantly lower mortality
rates in children initiating dialysis during later years of obser-
vation (after 1982), similar to a Dutch cohort study observing
381 patients during 1972—-1992 [5] and a study of 208 children
treated for ESKD during 1973-2012 in Warsaw, Poland [6].
Likewise, an analysis of the large USRDS database on >
23,000 children initiating dialysis treatment in the USA during
1990-2010 found significantly decreasing rates for overall
and cardiovascular mortality [7]. Declining mortality rates
probably reflect progress in the treatment of risk factors for
CVD; however, it should be noted that duration of dialysis
treatment (vintage) was a strong independent risk factor for
progression of CVD in studies analyzing prevalence and pro-
gression of vascular calcifications [8, 9].

Taken together, registry data as well as single center and
multicenter studies in children undergoing dialysis treatment
have provided solid evidence that CVD is a progressive and
life-limiting comorbidity and accelerated by dialysis. In other
words, in the individual patient, life expectancy is severely
shortened by dialysis and much better with kidney transplan-
tation [10].

Identifying the risk factors: association
studies

To understand the effect of dialysis on CVD progression, an
increasing body of studies has been devoted to the character-
ization of the clinical phenotype of CVD and the identification
of risk factors associated with the initiation and progression of
phenotypic characteristics in young patients with CKD who
are usually asymptomatic.

Due to the low incidence of hard CVD endpoints in chil-
dren with CKD (such as myocardial infarction, stroke, ar-
rhythmia, death), pediatric studies have used surrogate param-
eters such as the left ventricular mass index (LVMI), the ca-
rotid artery intima-media thickness (cIMT), and pulse wave
velocity (PWV). Even small increments in measurements of
these parameters are highly predictive of future cardiovascular
events in the general population and in adults with CKD [11].
Data are compared to normal pediatric values [12—-15] and
measurements above the 95th percentile for age have been
defined as intermediate endpoints for CVD. Thus, the clinical
significance of an ever-growing list of risk factors and bio-
markers can be investigated by association studies using these
intermediate endpoints.

In addition to LVMI, ¢IMT, and PWYV, other noninvasive
measurements have been used to characterize the phenotype
of CVD in pediatric CKD patients. Endothelial dysfunction,
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long recognized as the earliest manifestation of vascular dis-
ease at the level of the microcirculation, has been detected in
children in all stages of CKD using flow-mediated dilation
(FMD) of the brachial artery or plethysmographic methods
[16, 17]. Recent studies show that microvascular rarefaction,
which has been a consistent finding in animal models and in
humans with CKD, is associated with tissue hypoxia and dys-
functional angiogenesis [18-20]. Thus, endothelial dysfunc-
tion is at least in part due to massive loss of microvessels as
part of a CKD-induced systemic microvascular disease.

Dilatation of the aorta measured by echocardiography has
recently been described in a high percentage of pediatric CKD
patients as a new potential marker of CVD. Aortic dilatation is
typically observed in animal models of CKD and vascular
calcification and could be an early marker of aneurysm for-
mation [21]. Measurement of the cIMT can be combined with
M-mode sonography of the common carotid artery to assess
local arterial stiffness, expressed by the distensibility coeffi-
cient. Recent studies indicate a decreased distensibility of the
carotid artery in children and young adults with CKD [22, 23].

Cross-sectional association studies have uniformly shown
an increase in surrogate parameters with advancing stages of
CKD, suggesting that CVD comorbidity already starts at an
early stage of CKD and that progression of CVD parallels the
loss of renal function. This has been confirmed by data from a
large community-based population of adults showing an inde-
pendent and graded association between a reduced estimated
glomerular filtration rate (¢GFR) and the risk of death, cardio-
vascular events, and hospitalization [24]. However, the effect
of different risk factors on progression of CVD can only be
answered by prospective cohort studies.

Diagnosing cardiovascular comorbidity
in young patients with CKD

The early phenotype

To detect early cardiovascular alterations, prospective cohort
studies have included children with predialysis CKD stages. A
prospective observational study including > 700 European
children with CKD, the Cardiovascular Comorbidity in
Children with CKD (4C) study, showed that at baseline
(eGFR 10-60 ml/min per 1.73 m?), left ventricular hypertro-
phy (LVH) was present in 33.4%, cIMT was elevated in
41.6%, and PWV was increased in 20.1% of patients [25].
Thus, there is extensive myocardial and vascular remodeling
and stiffening in many children with predialysis CKD in the
absence of symptomatic CVD. Similar results were found in
several reports from the CKiD (Chronic Kidney Disease in
Children) study, a prospective cohort of 586 US children aged
1-16 years baseline (¢GFR 30-90 ml/min per 1.73 m?) [26].
These large cohort studies are adequately powered for
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studying the progression of altered cardiovascular morpholo-
gy and function and for analyzing the significance of risk
factors and biomarkers of this process in children as they
advance through successive stages of CKD.

The advanced phenotype: vascular calcifications

Vascular calcifications indicate an advanced stage of vascular
damage. Typically located in the arterial media, vascular calci-
fications are the final result of an active, regulated process of
arterial remodeling, which in detail resembles bone formation,
mediated by a transition of vascular smooth muscle cells to a
chondro-osteoblast phenotype [27]. Simultaneously, a mirror-
image impairment of bone remodeling and mineralization has
been detected in adult CKD patients, leading to the term chronic
kidney disease-mineral bone disorder (CKD-MBD) to charac-
terize the altered mineral, bone, and vascular biology [28].

The presence of coronary artery calcifications (CAC) is
strongly predictive of myocardial infarction, heart failure,
and stroke in adult predialysis CKD patients [29] and an in-
dependent predictor of all-cause mortality, cardiovascular
events, and cardiovascular mortality in adult dialysis patients
[30]. In the past two decades, several studies using computer-
ized scanning methods for coronary artery calcification, quan-
tified by the Agatston score, have shown a variable prevalence
of CAC in young ESKD patients (Table 1). Rapid progression
of these lesions during follow-up was first documented in the
seminal study by Goodman et al., which described a doubling
of calcification scores within 20 months [31]. The only sys-
tematic follow-up study showed an increase of the median
Agatston score from 101 to 1759 in 48 patients after 2 years;
Agatston score decreased in only 3 patients [41].

It should be noted that a differentiation of early and ad-
vanced phenotype reflects data of the imaging studies per-
formed in the pediatric CKD population. Significant increases
in LVMI, IMT, and PWV have been found in early stages of
CKD and even in young children (Table 2). Arterial calcifica-
tions may be occasionally seen even in young children with
predialysis CKD, but most patients with proven CAC have
been adolescents or young adults on dialysis or with a history
of dialysis. However, current imaging methods do not neces-
sarily reflect the dynamic changes on a tissue level. Data from
arterial biopsies performed in children suggest that CKD in-
duces a calcifying arteriopathy in a continuing process, devel-
oping at early stages of CKD with rapid progression on dial-
ysis [51].

Risk factors in dialysis patients identified
in association studies

While the prevalence of CAC was quite variable in imaging
studies of young patients, the risk factors identified as

associated with their presence were remarkably uniform.
Moreover, more or less the same risk factors have been uni-
versally found in association studies with surrogate CVD end-
points (Table 2), confirming their clinical significance in driv-
ing progression of CVD.

Duration of dialysis (dialysis vintage)

Dialysis vintage was a predictor of CAC in 5 of 9 studies
evaluating risk factors for CAC in children and young adults
(Table 1). Most studies of CAC included not only incident
dialysis patients but also adolescents or young adults with
childhood-onset ESKD who were transplanted or had returned
to dialysis. Dialysis vintage was associated with the presence
of calcifications even in patients who had undergone trans-
plantation (in these cases, dialysis vintage is calculated as
cumulative time on dialysis). This suggests that calcifications
accumulate in a time-dependent manner on dialysis and show
little or no regression during the time of a functioning trans-
plant. Figure 1 shows the association of dialysis vintage with
Agatson scores across all published studies of CAC in young
patients with childhood-onset ESKD. This association shows
a strong, albeit insignificant (p =0.2) linear trend, which is
remarkable in view of the large age range, relatively small
number of subjects investigated, and interindividual variation
in the number and severity of risk factors. Given the logarith-
mic scale of the Agatston score, this linear association sug-
gests an exponential effect of dialysis vintage on the develop-
ment of vascular calcifications.

Disturbed mineral metabolism/CKD-MBD

Increased serum levels of phosphorus, calcium, and parathy-
roid hormone (PTH) have been identified as independent pre-
dictors of CAC in most imaging studies (Table 1). In retro-
spect, reported associations with the serum calcium—phospho-
rus product may be due to the statistical procedures used in
multivariate analyses (when significant correlations with cal-
cium and phosphorus are present); since essentially all of the
variability of the calcium—phosphorus product is explained by
the serum phosphorus levels, the concept has now been aban-
doned [52]. Moreover, fibroblast growth factor-23 (FGF-23)
has not been measured in these studies, which in retrospect is a
strong limitation in view of the important role of FGF-23/
klotho axis in mineral metabolism and bone and vascular bi-
ology [53-55]. In adult dialysis populations, phosphorus, cal-
cium, PTH, and FGF-23 serum levels have been found inde-
pendently associated with cardiovascular events, and their
principal importance regarding survival has been addressed
in many excellent reviews. International guidelines for diag-
nosis and treatment were recently updated [28]. The patholog-
ical significance of each of these factors has been shown by a
multitude of epidemiological studies, and animal models and
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Coronary Calcifications in Young Patients with ESKD
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Fig. 1 A plot of the Agatston score (AS, logarithmic scale) of all
publications documenting coronary artery calcifications in young
patients shows a trend for an increase with time on dialysis (p =0.2).
ESKD end state kidney disease

in vitro studies have elucidated pathophysiological mecha-
nisms (reviewed in [56]). However, these disturbances are part
of'a larger system disorder, the CKD-MBD, and should not be
viewed and treated individually; they are not regulated inde-
pendently, their effects on target cells are often interdependent,
and treatment of one factor usually influences the others, mak-
ing treatment of CKD-MBD extremely challenging. Data of >
26,000 adult dialysis patients has shown that 80% of patients
were uncontrolled in at least one biochemical variable. In this
study employing phenotypes of CKD-MBD to assess differ-
ences in clinical outcome, phenotypes with high calcium and
PTH > 300 pg/dl were consistently associated with a higher
risk [57]. Current guidelines state that hypercalcemia may be
harmful in all GFR categories of CKD and call for restriction
in the use of calcium-containing phosphate binders [28].

The dramatic effect of dialysis on vascular remodeling was
demonstrated in a histological study of arterial biopsies taken
from children with CKD; vessels from dialysis patients showed
amarked increase in calcium content and induction of apoptosis
in vascular smooth muscle cells compared to predialysis ves-
sels, and the arterial calcium content correlated with dialysis
vintage, the serum calcium-phosphate product, and the cIMT
[51, 58]. Thus, dialysis strongly aggravates CKD-MBD, which
may in part be due to difficulties in treating mineral dysregula-
tion (see below). However, it has been suggested that dialysis
may disable defense mechanisms protecting from vascular re-
modeling and calcification. In fact, dialysis treatment was found
associated with changes in circulating levels of calcification
inhibitors such as fetuin-A and osteoprotegerin (OPG); fetuin-
A levels decreased with time on dialysis and were inversely
associated with vascular calcification in pediatric patients
[37]. In incident adult dialysis patients, OPG and fetuin-A were
significantly associated with all-cause and cardiovascular mor-
tality during follow-up [59]. The importance of circulating in-
hibitors of the calcification process was recently confirmed by
several studies using a novel in vitro test (T50 test) for the
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determination of calcification propensity in blood. This test
quantifies the calcification inhibition of serum by treatment
with supersaturated calcium and phosphate solutions, which
results in the formation of (mainly fetuin-containing) primary
calciprotein particles [60]. Calcification propensity was signif-
icantly associated with cardiovascular events in predialysis
CKD and HD patients [60, 61].

Treatment of mineral dysregulation/CKD-MBD

Surrogate endpoints and vascular calcifications have been
found associated with the use of calcium-containing phos-
phate binders and vitamin D preparations (which enhance in-
testinal calcium and phosphorus absorption), indicating over-
treatment with these medications [38]. Treatment is especially
difficult in the pediatric population due to the demands of a
growing skeleton. Undertreatment with vitamin D prepara-
tions carries the risk of rickets, diminished growth, uncon-
trolled hyperparathyroidism, and high-turnover bone disease,
while oversuppression of PTH may result in adynamic bone
disease and—especially in combination with calcium-
containing phosphate binders—in vascular calcification, stiff-
ening, and premature aging of arteries [62]. Recent guidelines
have therefore argued for a very cautious use of vitamin D
preparations and modified recommendations for phosphate
binders (see below).

Inflammation

CKD is a state of persistent low-grade inflammation, which is
generated by a multitude of disease-related factors and funda-
mentally involved in many comorbid conditions, as summa-
rized in Fig. 2 [63]. Markers of inflammation such as C-
reactive protein and interleukin 6 (IL-6) have been consistent-
ly found elevated in CKD patients and are validated predictors
of all-cause and cardiovascular mortality [64]. Chronic infec-
tions with Chlamydia pneumoniae, chronic periodontitis, and
other infections may also increase the inflammatory burden.
Thus, coronary calcium scores were strongly correlated with
C-reactive protein and C. pneumoniae seropositivity in one
study [33].

Both HD and PD further aggravate inflammation by dis-
tinct mechanisms. As extensively reviewed, data collected in
adult patients shows that dialysate quality, bioincompatibility
of dialysis membranes, accumulation of uremic toxins and
oxidation products, and loss of antioxidants are detrimental
effects of HD [63, 65]. Data of a recent pediatric study indi-
cates that even a short HD vintage of 3 months increases
inflammation and endothelial stress [66]. Peritoneal dialysis
adds intraperitoneal inflammation (due to various factors such
as peritonitis, bioincompatibility of the dialysis solution, ac-
cumulation of glucose degradation products and advanced
glycation end products) to the systemic inflammatory burden.
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Fig. 2 Causes and consequences
of inflammation in chronic kidney
disease (CKD)
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Recent data from the IPPN network shows that PD promotes
inflammation, neoangiogenesis, and further morphologic and
functional changes of the peritoneum even with the use of
“biocompatible” PD solutions [67].

Inflammation is also linked to cachexia and protein-
energy wasting, which has long been recognized as an im-
portant risk factor for adverse dialysis outcome in adults.
Recently, cachexia was defined as “a complex metabolic
syndrome associated with underlying illness and character-
ized by loss of muscle, with or without loss of fat”; it is
associated with low serum albumin and loss of body weight;
muscle mass is reduced, whereas fat mass is normal or in-
creased [68]. Thus defined, cachexia is a well-known clinical
feature in pediatric dialysis patients, often combined with
failure to thrive and stunted growth. Recent research has
unraveled a complex pathophysiology underlying the impor-
tant contribution of cachexia to the multimorbidity of dialy-
sis patients [68].

Dyslipidemia

Dyslipidemia is a classical risk factor for CVD. However,
associations with phenotypic characteristics were only found
in two studies (showing lower serum total cholesterol (Chol)
levels in patients with vascular calcifications, Table 1). Since
dialysis patients have an atherogenic lipoprotein profile, this is
somewhat surprising. Typically, in nonproteinuric stage 5
CKD and on HD, serum levels of Chol and LDL-C (low-
density lipoprotein cholesterol) are within normal limits, while

there is accumulation of triglyceride-rich lipoproteins in the
circulation; HDL-C levels are typically low. With PD, Chol
and LDL-C levels may be increased, which is thought to be
due to dialysate protein losses [69]. However, lipoprotein
composition is distinctively abnormal, including oxidized
lipids within lipoprotein particles, increased levels of the ath-
erogenic lipoprotein (a), and an abnormal high-density lipo-
protein (HDL) composition, with altered function of HDL
including reduced antioxidant and anti-inflammatory func-
tions [70, 71].

It is obvious that altered lipoprotein composition and func-
tion cannot be detected by measurements of lipid levels,
which may explain the lack of their significance in many clin-
ical association studies of CKD patients. However, recent
large epidemiological studies have even shown “reverse
epidemiology”: higher blood lipid levels, e.g., Chol,
triglyceride/HDL ratio, were associated with better survival
of adult HD patients [72]. These studies, and the failure of
lipid-lowering medication to improve mortality in adult
ESKD patients [73], point to the limitations of simply
assessing blood lipid levels as risk factors for ESKD patients
and indicate that the pathophysiology of CVD in patients with
CKD is different from the general population.

Nevertheless, there is strong evidence that altered lipopro-
tein composition, especially oxidatively modified lipopro-
teins, contributes to vascular damage in dialysis patients
[74]. HDL isolated from children with stage 2—5 CKD was
shown to promote endothelial dysfunction and changes in
vascular phenotype [75].
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Hypertension

Hypertension is the most prevalent classical risk factor
for CVD in pediatric dialysis patients in Europe [76]
and the USA [77]. In association studies of pediatric
dialysis patients, systolic blood pressure was typically
correlated with LVH and LVMI, but not with other vas-
cular measurements or vascular calcification (Tables 1
and 2). This is in contrast to earlier CKD stages, where
systolic blood pressure was identified as the single in-
dependent factor significantly associated with all surro-
gate markers of CVD in the 4C study. This suggests
that the development of vascular calcifications is mainly
driven by other risk factors such as disturbed mineral
metabolism. However, hypertension is a strong predictor
of survival on dialysis in adult patients. Once
established, LVH, mainly reflecting the effects of hyper-
tension, is incrementally associated with adverse CVD
outcomes [78].

Anemia

Anemia is a frequent complication on dialysis and associated
with inflammation, hyperparathyroidism, hypertension, and
morbidity and mortality in pediatric patients [79, 80].
Several pediatric studies (Table 2) have found an association
between lower hematocrit/hemoglobin levels and cardiac pa-
rameters (LVH/LVMI), which is in line with many large ob-
servational studies in adult dialysis patients. It is well known
that the development of LVH is a consequence of volume and
pressure overload; anemia contributes to LVH, mainly by a
chronic increase in cardiac output and chronic volume over-
load, but also via reduced tissue oxygen delivery by the mi-
crocirculation [20]; the combination of increased cardiac
workload and reduced oxygen supply may explain the impor-
tance of this nontraditional risk factor for cardiac outcomes
such as ischemic and congestive heart disease and sudden
cardiac death [81].

Hypoalbuminemia

Although hypoalbuminemia in dialysis patients is promoted
by, and thus reflects, inflammation and fluid overload, low
albumin levels are an independent risk factor for overall and
cardiac mortality of dialysis patients, as recently confirmed in
a large meta-analysis [82]. It is a prominent feature of cachex-
ia, where muscle atrophy and breakdown of protein stores are
mainly attributable to increased proteolysis and not malnutri-
tion [83]. This illustrates the limitations of albumin as a nutri-
tional marker in CKD. In PD patients, peritoneal protein
losses may contribute to hypoalbuminemia.
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Why is CVD accelerated by dialysis?

Dialysis treatment is the ultimate cardiovascular risk factor for
the CKD patient. Several dialysis-related mechanisms have
been identified that are responsible for driving progression
of CVD in concert (Fig. 3). The identification of these risk
factors has uncovered principal mechanisms of CKD-induced
damage to the cardiovascular system.

Fluid overload

Fluid overload, mostly due to sodium and water retention of
the failing kidney and intradialytic weight gain, is omnipres-
ent in pediatric dialysis units. It is an important cause of death
in dialyzed children, contributing 16.1% to the mortality from
cardiovascular causes, second only to cardiac arrest/sudden
death (54.4%) in European children [3]. Interdialytic weight
gain is a strong predictor of LVH in children on HD [84]. Fluid
overload further aggravates pre-existing hypertension in CKD
and is associated with congestive heart failure and mortality in
adults. In a large prospective study of adult HD patients using
whole-body bioimpedance spectroscopy for assessment of hy-
dration status, cumulative 1-year fluid overload exposure pre-
dicted a significantly higher death risk across all categories of
systolic blood pressure [85]. Consequently, residual urine out-
put is associated with better survival of adult patients treated
with HD or PD [86].

Fluid overload develops easily in PD patients if fluid intake
is not adjusted to ultrafiltration volume; data in adult long-
term PD patients indicate that overhydration may be the most
important cardiovascular risk factor in this population [87].
However, overhydration is not a simple equation problem of
fluid and sodium balance; emerging evidence indicates that
fluid overload may aggravate inflammation in PD and HD
patients via a variety of mechanisms, including proinflamma-
tory effects of tissue sodium [88], and induce
microinflammation and markers of endothelial dysfunction
[89]. Furthermore, the effects of fluid overload cannot be dis-
sociated from the detrimental effects of high-volume fluid
removal, especially with rapid ultrafiltration [90].

Intradialytic hypotension

Intradialytic hypotension (IDH) is a frequent complication
during HD. While the prevalence is unknown in pediatric
patients, a recent retrospective study using data of almost
40,000 HD patients included in the US Renal Data system
found that intradialytic hypotension occurred in 31.1% of pa-
tients over a 90-day period [91]. The frequency of IDH was
strongly correlated with interdialytic weight gain and IDH
showed a significant association with cardiac morbidity and
mortality.
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Fig. 3 Cardiovascular phenotype in pediatric dialysis patients: risk factors and mechanisms

Importantly, there is increasing evidence that IDH leads to
subclinical myocardial injury. In children and adults, revers-
ible myocardial dysfunction (myocardial stunning) has been
demonstrated by serial echocardiography during conventional
HD sessions [92]. Stunning within myocardial segments cor-
relates with intradialytic blood pressure changes and ultrafil-
tration volume and with reductions in myocardial blood flow
[93, 94]. Thus, the hemodynamic stress of fluid removal by
HD predisposes to clinically significant demand myocardial
ischemia, even in children with presumably patent coronary
arteries, most likely indicating an insufficient microvascular
response [95]. Microvascular rarefaction has been demonstrat-
ed in uremic patients including children [18] and in animal
models of uremia [20], and a myocyte/capillary mismatch in
the myocardium may be the chief contributor to myocardial
demand ischemia [96].

Impaired cardiac mechanics

Subclinical systolic dysfunction is a frequent finding in pedi-
atric dialysis patients [97]. Recent advances in diagnostic
techniques have further broadened the understanding of sub-
clinical cardiac damage in CKD. Cardiac strain analysis of
myocardial deformation by speckle tracking echocardiogra-
phy has shown that impaired systolic function is already pres-
ent in children with predialysis CKD, characterized by lower
radial strain and mild cardiac dyssynchrony [98]. A longitu-
dinal analysis demonstrated changes in ventricular diastolic
function early in the course of CKD and changes in ventricular
longitudinal strain in children on dialysis [99], which in
adults, are associated with increased mortality [100]. Left ven-
tricular dyssynchrony was detected in children treated with

HD and PD and related to volume changes during HD
[101]. In adults treated with PD, left ventricular dyssynchrony
was associated with dialysis adequacy [102]. Taken together,
these data indicate that cardiac mechanics are chronically im-
paired in patients treated with HD or PD, suggesting underly-
ing effects of dialysis-related factors such as volume overload/
removal and possibly insufficient removal of uremic toxins.

Oxidative stress, protein modification

Oxidative stress (OS), defined as an imbalance between oxi-
dative products and antioxidant defense mechanisms, is
strongly promoted by dialysis, by both accumulation of oxi-
dation products and removal of antioxidants during dialysis.
OS may be more pronounced with HD [65] than with PD
treatment [103]. OS causes damage to proteins, organs, and
tissues and is a chief contributor to chronic inflammation and
anemia. Evidence has accumulated that circulating oxidized
proteins are involved in the progression of CVD. Among the
lipoproteins, oxidized LDL and oxidized HDL have been
found to be associated with cardiovascular events in adult
HD patients [104, 105]. Serum levels of lipoprotein (a), a
strong, genetically determined risk factor for CKD-
associated CVD, are elevated in dialysis patients; recent stud-
ies have shown that this lipoprotein transports proinflamma-
tory oxidized phospholipids, which may at least in part ex-
plain its atherogenicity [106]. Other proteins generated by OS
include oxidized albumin [107], oxidized PTH [108], ad-
vanced oxidation protein products (AOPPs), advanced
glycation end products (AGEs), and carbonylated proteins
(carbonyl stress), all of which have emerged as biomarkers
of OS and CKD-associated CVD.
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Plasma proteins, by exposure to urea and its dissociation
by-product, isocyanic acid, or by an enzymatic reaction in-
volving myeloperoxidase, may undergo carbamylation,
resulting in a change in structure and function. The accumu-
lation of carbamylated proteins parallels increases in urea in
the circulation, which has renewed scientific interest in urea as
a uremic toxin [109]. Recent studies have shown that serum
carbamylated albumin, as a systemic marker of carbamylation
burden, has a high predictive value for mortality in adult HD
patients [110, 111]. In addition, carbamylation may affect
LDL, HDL, and other circulating proteins involved in athero-
sclerosis and arteriosclerosis [112].

Reducing the risk factor load in dialyzed
children

Since preemptive or at least early kidney transplantation is
often not possible, a concerted effort for risk factor load re-
duction should be made in every young patient. Of course,
patient cooperation is essential. Individual medical and psy-
chosocial strategies are warranted for the child and adolescent
on dialysis, and the need for a comprehensive approach in-
volving caregivers, nursing staff, renal dieticians and psycho-
social counseling cannot be overemphasized [113, 114].

General preventive measures include encouraging physical
exercise and measures to lower smoking exposure if present;
smoking should not be tolerated. Exercise training is feasible
during dialysis [115]. Physical activity might be stimulated by
the use of activity-tracking devices [116].

Although malnutrition has been reported in dialyzed chil-
dren [49], recent combined data from pediatric registries (in-
cluding dialyzed and transplanted patients) show a low prev-
alence of underweight (3.5%), whereas 20.8% of the patients
were overweight and 12.5% obese [117]. Nutritional manage-
ment should therefore focus on prevention of both malnutri-
tion and obesity. In patients with low serum albumin and loss
of dry weight, cachexia may be present; currently developed
diagnostic measures may help to better define the cachexia
phenotype in ESKD to provide individualized treatment and
nutritional support [118].

Prevention of fluid overload demands estimation of dry
weight, which is notoriously inaccurate with clinical methods.
Unfortunately, currently available techniques for exact estima-
tion of dry weight have limitations, including bioimpedance
measurements [119, 120]. Emerging evidence indicates that
lung ultrasound may be useful in the assessment of dry
weight, but this method needs larger validation studies in chil-
dren [119]. Given the well-known problems with management
of interdialytic weight gain (especially in adolescents) and the
inaccuracies in dry weight estimation, management of fluid
overload remains one of the most challenging aspects of care
for pediatric dialysis patients. However, residual urine output
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is a protective factor [45] and care should be taken to avoid
loss of residual renal function. Data from the IPPN network
has shown that diuretic therapy significantly reduced the risk
for oligoanuria, whereas renin—angiotensin system antagonists
significantly increased the risk [121].

Fluid overload frequently associates with inflammation,
amplifying the cardiovascular risk, as shown in a recent inter-
national cohort study of adult HD patients [122]. Intestinal
dysbiosis and barrier dysfunction with accumulation of gut-
derived uremic toxins may also contribute to inflammation
[123]. Accordingly, current studies are focusing on intestinal
toxin binding by absorbents such as sevelamer [124] and pre-
ventive therapies with probiotics [125].

To improve treatment of mineral dysregulation/CKD-
MBD, a working group has recently issued recommendations
for native vitamin D therapy and active vitamin D prepara-
tions in pediatric patients [126, 127]. While calcium-
containing phosphate binders are the cheapest and still most
frequently used phosphate binders, they carry the risk of cal-
cium overload and are associated with CAC. A single ran-
domized trial comparing sevelamer hydrochloride and calci-
um carbonate in pediatric dialysis patients found similar con-
trol of serum phosphorus levels, a lower incidence of hyper-
calcemia with calcium carbonate, and a higher incidence of
metabolic acidosis with sevelamer treatment [128]. A recent
review of 23 randomized trials in adult patients comparing
sevelamer with calcium-based binders concluded that
sevelamer attenuated progression of coronary and aortic cal-
cification but was not associated with a significant difference
in all-cause or cardiovascular mortality [129]. Several other
calcium-free phosphate binders have been used in adult pa-
tients; however, a recent meta-analysis evaluating all currently
available phosphate binders found no evidence that phosphate
binder treatment reduces all-cause mortality compared to pla-
cebo in adults with CKD [130]. These findings illustrate the
multimorbidity of CKD patients and the complex pathophys-
iology of CVD; still there is consensus that phosphate lower-
ing with phosphate binders and maintaining the phosphorus
level in its normal range is beneficial to prevent progression of
CVD in CKD patients. Sevelamer carbonate (as opposed to
sevelamer hydrochloride) does not cause metabolic acidosis;
safety and efficacy were recently confirmed in a first multi-
center study of hyperphosphatemic pediatric patients with
CKD [131]. Since hypercalcemia is frequent with calcium-
containing binders, more studies in pediatric patients are need-
ed to evaluate calcium-free preparations. Calcimimetic drugs
have been successfully used to control severe secondary or
tertiary hyperparathyroidism, but experience in children is still
limited [132]. In children undergoing PD, phosphate removal
may potentially be improved by monitoring phosphate clear-
ance and adapting PD prescription [133].

Anemia (Hb< 10 g/dl) is found in a high prevalence in
children on HD and PD, as shown by data from pediatric
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registries [2, 80, 134]. A recent retrospective cohort study in
children on HD has shown that, in contrast to adult patients,
Hb levels of 12 g/dl and above are not associated with in-
creased cardiovascular comorbidity [135]. These data indicate
that therapy with erythropoiesis-stimulating agents (ESAs)
and iron supplementation can be augmented in many patients
to avoid this treatable risk factor.

Data from registry studies in the USA and Europe show
that hypertension is uncontrolled in about half of the PD pa-
tients and in the majority of HD patients [76, 77]. To improve
hypertension control, aggressive therapeutic measures are
warranted, including better management of dry weight and
fluid intake, dietary sodium intake, antihypertensive medica-
tions, and optimization of dialysis [136]. In addition, newer
diagnostic methods (tissue Doppler, speckle tracking echocar-
diography) should be considered for monitoring of cardiac
strain.

Altogether, current evidence indicates that treatment of
modifiable cardiovascular risk factors is insufficient. These
include foremost mineral dysregulation, especially phospho-
rus levels, anemia, and hypertension. Since even short periods
of dialysis are associated with detrimental effects on the car-
diovascular system, these risk factors especially demand ag-
gressive management and careful monitoring. However, the
additional effect of dialysis-related risk factors requires mod-
ifications of standard dialysis therapy for optimization of car-
diovascular prevention.

To overcome the limitations of conventional HD, intensi-
fied HD programs in the form of short daily (SDHD), noctur-
nal intermittent (NIHD, in center), daily home (DHHD), or
daily nocturnal home HD (NHHD) have been developed in
various pediatric centers [137]. First, an SDHD program was
initiated in Strassburg, France, in 2004 combining in-center
high-efficiency online hemodiafiltration (HDF) with growth
hormone therapy and reporting impressive catch-up growth
with this modality [138]. Patients participating in a program
of NHHD founded in Toronto, Canada, in 2005 were shown to
have improvement in quality of life and school attendance
[139]. Also in 2005, a program for in-center NIHD was
established in Berlin, Germany [140], reporting further im-
provement of dialysis efficacy with HDF compared to HD in
a crossover study of NIHD patients; this dialysis modality
may be especially attractive for adolescents [141]. Improved
growth was also reported in patients undergoing NHHD in
Sao Paolo, Brazil, during 2008-2010 [142]. In short, patients
with all forms of intensified HD were free of fluid or dietary
restrictions; medications (including phosphate binders, eryth-
ropoietin, and antihypertensive agents) could be reduced; and
control of blood pressure, phosphate levels, and anemia was
improved. While data from these programs clearly show the
feasibility and unmatched advantages of intensified HD, pub-
lished experience is limited to less than 100 children and ad-
olescents, indicating obstacles to a wider implementation of

intensified dialysis. A recent online survey among pediatric
nephrologists identified lack of adequate funding and shortage
of staff, and to a lesser degree, lack of expertise and motiva-
tion as barriers [143].

In contrast, HDF can be implemented in dialysis units with-
out major logistical changes if machines with HDF capability
and ultra-pure dialysis fluid are available [144]. A pooled
analysis of four randomized trials in adult patients comparing
HDF with conventional HD demonstrated a reduction in mor-
tality risk [145]. Recent pediatric experience with HDF show-
ing significant improvements in blood pressure, phosphorus
and PTH levels [141], cardiovascular function, and inflamma-
tory status, respectively [146, 147], have renewed interest in
HDF for children. In a substudy of the ongoing
Hemodiafiltration, Heart and Height (3H) study [148], a
switch from conventional HD to HDF resulted in significant
improvement in inflammation, antioxidant capacity, and en-
dothelial risk profile after 3 months [66]. Thus, HDF holds
promise for improvements in cardiovascular status for pediat-
ric HD patients, but final results of the 3H study must be
awaited.

In summary, the cardiovascular risk factor load determines
the long-term prognosis of most CKD patients. The individual
risk factor load should be assessed and monitored in every
patient and treatment of modifiable risk factors optimized.
For dialysis patients, the high burden of risk factors, the strong
association between vascular changes and dialysis vintage,
evidence of early calcification in arterial biopsy samples,
and rapid progression of calcifications in imaging studies
clearly favor treatment with intensified HD if at all possible.
Intensified HD should at least be provided for high-risk pa-
tients if early transplantation is not feasible. Preliminary data
in children and studies in adult patients also indicate that HDF
should be considered for all HD patients if suitable equipment
is available.

Key summary points

—  Inchildren with CKD, cardiovascular comorbidity is rec-
ognized in early stages of the disease. It is progressive,
accelerated by dialysis, and limits the life expectancy of
young patients.

— Imaging studies have demonstrated increases in left ven-
tricular mass, carotid artery intima-media thickness, and
pulse wave velocity as early phenotypic characteristics.
Vascular calcifications are the signature of an advanced
phenotype.

—  Major risk factors significantly associated with phenotyp-
ic characteristics in cross-sectional studies of dialysis pa-
tients include dialysis vintage, dysregulated mineral me-
tabolism and its treatment, hypertension, inflammation,
dyslipidemia, anemia, and hypoalbuminemia.
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Dialysis treatment aggravates pre-existing risk factors
and accelerates CVD. Salt and fluid overload,
intradialytic hypotension, impaired cardiac mechanics,
oxidative stress, and protein modification have been iden-
tified as important dialysis-related additional risk factors.
Even short periods of dialysis are associated with detri-
mental effects on the cardiovascular system, and dialysis
vintage is strongly associated with coronary artery calci-
fications, which can progress rapidly. Modifiable risk fac-
tors, especially mineral dysregulation, hypertension, and
anemia, demand aggressive management and careful
monitoring.

The additional effect of dialysis-related risk factors re-
quires modifications of standard dialysis therapy for op-
timization of cardiovascular prevention. Intensified HD,
especially when combined with HDF, provides un-
matched benefits and should be considered if early trans-
plantation is not possible, especially for high-risk
patients.

Multiple choice questions (up to 3 correct
answers can be selected) [answers are
provided following the reference list]

4.

Coronary artery calcifications in children:

a) Are usually asymptomatic

b) Are associated with time on dialysis treatment (dial-
ysis vintage)

c) Disappear rapidly after transplantation

d) Can be excluded by electrocardiography

e) Are part of the CKD-MBD spectrum

Intradialytic hypotension on hemodialysis

a) Is associated with interdialytic weight gain

b) Indicates hypoglycemia

c) Is associated with reversible myocardial dysfunction
(myocardial stunning)

d) Israrely seen in pediatric patients

e) Can be prevented by additional i.v. fluid at the start of
the HD session

Hypercalcemia in dialysis patients

a) Isusually a sign of volume contraction (dehydration)

b) Could indicate overdosing of vitamin D preparations

¢) Can be tolerated as long as PTH and phosphate levels
are controlled

d) Is a typical side effect of calcimimetic drugs

Intensified dialysis
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a) Should not be considered for adolescents because of
time commitments

b) Was found associated with improved growth and
well-being in some studies

¢) Relieves dietary and fluid restrictions and decreases
medication burden

d) Can be combined with HDF for higher dialysis
efficacy

e) Cannot be performed in children because of the high
volume of substitution fluid

Left ventricular hypertrophy

a) Results from volume and pressure overload

b) Is usually not found in PD patients treated with bio-
compatible dialysis fluids

c) Is incrementally associated with adverse CVD
outcomes

d) Is associated with hypertension, but not with anemia

e) Is only reversible by transplantation

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

10.

Mitsnefes MM (2012) Cardiovascular disease in children with
chronic kidney disease. J] Am Soc Nephrol 23:578-585

Weaver DJ Jr, Somers MJG, Martz K, Mitsnefes MM (2017)
Clinical outcomes and survival in pediatric patients initiating
chronic dialysis: a report of the NAPRTCS registry. Pediatr
Nephrol 32:2319-2330

Chesnaye NC, Schaefer F, Groothoff JW, Bonthuis M, Reusz G,
Heaf JG, Lewis M, Maurer E, Paripovic D, Zagozdzon I, van
Stralen KJ, Jager KJ (2016) Mortality risk in European children
with end-stage renal disease on dialysis. Kidney Int 89:1355-1362
McDonald SP, Craig JC, Australian and New Zealand Paediatric
Nephrology Association (2004) Long-term survival of children
with end-stage renal disease. N Engl J Med 350:2654-2662
Groothoff JW, Gruppen MP, Offringa M, Hutten J, Lilien MR,
Van De Kar NJ, Wolff ED, Davin JC, Heymans HS (2002)
Mortality and causes of death of end-stage renal disease in chil-
dren: a Dutch cohort study. Kidney Int 61:621-629

Adamczuk D, Roszkowska-Blaim M (2017) Long-term outcomes
in children with chronic kidney disease stage 5 over the last 40
years. Arch Med Sci 13:635-644

Mitsnefes MM, Laskin BL, Dahhou M, Zhang X, Foster BJ
(2013) Mortality risk among children initially treated with dialysis
for end-stage kidney disease, 1990-2010. JAMA 309:1921-1929
Shroff R (2012) Can dialysis modality influence cardiovascular
outcome? Pediatr Nephrol 27:2001-2005

Al-Biltagi M, ElHafez MAA, El Amrousy DM, El-Gamasy M, El-
Serogy H (2017) Evaluation of the coronary circulation and calci-
fication in children on regular hemodialysis. Pediatr Nephrol 32:
1941-1951

Neild GH (2017) Life expectancy with chronic kidney disease: an
educational review. Pediatr Nephrol 32:243-248



Pediatr Nephrol (2020) 35:41-57

53

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

Rubin MF, Rosas SE, Chirinos JA, Townsend RR (2011)
Surrogate markers of cardiovascular disease in CKD: what’s un-
der the hood? Am J Kidney Dis 57:488-497

Doyon A, Kracht D, Bayazit AK, Deveci M, Duzova A, Krmar
RT, Litwin M, Niemirska A, Oguz B, Schmidt BM, Sozeri B,
Querfeld U, Melk A, Schaefer F, Wuhl E (2013) Carotid artery
intima-media thickness and distensibility in children and adoles-
cents: reference values and role of body dimensions. Hypertension
62:550-556

Kracht D, Shroff R, Baig S, Doyon A, Jacobi C, Zeller R, Querfeld
U, Schaefer F, Wuhl E, Schmidt BM, Melk A (2011) Validating a
new oscillometric device for aortic pulse wave velocity measure-
ments in children and adolescents. Am J Hypertens 24:1294-1299
Thurn D, Doyon A, Sozeri B, Bayazit AK, Canpolat N, Duzova
A, Querfeld U, Schmidt BM, Schaefer F, Wuhl E, Melk A (2015)
Aortic pulse wave velocity in healthy children and adolescents:
reference values for the vicorder device and modifying factors.
Am ] Hypertens 28:1480-1488

Kis E, Cseprekal O, Horvath Z, Katona G, Fekete BC, Hrapka E,
Szabo A, Szabo AJ, Fekete A, Reusz GS (2008) Pulse wave ve-
locity in end-stage renal disease: influence of age and body dimen-
sions. Pediatr Res 63:95-98

Khandelwal P, Murugan V, Hari S, Lakshmy R, Sinha A, Hari P,
Bagga A (2016) Dyslipidemia, carotid intima-media thickness and
endothelial dysfunction in children with chronic kidney disease.
Pediatr Nephrol 31:1313-1320

Briese S, Wiesner S, Will JC, Lembcke A, Opgen-Rhein B, Nissel
R, Wernecke KD, Andreae J, Haffner D, Querfeld U (2006)
Arterial and cardiac disease in young adults with childhood-
onset end-stage renal disease-impact of calcium and vitamin D
therapy. Nephrol Dial Transplant 21:1906-1914

Burkhardt D, Bartosova M, Schaefer B, Grabe N, Lahrmann B,
Nasser H, Freise C, Schneider A, Lingnau A, Degenhardt P,
Ranchin B, Sallay P, Cerkauskiene R, Malina M, Ariceta G,
Schmitt CP, Querfeld U (2016) Reduced microvascular density
in omental biopsies of children with chronic kidney disease.
PLoS One 11:¢0166050

Ehling J, Babickova J, Gremse F, Klinkhammer BM, Baetke S,
Knuechel R, Kiessling F, Floege J, Lammers T, Boor P (2016)
Quantitative micro-computed tomography imaging of vascular
dysfunction in progressive kidney diseases. ] Am Soc Nephrol
27:520-532

Prommer HU, Maurer J, von Websky K, Freise C, Sommer K,
Nasser H, Samapati R, Reglin B, Guimaraes P, Pries AR, Querfeld
U (2018) Chronic kidney disease induces a systemic microangi-
opathy, tissue hypoxia and dysfunctional angiogenesis. Sci Rep 8:
5317

Kaddourah A, Uthup S, Madueme P, O'Rourke M, Hooper DK,
Taylor MD, Colan SD, Jefferies JL, Rao MB, Goebel J (2015)
Prevalence and predictors of aortic dilation as a novel cardiovas-
cular complication in children with end-stage renal disease. Clin
Nephrol 83:262-271

Groothoff JW, Gruppen MP, Offringa M, de Groot E, Stok W, Bos
WI, Davin JC, Lilien MR, Van de Kar NC, Wolff ED, Heymans
HS (2002) Increased arterial stiffness in young adults with end-
stage renal disease since childhood. J Am Soc Nephrol 13:2953—
2961

Mitsnefes MM, Kimball TR, Kartal J, Witt SA, Glascock BJ,
Khoury PR, Daniels SR (2005) Cardiac and vascular adaptation
in pediatric patients with chronic kidney disease: role of calcium-
phosphorus metabolism. J] Am Soc Nephrol 16:2796-2803

Go AS, Chertow GM, Fan D, McCulloch CE, Hsu CY (2004)
Chronic kidney disease and the risks of death, cardiovascular
events, and hospitalization. N Engl J Med 351:1296-1305
Schaefer F, Doyon A, Azukaitis K, Bayazit A, Canpolat N,
Duzova A, Niemirska A, Sozeri B, Thurn D, Anarat A, Ranchin

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

B, Litwin M, Caliskan S, Candan C, Baskin E, Yilmaz E, Mir S,
Kirchner M, Sander A, Haffher D, Melk A, Wuhl E, Shroff R,
Querfeld U (2017) Cardiovascular phenotypes in children with
CKD: the 4C study. Clin J Am Soc Nephrol 12:19-28

Wong CJ, Moxey-Mims M, Jerry-Fluker J, Warady BA, Furth SL
(2012) CKiD (CKD in children) prospective cohort study: a re-
view of current findings. Am J Kidney Dis 60:1002—1011
Shanahan CM (2013) Mechanisms of vascular calcification in
CKD—evidence for premature ageing? Nat Rev Nephrol 9:661—
670

Ketteler M, Block GA, Evenepoel P, Fukagawa M, Herzog CA,
McCann L, Moe SM, Shroff R, Tonelli MA, Toussaint ND,
Vervloet MG, Leonard MB (2018) Diagnosis, evaluation, preven-
tion, and treatment of chronic kidney disease-mineral and bone
disorder: synopsis of the kidney disease: improving global out-
comes 2017 clinical practice guideline update. Ann Intern Med
168:422-430

Chen J, Budoff MJ, Reilly MP, Yang W, Rosas SE, Rahman M,
Zhang X, Roy JA, Lustigova E, Nessel L, Ford V, Raj D, Porter
AC, Soliman EZ, Wright JT Jr, Wolf M, He J, Investigators CRIC
(2017) Coronary artery calcification and risk of cardiovascular
disease and death among patients with chronic kidney disease.
JAMA Cardiol 2:635-643

Xie Q, Ge X, Shang D, Li Y, Yan H, Tian J, Hao CM, Zhu T
(2016) Coronary artery calcification score as a predictor of all-
cause mortality and cardiovascular outcome in peritoneal dialysis
patients. Perit Dial Int 36:163—170

Goodman WG, Goldin J, Kuizon BD, Yoon C, Gales B, Sider D,
Wang Y, Chung J, Emerick A, Greaser L, Elashoff RM, Salusky
IB (2000) Coronary-artery calcification in young adults with end-
stage renal disease who are undergoing dialysis. N Engl J Med
342:1478-1483

Eifinger F, Wahn F, Querfeld U, Pollok M, Gevargez A, Kriener P,
Gronemeyer D (2000) Coronary artery calcifications in children
and young adults treated with renal replacement therapy. Nephrol
Dial Transplant 15:1892-1894

Oh J, Wunsch R, Turzer M, Bahner M, Raggi P, Querfeld U,
Mehls O, Schaefer F (2002) Advanced coronary and carotid
arteriopathy in young adults with childhood-onset chronic renal
failure. Circulation 106:100-105

Ishitani MB, Milliner DS, Kim DY, Bohorquez HE, Heimbach JK,
Sheedy PF 2nd, Morgenstern BZ, Gloor JM, Murphy JG, McBane
RD, Bielak LF, Peyser PA, Stegall MD (2005) Early subclinical
coronary artery calcification in young adults who were pediatric
kidney transplant recipients. Am J Transplant 5:1689-1693
Civilibal M, Caliskan S, Adaletli I, Oflaz H, Sever L, Candan C,
Canpolat N, Kasapcopur O, Kuruoglu S, Arisoy N (2006)
Coronary artery calcifications in children with end-stage renal
disease. Pediatr Nephrol 21:1426-1433

Shroff RC, Donald AE, Hiorns MP, Watson A, Feather S, Milford
D, Ellins EA, Storry C, Ridout D, Deanfield J, Rees L (2007)
Mineral metabolism and vascular damage in children on dialysis.
J Am Soc Nephrol 18:2996-3003

Shroff RC, Shah V, Hiorns MP, Schoppet M, Hofbauer LC, Hawa
G, Schurgers LJ, Singhal A, Merryweather [, Brogan P, Shanahan
C, Deanfield J, Rees L (2008) The circulating calcification inhib-
itors, fetuin-A and osteoprotegerin, but not matrix Gla protein, are
associated with vascular stiffness and calcification in children on
dialysis. Nephrol Dial Transplant 23:3263-3271

Shroff R, Egerton M, Bridel M, Shah V, Donald AE, Cole TJ,
Hiorns MP, Deanfield JE, Rees L (2008) A bimodal association
of vitamin D levels and vascular disease in children on dialysis. J
Am Soc Nephrol 19:1239-1246

Srivaths PR, Silverstein DM, Leung J, Krishnamurthy R,
Goldstein SL (2010) Malnutrition-inflammation-coronary

@ Springer



54

Pediatr Nephrol (2020) 35:41-57

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

calcification in pediatric patients receiving chronic hemodialysis.
Hemodial Int 14:263-269

Srivaths P, Krishnamurthy R, Brunner L, Logan B, Bennett M, Ma
Q, VanDeVoorde R, Goldstein SL (2014) Cardiac calcifications
are more prevalent in children receiving hemodialysis than perito-
neal dialysis. Clin Nephrol 81:231-237

Civilibal M, Caliskan S, Kurugoglu S, Candan C, Canpolat N,
Sever L, Kasapcopur O, Arisoy N (2009) Progression of coronary
calcification in pediatric chronic kidney disease stage 5. Pediatr
Nephrol 24:555-563

Mitsnefes MM, Daniels SR, Schwartz SM, Meyer RA, Khoury P,
Strife CF (2000) Severe left ventricular hypertrophy in pediatric
dialysis: prevalence and predictors. Pediatr Nephrol 14:898-902
Litwin M, Wuhl E, Jourdan C, Trelewicz J, Niemirska A, Fahr K,
Jobs K, Grenda R, Wawer ZT, Rajszys P, Troger J, Mehls O,
Schaefer F (2005) Altered morphologic properties of large arteries
in children with chronic renal failure and after renal transplanta-
tion. J Am Soc Nephrol 16:1494-1500

Civilibal M, Caliskan S, Oflaz H, Sever L, Candan C, Canpolat N,
Kasapcopur O, Bugra Z, Arisoy N (2007) Traditional and “new”
cardiovascular risk markers and factors in pediatric dialysis pa-
tients. Pediatr Nephrol 22:1021-1029

Bakkaloglu SA, Saygili A, Sever L, Noyan A, Akman S, Ekim M,
Aksu N, Doganay B, Yildiz N, Duzova A, Soylu A, Alpay H,
Sonmez F, Civilibal M, Erdem S, Kardelen F (2009) Assessment
of cardiovascular risk in paediatric peritoneal dialysis patients: a
Turkish Pediatric Peritoneal Dialysis Study Group (TUPEPD) re-
port. Nephrol Dial Transplant 24:3525-3532

Bircan Z, Duzova A, Cakar N, Bayazit AK, Elhan A, Tutar E,
Ozcakar ZB, Ucar T, Kargin E, Erdem S, Karagoz T, Babaoglu A,
Sancak B, Noyan A, Soylemezoglu O, Bakkaloglu A, Yalcinkaya
F (2010) Predictors of left ventricular hypertrophy in children on
chronic peritoneal dialysis. Pediatr Nephrol 25:1311-1318
Bakkaloglu SA, Borzych D, Soo Ha I, Serdaroglu E, Buscher R,
Salas P, Patel H, Drozdz D, Vondrak K, Watanabe A, Villagra J,
Yavascan O, Valenzuela M, Gipson D, Ng KH, Warady BA,
Schaefer F (2011) Cardiac geometry in children receiving chronic
peritoneal dialysis: findings from the International Pediatric
Peritoneal Dialysis Network (IPPN) registry. Clin ] Am Soc
Nephrol 6:1926-1933

Chavarria LA, Aguilar-Kitsu A, Rosas P, Fajardo A, Mendoza-
Guevara L, Sanchez L, Zepeda C, Ibarra P, Luna A, Lindholm B,
Garcia-Lopez E (2012) Intima media thickness in children under-
going dialysis. Pediatr Nephrol 27:1557-1564

Canpolat N, Caliskan S, Sever L, Tasdemir M, Ekmekci OB,
Pehlivan G, Shroff R (2013) Malnutrition and its association with
inflammation and vascular disease in children on maintenance
dialysis. Pediatr Nephrol 28:2149-2156

Scavarda VT, Pinheiro AC, Costa SD, de Andrade ZM,
Carvalhaes JT, Campos O, Carvalho AC, Moises VA (2014)
Children with chronic renal disease undergoing dialysis or con-
servative treatment—differences in structural and functional
echocardiographic parameters. Echocardiography 31:1131-1137
Shroff RC, McNair R, Figg N, Skepper JN, Schurgers L, Gupta A,
Hiorns M, Donald AE, Deanfield J, Rees L, Shanahan CM (2008)
Dialysis accelerates medial vascular calcification in part by trig-
gering smooth muscle cell apoptosis. Circulation 118:1748-1757
O’Neill WC (2007) The fallacy of the calcium-phosphorus prod-
uct. Kidney Int 72:792-796

Scialla JJ, Xie H, Rahman M, Anderson AH, Isakova T, Ojo A,
Zhang X, Nessel L, Hamano T, Grunwald JE, Raj DS, Yang W, He
J, Lash JP, Go AS, Kusek JW, Feldman H, Wolf M (2014)
Fibroblast growth factor-23 and cardiovascular events in CKD. J
Am Soc Nephrol 25:349-360

Grabner A, Amaral AP, Schramm K, Singh S, Sloan A, Yanucil C,
Li J, Shehadeh LA, Hare JM, David V, Martin A, Fornoni A, Di

@ Springer

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Marco GS, Kentrup D, Reuter S, Mayer AB, Pavenstadt H,
Stypmann J, Kuhn C, Hille S, Frey N, Leifheit-Nestler M,
Richter B, Haffner D, Abraham R, Bange J, Sperl B, Ullrich A,
Brand M, Wolf M, Faul C (2015) Activation of cardiac fibroblast
growth factor receptor 4 causes left ventricular hypertrophy. Cell
Metab 22:1020-1032

Singh S, Grabner A, Yanucil C, Schramm K, Czaya B, Krick S,
Czaja MJ, Bartz R, Abraham R, Di Marco GS, Brand M, Wolf M,
Faul C (2016) Fibroblast growth factor 23 directly targets hepato-
cytes to promote inflammation in chronic kidney disease. Kidney
Int 90:985-996

Shroff R, Long DA, Shanahan C (2013) Mechanistic insights into
vascular calcification in CKD. J Am Soc Nephrol 24:179-189
Block GA, Kilpatrick RD, Lowe KA, Wang W, Danese MD
(2013) CKD-mineral and bone disorder and risk of death and
cardiovascular hospitalization in patients on hemodialysis. Clin J
Am Soc Nephrol 8:2132-2140

Shroff RC, McNair R, Skepper JN, Figg N, Schurgers LJ,
Deanfield J, Rees L, Shanahan CM (2010) Chronic mineral dys-
regulation promotes vascular smooth muscle cell adaptation and
extracellular matrix calcification. J Am Soc Nephrol 21:103-112
Scialla JJ, Kao WH, Crainiceanu C, Sozio SM, Oberai PC, Shafi
T, Coresh J, Powe NR, Plantinga LC, Jaar BG, Parekh RS (2014)
Biomarkers of vascular calcification and mortality in patients with
ESRD. Clin J Am Soc Nephrol 9:745-755

Smith ER, Ford ML, Tomlinson LA, Bodenham E, McMahon LP,
Farese S, Rajkumar C, Holt SG, Pasch A (2014) Serum calcifica-
tion propensity predicts all-cause mortality in predialysis CKD. J
Am Soc Nephrol 25:339-348

Pasch A, Block GA, Bachtler M, Smith ER, Jahnen-Dechent W,
Arampatzis S, Chertow GM, Parfrey P, Ma X, Floege J (2017)
Blood calcification propensity, cardiovascular events, and survival
in patients receiving hemodialysis in the EVOLVE trial. Clin ] Am
Soc Nephrol 12:315-322

Querfeld U, Mak RH (2010) Vitamin D deficiency and toxicity in
chronic kidney disease: in search of the therapeutic window.
Pediatr Nephrol 25:2413-2430

Akchurin OM, Kaskel F (2015) Update on inflammation in chron-
ic kidney disease. Blood Purif 39:84-92

Zhang W, He J, Zhang F, Huang C, Wu Y, Han Y, Zhang W, Zhao
Y (2013) Prognostic role of C-reactive protein and interleukin-6 in
dialysis patients: a systematic review and meta-analysis. J Nephrol
26:243-253

Liakopoulos V, Roumeliotis S, Gorny X, Dounousi E, Mertens PR
(2017) Oxidative stress in hemodialysis patients: a review of the
literature. Oxidative Med Cell Longev 2017:3081856

Agbas A, Canpolat N, Caliskan S, Yilmaz A, Ekmekci H, Mayes
M, Aitkenhead H, Schaefer F, Sever L, Shroff R (2018)
Hemodiafiltration is associated with reduced inflammation, oxida-
tive stress and improved endothelial risk profile compared to high-
flux hemodialysis in children. PLoS One 13:e0198320

Schaefer B, Bartosova M, Macher-Goeppinger S, Sallay P, Voros
P, Ranchin B, Vondrak K, Ariceta G, Zaloszyc A, Bayazit AK,
Querfeld U, Cerkauskiene R, Testa S, Taylan C, VandeWalle J,
Yap Y, Krmar RT, Buscher R, Muhlig AK, Drozdz D, Caliskan S,
Lasitschka F, Fathallah-Shaykh S, Verrina E, Klaus G, Arbeiter K,
Bhayadia R, Melk A, Romero P, Warady BA, Schaefer F, Ujszaszi
A, Schmitt CP (2018) Neutral pH and low-glucose degradation
product dialysis fluids induce major early alterations of the peri-
toneal membrane in children on peritoneal dialysis. Kidney Int 94:
419-429

Mak RH, Cheung WW, Zhan JY, Shen Q, Foster BJ (2012)
Cachexia and protein-energy wasting in children with chronic
kidney disease. Pediatr Nephrol 27:173-181



Pediatr Nephrol (2020) 35:41-57

55

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

&3.

84.

85.

Avram MM, Goldwasser P, Burrell DE, Antignani A, Fein PA,
Mittman N (1992) The uremic dyslipidemia: a cross-sectional
and longitudinal study. Am J Kidney Dis 20:324-335

Moradi H, Streja E, Vaziri ND (2018) ESRD-induced dyslipid-
emia—should management of lipid disorders differ in dialysis
patients? Semin Dial 31:398-405

Kaseda R, Jabs K, Hunley TE, Jones D, Bian A, Allen RM,
Vickers KC, Yancey PG, Linton MF, Fazio S, Kon V (2015)
Dysfunctional high-density lipoproteins in children with chronic
kidney disease. Metabolism 64:263-273

Chang TI, Streja E, Soohoo M, Kim TW, Rhee CM, Kovesdy CP,
Kashyap ML, Vaziri ND, Kalantar-Zadeh K, Moradi H (2017)
Association of serum triglyceride to HDL cholesterol ratio with
all-cause and cardiovascular mortality in incident hemodialysis
patients. Clin ] Am Soc Nephrol 12:591-602

Sun L, Zou L, Chen M, Liu B (2015) Meta-analysis of statin
therapy in maintenance dialysis patients. Ren Fail 37:1149-1156
Vaziri ND (2010) Lipotoxicity and impaired high density
lipoprotein-mediated reverse cholesterol transport in chronic kid-
ney disease. J Ren Nutr 20:S35-S43

Shroff R, Speer T, Colin S, Charakida M, Zewinger S, Staels B,
Chinetti-Gbaguidi G, Hettrich I, Rohrer L, O'Neill F, McLoughlin
E, Long D, Shanahan CM, Landmesser U, Fliser D, Deanfield JE
(2014) HDL in children with CKD promotes endothelial dysfunc-
tion and an abnormal vascular phenotype. ] Am Soc Nephrol 25:
2658-2668

Kramer AM, van Stralen KJ, Jager KJ, Schaefer F, Verrina E,
Seeman T, Lewis MA, Boehm M, Simonetti GD, Novljan G,
Groothoff JW (2011) Demographics of blood pressure and hyper-
tension in children on renal replacement therapy in Europe.
Kidney Int 80:1092-1098

Halbach SM, Martz K, Mattoo T, Flynn J (2012) Predictors of
blood pressure and its control in pediatric patients receiving dial-
ysis. J Pediatr 160:621-625 e621

Paoletti E, De Nicola L, Gabbai FB, Chiodini P, Ravera M,
Pieracci L, Marre S, Cassottana P, Luca S, Vettoretti S, Borrelli
S, Conte G, Minutolo R (2016) Associations of left ventricular
hypertrophy and geometry with adverse outcomes in patients with
CKD and hypertension. Clin ] Am Soc Nephrol 11:271-279
Borzych-Duzalka D, Bilginer Y, Ha IS, Bak M, Rees L, Cano F,
Munarriz RL, Chua A, Pesle S, Emre S, Urzykowska A, Quiroz L,
Ruscasso JD, White C, Pape L, Ramela V, Printza N, Vogel A,
Kuzmanovska D, Simkova E, Muller-Wiefel DE, Sander A,
Warady BA, Schaefer F, International Pediatric Peritoneal
Dialysis Network (IPPN) Registry (2013) Management of anemia
in children receiving chronic peritoneal dialysis. J Am Soc
Nephrol 24:665-676

Bakkaloglu SA, Kandur Y, Serdaroglu E, Noyan A, Bayazit AK,
Tasdemir M, Ozlu SG, Ozcelik G, Dursun I, Alparslan C,
Akcaboy M, Atikel YO, Parmaksiz G, Atmis B, Sever L (2018)
Time-averaged hemoglobin values, not hemoglobin cycling, have
an impact on outcomes in pediatric dialysis patients. Pediatr
Nephrol 33:2143-2150

London GM (2003) Left ventricular hypertrophy: why does it
happen? Nephrol Dial Transplant 18(Suppl 8):viii2—viii6

Ma L, Zhao S (2017) Risk factors for mortality in patients under-
going hemodialysis: a systematic review and meta-analysis. Int J
Cardiol 238:151-158

Mitch WE (2006) Proteolytic mechanisms, not malnutrition, cause
loss of muscle mass in kidney failure. J Ren Nutr 16:208-211
Paglialonga F, Consolo S, Galli MA, Testa S, Edefonti A (2015)
Interdialytic weight gain in oligoanuric children and adolescents
on chronic hemodialysis. Pediatr Nephrol 30:999-1005

Zoccali C, Moissl U, Chazot C, Mallamaci F, Tripepi G, Arkossy
O, Wabel P, Stuard S (2017) Chronic fluid overload and mortality
in ESRD. J Am Soc Nephrol 28:2491-2497

86.

87.

88.

89.

90.

91

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

Shafi T, Jaar BG, Plantinga LC, Fink NE, Sadler JH, Parekh RS,
Powe NR, Coresh J (2010) Association of residual urine output
with mortality, quality of life, and inflammation in incident hemo-
dialysis patients: the Choices for Healthy Outcomes in Caring for
End-Stage Renal Disease (CHOICE) study. Am J Kidney Dis 56:
348-358

Krediet RT, Balafa O (2010) Cardiovascular risk in the peritoneal
dialysis patient. Nat Rev Nephrol 6:451-460

Dekker MIJE, van der Sande FM, van den Berghe F, Leunissen
KML, Kooman JP (2018) Fluid overload and inflammation axis.
Blood Purif 45:159-165

Mitsides N, Cornelis T, Broers NJH, Diederen NMP, Brenchley P,
van der Sande FM, Schalkwijk CG, Kooman JP, Mitra S (2017)
Extracellular overhydration linked with endothelial dysfunction in
the context of inflammation in haemodialysis dependent chronic
kidney disease. PLoS One 12:¢0183281

Assimon MM, Flythe JE (2015) Rapid ultrafiltration rates and
outcomes among hemodialysis patients: re-examining the evi-
dence base. Curr Opin Nephrol Hypertens 24:525-530
Stefansson BV, Brunelli SM, Cabrera C, Rosenbaum D, Anum E,
Ramakrishnan K, Jensen DE, Stalhammar NO (2014) Intradialytic
hypotension and risk of cardiovascular disease. Clin J Am Soc
Nephrol 9:2124-2132

Hothi DK, Rees L, Marek J, Burton J, McIntyre CW (2009)
Pediatric myocardial stunning underscores the cardiac toxicity of
conventional hemodialysis treatments. Clin J Am Soc Nephrol 4:
790-797

Burton JO, Jefferies HJ, Selby NM, Mclntyre CW (2009)
Hemodialysis-induced repetitive myocardial injury results in
global and segmental reduction in systolic cardiac function. Clin
J Am Soc Nephrol 4:1925-1931

Mclntyre CW, Burton JO, Selby NM, Leccisotti L, Korsheed S,
Baker CS, Camici PG (2008) Hemodialysis-induced cardiac dys-
function is associated with an acute reduction in global and seg-
mental myocardial blood flow. Clin J] Am Soc Nephrol 3:19-26
Charytan DM, Skali H, Shah NR, Veeranna V, Cheezum MK,
Taqueti VR, Kato T, Bibbo CR, Hainer J, Dorbala S, Blankstein
R, Di Carli MF (2018) Coronary flow reserve is predictive of the
risk of cardiovascular death regardless of chronic kidney disease
stage. Kidney Int 93:501-509

Amann K, Breitbach M, Ritz E, Mall G (1998) Myocyte/capillary
mismatch in the heart of uremic patients. ] Am Soc Nephrol 9:
1018-1022

Weaver DJ Jr, Kimball T, Witt SA, Glascock BJ, Khoury PR,
Kartal J, Mitsnefes MM (2008) Subclinical systolic dysfunction
in pediatric patients with chronic kidney disease. J Pediatr 153:
565-569

Chinali M, Matteucci MC, Franceschini A, Doyon A, Pongiglione
G, Rinelli G, Schaefer F (2015) Advanced parameters of cardiac
mechanics in children with CKD: the 4C study. Clin ] Am Soc
Nephrol 10:1357-1363

Rumman RK, Ramroop R, Chanchlani R, Ghany M, Hebert D,
Harvey EA, Parekh RS, Mertens L, Grattan M (2017)
Longitudinal assessment of myocardial function in childhood
chronic kidney disease, during dialysis, and following kidney
transplantation. Pediatr Nephrol 32:1401-1410

Hensen LCR, Goossens K, Delgado V, Rotmans JI, Jukema JW,
Bax JJ (2017) Prognostic implications of left ventricular global
longitudinal strain in predialysis and dialysis patients. Am J
Cardiol 120:500-504

Kobayashi D, Patel SR, Mattoo TK, Valentini RP, Aggarwal S
(2012) The impact of change in volume and left-ventricular hy-
pertrophy on left-ventricular mechanical dyssynchrony in children
with end-stage renal disease. Pediatr Cardiol 33:1124-1130
Huang CH, Chang CC, Chang TL, Chang YJ (2013) Dynamic
cardiac dyssynchrony is strongly associated with 2-year dialysis

@ Springer



56

Pediatr Nephrol (2020) 35:41-57

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

adequacy in continuous ambulatory peritoneal dialysis patients.
BMC Nephrol 14:68

Liakopoulos V, Roumeliotis S, Gorny X, Eleftheriadis T, Mertens
PR (2017) Oxidative stress in patients undergoing peritoneal dial-
ysis: a current review of the literature. Oxidative Med Cell Longev
2017:3494867

Honda H, Hirano T, Ueda M, Kojima S, Mashiba S, Hayase Y,
Michihata T, Shishido K, Takahashi K, Hosaka N, Ikeda M,
Sanada D, Shibata T (2017) Associations among apolipoproteins,
oxidized high-density lipoprotein and cardiovascular events in pa-
tients on hemodialysis. PLoS One 12:e0177980

Solbu MD, Mjoen G, Mark PB, Holdaas H, Fellstrom B,
Schmieder RE, Zannad F, Herrington WG, Jardine AG (2018)
Predictors of atherosclerotic events in patients on haemodialysis:
post hoc analyses from the AURORA study. Nephrol Dial
Transplant 33:102-112

Kronenberg F (2014) Causes and consequences of lipoprotein(a)
abnormalities in kidney disease. Clin Exp Nephrol 18:234-237
Lim PS, Jeng Y, Wu MY, Pai MA, Wu TK, Liu CS, Chen CH, Kuo
YC, Chien SW, Chen HP (2013) Serum oxidized albumin and
cardiovascular mortality in normoalbuminemic hemodialysis pa-
tients: a cohort study. PLoS One 8:¢70822

Hocher B, Oberthur D, Slowinski T, Querfeld U, Schaefer F,
Doyon A, Tepel M, Roth HJ, Gron HJ, Reichetzeder C, Betzel
C, Armbruster FP (2013) Modeling of oxidized PTH (oxPTH) and
non-oxidized PTH (n-oxPTH) receptor binding and relationship
of oxidized to non-oxidized PTH in children with chronic renal
failure, adult patients on hemodialysis and kidney transplant re-
cipients. Kidney Blood Press Res 37:240-251

Lau WL, Vaziri ND (2017) Urea, a true uremic toxin: the empire
strikes back. Clin Sci (Lond) 131:3-12

Kalim S, Trottier CA, Wenger JB, Wibecan J, Ahmed R, Ankers
E, Karumanchi SA, Thadhani R, Berg AH (2016) Longitudinal
changes in protein carbamylation and mortality risk after initiation
of hemodialysis. Clin ] Am Soc Nephrol 11:1809-1816

Berg AH, Drechsler C, Wenger J, Buccafusca R, Hod T, Kalim S,
Ramma W, Parikh SM, Steen H, Friedman DJ, Danziger J, Wanner
C, Thadhani R, Karumanchi SA (2013) Carbamylation of serum
albumin as a risk factor for mortality in patients with kidney fail-
ure. Sci Transl Med 5:175ral129

Kalim S, Karumanchi SA, Thadhani RI, Berg AH (2014) Protein
carbamylation in kidney disease: pathogenesis and clinical impli-
cations. Am J Kidney Dis 64:793-803

Tjaden LA, Grootenhuis MA, Noordzij M, Groothoff JW (2016)
Health-related quality of life in patients with pediatric onset of
end-stage renal disease: state of the art and recommendations for
clinical practice. Pediatr Nephrol 31:1579-1591

Hamilton AJ, Clissold RL, Inward CD, Caskey FJ, Ben-Shlomo Y
(2017) Sociodemographic, psychologic health, and lifestyle out-
comes in young adults on renal replacement therapy. Clin J] Am
Soc Nephrol 12:1951-1961

Paglialonga F, Lopopolo A, Scarfia RV, Consolo S, Galli MA,
Salera S, Grassi MR, Brivio A, Edefonti A (2014) Intradialytic
cycling in children and young adults on chronic hemodialysis.
Pediatr Nephrol 29:431-438

Akber A, Portale AA, Johansen KL (2014) Use of pedometers to
increase physical activity among children and adolescents with
chronic kidney disease. Pediatr Nephrol 29:1395-1402

Bonthuis M, van Stralen KJ, Verrina E, Groothoff JW, Alonso
Melgar A, Edefonti A, Fischbach M, Mendes P, Molchanova
EA, Paripovic D, Peco-Antic A, Printza N, Rees L, Rubik J,
Stefanidis CJ, Sinha MD, Zagozdzon I, Jager KJ, Schaefer F
(2013) Underweight, overweight and obesity in paediatric dialysis
and renal transplant patients. Nephrol Dial Transplant 28(Suppl 4):
iv195-iv204

@ Springer

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Reid J, Noble HR, Adamson G, Davenport A, Farrington K,
Fouque D, Kalantar-Zadeh K, Mallett J, McKeaveney C, Porter
S, Seres DS, Shields J, Slee A, Witham MD, Maxwell AP (2018)
Establishing a clinical phenotype for cachexia in end stage kidney
disease—study protocol. BMC Nephrol 19:38

Hayes W, Paglialonga F (2018) Assessment and management of
fluid overload in children on dialysis. Pediatr Nephrol. https://doi.
org/10.1007/s00467-018-3916-4

Milani GP, Groothoft JW, Vianello FA, Fossali EF, Paglialonga F,
Edefonti A, Agostoni C, Consonni D, van Harskamp D, van
Goudoever JB, Schierbeek H, Oosterveld MJ (2017)
Bioimpedance and fluid status in children and adolescents treated
with dialysis. Am J Kidney Dis 69:428-435

Ha IS, Yap HK, Munarriz RL, Zambrano PH, Flynn JT, Bilge I,
Szczepanska M, Lai WM, Antonio ZL, Gulati A, Hooman N, van
Hoeck K, Higuita LM, Verrina E, Klaus G, Fischbach M, Riyami
MA, Sahpazova E, Sander A, Warady BA, Schaefer F (2015) Risk
factors for loss of residual renal function in children treated with
chronic peritoneal dialysis. Kidney Int 88:605-613

Dekker MJ, Marcelli D, Canaud BJ, Carioni P, Wang Y,
Grassmann A, Konings CJ, Kotanko P, Leunissen KM, Levin
NW, van der Sande FM, Ye X, Maheshwari V, Usvyat LA,
Kooman JP (2017) Impact of fluid status and inflammation and
their interaction on survival: a study in an international hemodi-
alysis patient cohort. Kidney Int 91:1214-1223

Andersen K, Kesper MS, Marschner JA, Konrad L, Ryu M,
Kumar VRS, Kulkarni OP, Mulay SR, Romoli S, Demleitner J,
Schiller P, Dietrich A, Muller S, Gross O, Ruscheweyh HJ, Huson
DH, Stecher B, Anders HJ (2017) Intestinal dysbiosis, barrier
dysfunction, and bacterial translocation account for CKD-related
systemic inflammation. J] Am Soc Nephrol 28:76-83

Riccio E, Sabbatini M, Bruzzese D, Grumetto L, Marchetiello C,
Amicone M, Andreucci M, Guida B, Passaretti D, Russo G, Pisani
A (2018) Plasma p-cresol lowering effect of sevelamer in non-
dialysis CKD patients: evidence from a randomized controlled
trial. Clin Exp Nephrol 22:529-538

Koppe L, Mafra D, Fouque D (2015) Probiotics and chronic kid-
ney disease. Kidney Int 88:958-966

Shroff R, Wan M, Nagler EV, Bakkaloglu S, Fischer DC, Bishop
N, Cozzolino M, Bacchetta J, Edefonti A, Stefanidis CJ, Vande
Walle J, Haffner D, Klaus G, Schmitt CP, European Society for
Paediatric Nephrology Chronic Kidney Disease Mineral and Bone
Disorders and Dialysis Working Groups (2017) Clinical practice
recommendations for native vitamin D therapy in children with
chronic kidney disease stages 2-5 and on dialysis. Nephrol Dial
Transplant 32:1098-1113

Shroff R, Wan M, Nagler EV, Bakkaloglu S, Cozzolino M,
Bacchetta J, Edefonti A, Stefanidis CJ, Vande Walle J, Ariceta
G, Klaus G, Haffner D, Schmitt CP, European Society for
Paediatric Nephrology Chronic Kidney Disease Mineral and
Bone Disorders and Dialysis Working Groups (2017) Clinical
practice recommendations for treatment with active vitamin D
analogues in children with chronic kidney disease stages 2-5 and
on dialysis. Nephrol Dial Transplant 32:1114-1127

Pieper AK, Haffner D, Hoppe B, Dittrich K, Offner G, Bonzel KE,
John U, Frund S, Klaus G, Stubinger A, Duker G, Querfeld U
(2006) A randomized crossover trial comparing sevelamer with
calcium acetate in children with CKD. Am J Kidney Dis 47:625—
635

Wang C, Liu X, Zhou Y, Li S, Chen Y, Wang Y, Lou T (2015) New
conclusions regarding comparison of Sevelamer and calcium-
based phosphate binders in coronary-artery calcification for dial-
ysis patients: a meta-analysis of randomized controlled trials.
PLoS One 10:¢0133938

Palmer SC, Gardner S, Tonelli M, Mavridis D, Johnson DW, Craig
JC, French R, Ruospo M, Strippoli GF (2016) Phosphate-binding


https://doi.org/10.1007/s00467-018-3916-4
https://doi.org/10.1007/s00467-018-3916-4

Pediatr Nephrol (2020) 35:41-57

57

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

agents in adults with CKD: a network meta-analysis of random-
ized trials. Am J Kidney Dis 68:691-702

Fathallah-Shaykh S, Drozdz D, Flynn J, Jenkins R, Wesseling-
Perry K, Swartz SJ, Wong C, Accomando B, Cox GF, Warady
BA (2018) Efficacy and safety of sevelamer carbonate in
hyperphosphatemic pediatric patients with chronic kidney disease.
Pediatr Nephrol 33:325-333

Wesseling-Perry K, Salusky IB (2013) Phosphate binders, vitamin
D and calcimimetics in the management of chronic kidney
disease-mineral bone disorders (CKD-MBD) in children. Pediatr
Nephrol 28:617-625

Schmitt CP, Borzych D, Nau B, Wuhl E, Zurowska A, Schaefer F
(2009) Dialytic phosphate removal: a modifiable measure of dial-
ysis efficacy in automated peritoneal dialysis. Perit Dial Int 29:
465471

Harambat J, Bonthuis M, Groothoff JW, Schaefer F, Tizard EJ,
Verrina E, van Stralen KJ, Jager KJ (2016) Lessons learned from
the ESPN/ERA-EDTA registry. Pediatr Nephrol 31:2055-2064
Rheault MN, Molony JT, Nevins T, Herzog CA, Chavers BM
(2017) Hemoglobin of 12 g/dl and above is not associated with
increased cardiovascular morbidity in children on hemodialysis.
Kidney Int 91:177-182

Munshi R, Flynn JT (2018) Hypertension in pediatric dialysis
patients: etiology, evaluation, and management. Curr Hypertens
Rep 20:61

Thumfart J, Muller D (2015) Nocturnal intermittent hemodialysis.
Pediatr Nephrol 30:749-757

Fischbach M, Terzic J, Menouer S, Dheu C, Seuge L, Zalosczic A
(2010) Daily on line haemodiafiltration promotes catch-up growth
in children on chronic dialysis. Nephrol Dial Transplant 25:867—
873

Geary DF, Piva E, Tyrrell J, Gajaria MJ, Picone G, Keating LE,
Harvey EA (2005) Home nocturnal hemodialysis in children. J
Pediatr 147:383-387

Hoppe A, von Puttkamer C, Linke U, Kahler C, Booss M,
Braunauer-Kolberg R, Hofmann K, Joachimsky P, Hirte I,
Schley S, Utsch B, Thumfart J, Briese S, Gellermann J,
Zimmering M, Querfeld U, Muller D (2011) A hospital-based
intermittent nocturnal hemodialysis program for children and ad-
olescents. J Pediatr 158(95-99):99.¢91

Thumfart J, Puttkamer CV, Wagner S, Querfeld U, Muller D
(2014) Hemodiafiltration in a pediatric nocturnal dialysis pro-
gram. Pediatr Nephrol 29:1411-1416

142.

143.

144.

145.

146.

147.

148.

de Camargo MF, Henriques CL, Vieira S, Komi S, Leao ER,
Nogueira PC (2014) Growth of children with end-stage renal dis-
ease undergoing daily hemodialysis. Pediatr Nephrol 29:439-444
Thumfart J, Muller D, Wagner S, Jayanti A, Borzych-Duzalka D,
Schaefer F, Warady B, Schmitt CP (2018) Barriers for implemen-
tation of intensified hemodialysis: survey results from the
International Pediatric Dialysis Network. Pediatr Nephrol 33:
705-712

Canaud B, Vienken J, Ash S, Ward RA (2018) Hemodiafiltration
to address unmet medical needs ESKD patients. Clin J] Am Soc
Nephrol 13:1435-1443

Peters SA, Bots ML, Canaud B, Davenport A, Grooteman MP,
Kircelli F, Locatelli F, Maduell F, Morena M, Nube MJ, Ok E,
Torres F, Woodward M, Blankestijn PJ (2016) Haemodiafiltration
and mortality in end-stage kidney disease patients: a pooled indi-
vidual participant data analysis from four randomized controlled
trials. Nephrol Dial Transplant 31:978-984

Fadel FI, Makar SH, Zekri H, Ahmed DH, Aon AH (2015) The
effect of on-line hemodiafiltration on improving the cardiovascu-
lar function parameters in children on regular dialysis. Saudi J
Kidney Dis Transpl 26:39-46

Morad AA, Bazaraa HM, Abdel Aziz RE, Abdel Halim DA,
Shoman MG, Saleh ME (2014) Role of online hemodiafiltration
in improvement of inflammatory status in pediatric patients with
end-stage renal disease. Iran J Kidney Dis 8:481-485

Shroff R, Bayazit A, Stefanidis CJ, Askiti V, Azukaitis K,
Canpolat N, Agbas A, Anarat A, Aoun B, Bakkaloglu S,
Bhowruth D, Borzych-Duzalka D, Bulut IK, Buscher R,
Dempster C, Duzova A, Habbig S, Hayes W, Hegde S, Krid S,
Licht C, Litwin M, Mayes M, Mir S, Nemec R, Obrycki L,
Paglialonga F, Picca S, Ranchin B, Samaille C, Shenoy M,
Sinha M, Smith C, Spasojevic B, Vidal E, Vondrak K, Yilmaz
A, Zaloszyc A, Fischbach M, Schaefer F, Schmitt CP (2018)
Effect of haemodiafiltration vs conventional haemodialysis on
growth and cardiovascular outcomes in children—the HDF, heart
and height (3H) study. BMC Nephrol 19:199

Answers

l.a,b,e;2.a,¢;3.b;4.b,¢c,d;5.a, ¢

@ Springer



	Cardiovascular risk factors in children on dialysis: an update
	Abstract
	Introduction
	Scope of the problem: pediatric mortality on dialysis
	Identifying the risk factors: association studies
	Diagnosing cardiovascular comorbidity in young patients with CKD
	The early phenotype
	The advanced phenotype: vascular calcifications

	Risk factors in dialysis patients identified in association studies
	Duration of dialysis (dialysis vintage)
	Disturbed mineral metabolism/CKD-MBD
	Treatment of mineral dysregulation/CKD-MBD
	Inflammation
	Dyslipidemia
	Hypertension
	Anemia
	Hypoalbuminemia

	Why is CVD accelerated by dialysis?
	Fluid overload
	Intradialytic hypotension
	Impaired cardiac mechanics
	Oxidative stress, protein modification

	Reducing the risk factor load in dialyzed children
	Key summary points
	Multiple choice questions (up to 3 correct answers can be selected) [answers are provided following the reference list]
	References




