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Abstract Hypertension is a leading cause of cardiovascular
complications in children on dialysis. Volume overload and ac-
tivation of the renin–angiotensin–aldosterone system play a ma-
jor role in the pathophysiology of hypertension. The first step in
managing blood pressure (BP) is the careful assessment of am-
bulatory BP monitoring. Volume control is essential and should
start with the accurate identification of dry weight, based on a
comprehensive assessment, including bioimpedance analysis
and intradialytic blood volume monitoring (BVM). Reduction
of interdialytic weight gain (IDWG) is critical, as higher IDWG
is associated with a worse left ventricular mass index and poorer
BP control: it can be obtained by means of salt restriction, re-
duced fluid intake, and optimized sodium removal in dialysis.
Optimization of peritoneal dialysis and intensified hemodialysis
or hemodiafiltration have been shown to improve both fluid and
sodium management, leading to better BP levels. Studies com-
paring different antihypertensive agents in children are lacking.
The pharmacokinetic properties of each drug should be consid-
ered. At present, BP control remains suboptimal in many pa-
tients and efforts are needed to improve the long-term outcomes
of children on dialysis.
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Introduction

Despite significant advances in themanagement of childrenwith
end-stage renal disease (ESRD), life expectancy in this popula-
tion remains significantly lower than in healthy children [1–3].
Recent data have shown a 5-year survival probability of 89% for
children with ESRD, with a lower survival rate in those under-
going hemodialysis (HD) and peritoneal dialysis (PD; 76% and
81% respectively) compared with transplant recipients (95%) [2,
3]. Similarly, the mortality rate of young adults with childhood-
onset ESRD is higher than that of the general population. The
average life expectancy of patients with a functioning graft at
18 years of age is 63.2 years, whereas for those remaining on
dialysis it drops to 38.2 years [1]. Cardiovascular disease is the
leading cause of death [1–3]. Several traditional and nontradi-
tional cardiovascular risk factors have been identified. Although
uremic risk factors, such as abnormal mineral metabolism, are
associated with the early development of arteriosclerosis, arterial
hypertension (HTN) remains the most common modifiable risk
factor for the occurrence of cardiomyopathy in this population
[4, 5]. Given that most cardiovascular deaths in children on
dialysis are due to cardiac arrest, arrhythmia or congestive heart
failure, cardiomyopathy is generally considered the main patho-
genic mechanism of early cardiovascular events [1–3]. The ap-
propriate management of blood pressure (BP) is therefore man-
datory for the prevention of short- and long-term consequences.
This review summarizes current knowledge concerning the
management of BP in children on dialysis.

Prevalence of HTN in children on dialysis

Epidemiological data on BP control in dialyzed children
mainly derive from large registry-based studies considering
casual BP levels (Table 1) [6–8]. In these studies, HTN was
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commonly defined as systolic or diastolic BP above the 95th
percentile for age, height, and sex, or according to the use of
antihypertensive medications. In keeping with this definition,
70–84% of children on HD and 68–81% of those on PD were
classified as hypertensive [6–8]. Moreover, BP was poorly
controlled in 55–80% of patients receiving antihypertensive
medications [6–8].

A few single-center studies have investigated the BP pro-
file of children receiving maintenance dialysis by means of
ambulatory blood pressure monitoring (ABPM). Chaudhuri
et al. assessed HTN prevalence by means of 24-h ABPM in
24 children on dialysis and found that 42% and 46% of them
had significantly elevated daytime systolic and diastolic loads
respectively, 58% had an elevated night-time systolic load,
and 71% had an elevated night-time diastolic load [9]. Fluid
overload and hypertension also represent a frequent cause of
morbidity, accounting for 41% of hospitalizations in children
on hemodialysis at the Texas Children’s Hospital [10].

As regards the risk factors for poor BP control, HTN was
associated with younger age, shorter duration of renal replace-
ment therapy, glomerular diseases, and, in some reports, HD
as dialysis modality [6–9].

Etiopathogenesis of HTN in children on dialysis

Arterial HTN in children on dialysis is a complex and multi-
factorial problem. Sodium (Na) retention and volume over-
load have traditionally been considered the main causes of
HTN in adult patients with ESRD: strict volume control and
salt restriction decreased mean BP values from 150/89 to 121/
75 in 218 HD patients, with only 9 requiring a drug (enalapril)
to reach this goal during a follow-up of 47 ± 34 months [11].
Some pediatric studies have confirmed this relationship. In a
study involving 71 children on HD, hypertensive subjects had

significantly higher average post-HD excess weight above
dry-weight than patients with normal BP [12]. Interdialytic
weight gain (IDWG) correlated significantly with systolic
and diastolic BP in a recent study involving 16 oligo-anuric
children receiving chronic HD [13]. In the same way, higher
IDWG was significantly associated with higher BP load on
44-h ABPM in 13 pediatric patients on HD [14]. In a Polish
multicenter study, both systolic and diastolic BP correlated
positively with residual urine output and daily ultrafiltration
in children on PD, thus confirming the importance of adequate
fluid balance in this population [15].

Activation of the renin–angiotensin–aldosterone system
(RAAS), sympathetic nervous system activity, endothelial
dysfunction, hyperparathyroidism, and drugs, such as eryth-
ropoietin, glucocorticoids, and calcineurin inhibitors, have all
been described as possible causes of HTN in children with
ESRD [16, 17]. An in-depth review of the pathogenic aspects
of HTN in children with CKD is beyond the aims of the
present paper and has been described in detail elsewhere
[16, 17].

BP assessment

Blood pressure values are strongly influenced by settings and
assessment modality. Three methods of BP assessment in chil-
dren are available: casual office BP, home BP, and ABPM.

Casual pre- or post-HD office BP is the most commonly
described method in the pediatric literature [6–8] and is prev-
alent in clinical practice, but it has several limitations. It only
gives a snapshot of a continuously changing phenomenon and
it is strongly influenced by measurement conditions. Home
BP allows for more reliable BP assessment and significantly
reduces the effects of venipuncture, white coat phenomenon,
pre-HD fluid overload, and dialysis ultrafiltration. Adult

Table 1 Prevalence of hypertension (HTN) in children on hemodialysis (HD) and peritoneal dialysis (PD; %)

Dialysis
modality

Reference Number
of patients

HTN Controlled
HTN

Untreated
HTN

Uncontrolled
HTN

Patients taking
antiHTN drugs

Uncontrolled HTN
in treated patients

HD Kramer et al. [7] 464 69.7 24.2 45.5 58.2 63.8

Halbach et al.a [8] 1,183 84 13 20 51 63.1 80

Chavers et al. [6] 624 79.2 16.3 16.8 46.1 62 74

PD Kramer et al. [7] 851 68.2 32.7 35.5 52 54.6

Halbach et al.a [8] 2,264 81 14 26 13.4 55 74.5

Bakkaloglu et al. [5] 507 69.8 30 41 26.4 56.4 46.8

HTN either systolic or diastolic blood pressure z score > 95th percentile or receiving antihypertensive medications, controlled HTN both systolic and
diastolic blood pressure z score < 95th percentile and receiving antihypertensive medications, untreated HTN either systolic or diastolic blood pressure z
score > 95th percentile and not receiving antihypertensive medications, uncontrolled HTN either systolic or diastolic blood pressure z score > 95th
percentile and receiving antihypertensive medications
a 90th percentile used instead of 95th percentile
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studies have demonstrated a better correlation between home
BP and ABPM rather than pre- or post-HD BP and a better
predictive value for target organ damage [18]. BP has been
reported to rise in adults onHD at a rate of 4 mmHg every 10 h
after dialysis [19], which means that the pre- and post-HD
readings are of little value in interpreting the overall BP con-
trol of a patient. A true validation of the accuracy of home BP
monitoring has never been performed in children with ESRD,
and a clear association with target organ damage in this pop-
ulation is lacking.

Compared with casual BP measurements, 24-h ABPM has
several advantages, as it allows for the identification of chil-
dren with white-coat HTN, nocturnal HTN, and masked HTN
(normal office BP, but abnormal ABPM), which has been
associated with left ventricular hypertrophy (LVH) in children
with CKD [20]. It also provides data on BP and heart rate
variability; children with CKD and uncontrolled BP have a
higher BP variability and lower heart rate variability com-
pared with normotensive CKD subjects, which are considered
markers of sympathetic nervous system hyperactivity and au-
tonomic nervous system dysfunction respectively [21].
Chaudhuri et al. demonstrated that the prevalence of HTN in
children on dialysis was significantly higher when diagnosed
by ABPM compared with office BP [9]. The same authors
showed that children with LVH had higher daytime and
night-time systolic and diastolic BP loads and a lesser degree
of nocturnal dipping of systolic BP, compared with those with-
out LVH [9]. Data from the American Chronic Kidney
Disease (CKiD) cohort showed that the risk of masked HTN
was very low in children with casual BP <25th percentile,
suggesting that ABPM could probably be omitted in CKD
children with BP in the low–normal range [22]. ABPM is
usually considered a reliable method of BP assessment in
children older than 5 years only: although some studies
reporting on its use in younger children have been published,
normative data exist for children older than 5 years only and
most of the studies in children on dialysis excluded small
children [23]. Forty-four-hour ABPM has been proposed in
patients on chronic thrice-weekly HD to overcome the impact
of interdialytic fluid variability [14]. In a recent study on 13
children on chronic HD, a higher percentage of patients were
diagnosed with HTN following 44 h as opposed to 24-h
ABPM; children with 44-h BP loads ≥25% on 44-h ABPM
had significantly higher LVMI than those with normal BP,
whereas this association was not found with 24-h ABPM [14].

To summarize, ABPM should be considered the gold stan-
dard for BP assessment in children on dialysis. Pre- and post-
HD casual BP measurements are very poor markers of BP
control, whereas home BP evaluation is more reliable.
ABPM is mandatory in the case of inconsistency between
markers of target organ damage and office/home BP measure-
ments, that is, in children with abnormal echocardiographic
findings and normal office/home BP, or normal LVMI with

high casual BP (Fig. 1). It could probably be omitted in those
with casual BP <25th percentile and normal echocardiogra-
phy, and delayed after treatment in hypertensive children with
impaired LVMI. It seems advisable that patients with BP be-
tween the 25th and 90th percentile without signs of target
organ damage undergo ABPM at least annually. Monitoring
should start at the end of a mid-week HD session or during
daytime hours for PD patients. ABPM should not be used in
children younger than 5 years of age because of its low reli-
ability in this age group.

Consequences of HTN

Large studies investigating the association between BP and
hard outcomes such as mortality or cardiovascular events have
to our knowledge never been performed in children on dialy-
sis. Unequivocal data have demonstrated an association be-
tween HTN and intermediate cardiovascular outcomes, such
as LVH and increased carotid intima-media thickness (cIMT)
[5, 9, 14, 24, 25].

Based on a cross-sectional analysis of 507 children on PD,
the International Pediatric Peritoneal Dialysis Network (IPPN)
Registry reported an overall LVH prevalence of 48.1% [5].
The most important determinant of LVH was BP: the risk of
developing LVH was more than double in patients with sys-
tolic HTN. The systolic office BP was 7 mmHg higher in
children with persistent or de novo LVH than in children with
normal LV mass [5]. In a single-center study involving 17
children on HD, Ulinski showed a prevalence of LVH of
82% at the beginning of dialysis, which decreased to 41%
after a median follow-up of 16 months: LVMI correlated sig-
nificantly with systolic, diastolic, and mean BP levels [24].
This correlation was confirmed by 24-h and 44-h ABPM [9,
14].

In adults, cIMT is considered a strong prognostic risk factor
for cardiovascular disease. Children with CKD, especially
CKD stage V, have significantly higher cIMT than the general
population. HTN has been identified as an independent risk
factor [25].

Taken together, these studies confirm that intermediate car-
diovascular outcomes, such as LVH and increased cIMT, de-
velop very early during CKD in children, becoming epidemic
during ESRD, and that HTN is a strong risk factor for these
abnormalities. The cumulative burden of HTN could be par-
ticularly dramatic in patients developing ESRD during child-
hood, who often experience recurrent cycles of dialysis and a
long history of renal replacement therapy. It is therefore pos-
sible to argue that better management of BP should have a
significant effect on short- and long-term cardiovascular out-
comes of this population. Periodic monitoring of target organ
damage, in particular, LVMI, is of utmost importance in the
management of BP in children on dialysis. We suggest
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performing echocardiography at least annually in all stable
children on dialysis.

Target BP on treatment

Consensus on the recommended target for BP in children on
dialysis has never been reached. Specific recommendations
have only been proposed for children with CKD not on dial-
ysis. The most recent guidelines are basically based on the
results of the ESCAPE trial, which showed that an intensified
BP control (target BP <50th percentile) leads to slower pro-
gression of CKD in children with CKD stages II–IVon fixed-
dose ramipril treatment compared with the standard BP target
(50th to 90th percentile) [26]. Based on this trial, the 2012
Kidney Disease Improving Global Outcomes (KDIGO)
guidelines recommended a systolic and diastolic BP target less
than the 50th percentile for gender, age, and height in children
with CKD stages II–IV [27].

Very few data exist for children maintained by dialysis. In a
retrospective study of 87 pediatric patients on PD, loss of
residual renal function was significantly higher in children
with systolic and/or diastolic BP >95th percentile, whereas
no significant differences were found in loss of residual renal
function in children with BP <50th percentile, 50th–90th per-
centile, and 90th–95th percentile: the authors concluded that
BP levels <50th percentile could be not superior to a target
BP < 95th percentile in preserving residual kidney function in
children on chronic PD [28]. Interestingly, no specific class of
antihypertensive drugs was associated with a significant pro-
tective effect on residual renal function in children on dialysis.
BP values within the normal range (<90th percentile) proved
to be associated with improvement of LVMI in children on

HD [24], thus suggesting that this threshold could be appro-
priate until more sound data are available.

Management of BP

Given the multifactorial nature of HTN in children with
ESRD, a comprehensive approach to this problem should con-
sider all the possible contributing factors, including the cor-
rection of hyperparathyroidism and, if possible, the tailoring
or withdrawal of medications that predispose to HTN.

As Na and water overload is the main cause of HTN in
children on dialysis, adequate volume control is a priority,
and only when BP is not well controlled after achieving a
stable volume, should antihypertensive medications be con-
sidered. The strategies to optimize BP in children on dialysis
are summarized in Fig. 2.

Volume management in children on dialysis

Dry weight assessment

The first step towards obtaining adequate volume control in
children on dialysis is the correct identification of dry weight
(DW), which has traditionally been defined as the lowest tol-
erated post-dialysis body weight at which there are minimal
signs or symptoms of hypo- or hypervolemia. A number of
assessment methods for volume status have been described:
clinical examination (weight, jugular venous distension, or-
thostatic vital signs, presence of edema), biochemical markers
(serum proteins, atrial natriuretic peptide, and its second mes-
senger cGMP, brain natriuretic peptide, troponin T), inferior
vena cava diameter, continuous blood volumemeasurement in
hemodialysis patients, numerous published equations to

Fig. 1 Indications for ambulatory
blood pressure monitoring in
children on dialysis. BP blood
pressure, echo echocardiography,
LVH left ventricular hypertrophy,
ABPM ambulatory blood pressure
monitoring
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predict total body water using anthropometry, dilution tech-
niques (deuterium, tritium, bromine), bioelectrical impedance
analysis (BIA) and lung ultrasound. The consensus exists that
clinical assessment of DW based on history and physical ex-
amination only is inaccurate, especially in a growing child.
Dry weight is often identified on the basis of BP control, but
this approach is misleading. Hypervolemia is not the only
possible cause of HTN; thus, HTN does not necessarily mean
volume overload. On the other hand, the presence of normal
BP does not necessarily mean euvolemia, and volume over-
load can occur even with normal BP. Even in the case of true
volume-dependent HTN, BP can normalize several months
after DW has been achieved, which is known as the Blag
phenomenon^. The relationship between pre-HD BP and vol-
ume status was assessed in a recent study involving 23 chil-
dren on HD [29]. This study evaluated 463 concomitant mea-
surements of pre-HD BP and relative overhydration (relOH),
assessed by bioimpedance spectroscopy. Hypertension was
diagnosed in 39% of sessions, but relOH >7% was present
in only 31% of them; in the same way, BP was normal in
61% of the sessions, but in 33% of them relOH was higher
than 7% [29].

A DW prescription based on BP levels carries not only the
risk of maintaining a status of chronic volume overload, but
also the risk of aggressive and unjustified ultrafiltration.
Recent evidence confirms the frequent occurrence of myocar-
dial stunning during standard, well-tolerated, HD sessions in
children [30]. Adult studies emphasize the burden of cardiac
injury due to aggressive ultrafiltration, with the risk of myo-
cardial hibernation, fibrosis, and increased cardiovascular
events [30]. Moreover, hypovolemia secondary to excessive
ultrafiltration can result in a loss of residual renal function,
which has dramatic effects on metabolic control, fluid bal-
ance, and even growth.

Taking all these data into account, it is widely accepted that
DW prescript ion should be based not only on a

comprehensive assessment, including history, clinical signs,
and BP levels, but also on some methods for fluid status as-
sessment, such as BIA, lung ultrasound, and blood volume
monitoring (BVM).

Both multi-frequency and single-frequency BIA have
been proposed to assess DW in patients on dialysis [29,
31, 32]. The first approach has been used with good results
in adult dialysis patients and a few reports show promising
results in children [29], although a formal validation in pe-
diatric patients is still lacking. Single-frequency BIA pro-
vides two parameters, resistance and reactance, which are
expressions of tissue water content and tissue cell mass re-
spectively. A recent study on 14 children on chronic HD
showed that the percentage change in resistance during the
HD session correlated directly with percentage body weight
change and with percentage blood volume change, suggest-
ing a possible role of this simple parameter in the assess-
ment of DW [31]. In a single-center study on 31 children on
chronic HD, a simple approach based on serial BIA mea-
surements led to improved median LVMI, reduced LVH
prevalence, and disappearance of pulmonary edema [32].

Lung ultrasound consists of the echographic measurement
of the number of B-lines, which are hyperechogenic artifacts at
the pleural line originating from the partial reflection of the
ultrasound beam when lung density increases owing to conges-
tion [33, 34]. A recent report on 23 children with acute kidney
injury or ESRD demonstrated a significant correlation between
the number of B-lines and the proportional increase in patient
weight from the target weight [33]. When compared with other
methods of DW assessment (clinical evaluation, BP measure-
ment, BIA spectroscopy, and inferior vena cava diameter) in 13
children on dialysis, lung ultrasound was the only parameter
that correlated significantly with volume overload [34].

Blood volume monitoring involves the optical or ultra-
sound assessment of serum hemoglobin or total protein to
calculate the percentage change of blood volume during the

Fig. 2 Management of blood
pressure in children on dialysis.
IVCD inferior vena cava diameter,
PD peritoneal dialysis, HD
hemodialysis, RAS renin–
angiotensin system
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entire HD session. Several studies in adult and pediatric HD
patients support the use of BVM to prevent intradialytic mor-
bidity by identifying patients with volume overload [35–37].
Among them, Patel et al. assessed the usefulness of BVM in
20 HD children over a 6-month period: at the end of the study,
they observed a significant increase in mean ultrafiltration,
improvement in BP with fewer antihypertensive medications
and a reduced incidence of intradialytic events [36]. The re-
sults of the most important studies focusing on the effect of
BVM use on BP in children on HD are reported in Table 2.

Taken together, these data suggest that an improved assess-
ment of DW, based not only on clinical parameters and BP, but
also on some instrumental non-invasive tools, might lead to
improved BP control and cardiovascular status of children on
dialysis.

Reduction of dietary sodium intake

A second step toward improving volume management in chil-
dren on dialysis is to reduce IDWG, which correlates signifi-
cantly with BP and LVMI [11, 12].

High IDWG in patients on dialysis is mainly due to osmo-
metric thirst secondary to salt ingestion, whereas other causes
of thirst are negligible (social drinking, xerostomia due to
medications, volumetric thirst at the end of dialysis): attempts
at fluid restriction may be useless if Na intake is not restricted
at the same time. It can be assumed that an anuric patient takes
in approximately 1 l of water for every 8 g of salt consumed.
Sodium balance has a negative impact on BP and

cardiovascular status through several mechanisms other than
volume expansion, such as increased total peripheral resis-
tance, vascular smooth muscle cell hypertrophy, and reactive
oxygen species promotion.

Some adult studies have demonstrated that a low Na diet
may result in lower IDWG, lower intradialytic complications,
better BP values, reduced LVMI, and lower mortality [38, 39].

Both the KDOQI and the KDIGO guidelines recommend
restriction of Na intake for children with CKDwho have HTN
or pre-HTN, on the basis of the age-based recommended daily
intake for healthy children [27, 40]: upper limits for Na intake
are 1,500 mg/day for children aged 2–3 years, 1,900 mg/day
for children aged 4–8 years, 2,200 mg/day for children and
adolescents aged 9–13 years, and 2,300 mg/day for the popu-
lation aged ≥14 years. In developed countries, 92–94% of
healthy children aged 2–18 years exceeded current Na dietary
recommendations [41]. Data from the CKiD Study showed
that the median Na intake in children with CKD 2–4 was
3,089 mg/day, exceeding the recommended maximum daily
intake for all age groups; in particular, more than 25% of
adolescents consumed more than 5,150 mg of Na daily [42].
Looking at the sources of Na, it is well known that salt added
by manufacturers during food processing accounts for almost
75% of the total Na intake in the general population, whereas
10% of intake is due to Na occurring naturally in food and salt
added at the table or while cooking provides 5% and 10% of
total intake respectively. Studies in industrialized countries
show that the greatest contributors to Na intake in healthy
children are cereals and cereal-based dishes (43%), followed

Table 2 Effect of blood volume monitoring on blood pressure (BP) in children on HD

Reference N.
patients

BP
measurement
method

Blood pressure AntiHTN use IntraHD events

Patel et al. [36] 20 24 h ABPM Daytime SBP index: from 0.97
to 0.87 (p = 0.05)

Daytime DBP index: from 0.94
to 0.79 (p = 0.05)

Nighttime SBP index: from
1.04 to 0.95 (p = 0.09)

Nighttime DBP index: from
1.02 to 0.88 (p = 0.10)

From 19/20 to 10/20 patients
(p = 0.04)

In 8 patients with baseline
events: from 26
events/week to 8
events/week (p = 0.03)

Candan et al.
[35]

9 44 h ABPM Mean SBP: from 129.3 to
122.6 mmHg (p = 0.034)

Mean DBP: from 87.4 to
81.5 mmHg (p = 0.050)

Mean SBP load: from 74.8% to
59.8% mmHg (p = 0.036)

Mean DBP load: from 80.4% to
65.6% mmHg (p = 0.063)

From 9/9 to 4/9 patients From 16% to 36%
(p = 0.098)

Fadel et al. [37] 15 Casual pre- and
post-HD BP

No significant differences for
pre-HD or post-HD SBP and
DBP

Not reported From 33 to 4
episodes/180 sessions
(p = 0.04)

ABPM ambulatory blood pressure monitoring, AntiHTN antihypertensive medications, SBP systolic blood pressure, DBP diastolic blood pressure
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by meat (16%) and milk (16%) products and savory sauces
and condiments (7%) [43].

Low compliance is the main limiting factor as regards the
efficacy of a dietary approach to HTN in children. It is well
demonstrated that salt exposure after the age of 2 years results
in a predilection for salt in foods, and that salt sensing of the
tongue is strictly dependent on the amount of Na ingested. As
salt intake is reduced, adaptation of the taste receptors occurs
over a period of some weeks or months, and salt-rich food
tastes too salty afterwards; on the contrary, an occasional in-
take of salted food impedes adaptation to a salt-restricted diet,
with salt-free food being perceived as tasteless. Twin studies
confirm that environment plays a larger role than genetics in
determining individual differences in recognition thresholds
for saltiness [44]. Na consumption can therefore be considered
an addiction and it should be treated accordingly: the hidden
salt in industrial food and occasional exposure to salt are ma-
jor obstacles in adapting to a low-salt diet.

As regards the hidden Na intake, some drugs contain a
substantial amount of Na: for instance, 1 mg of Na per 1 g
of powder is present in sodium polystyrene for the treatment
of hyperkalemia. Na-free exchange resins should therefore be
prescribed in hypertensive children.

An accurate dietary assessment performed by a dietician by
means of a 3-day dietary diary is a powerful tool in the eval-
uation of Na intake. The family should be encouraged to use
fresh food, to cook rice and pasta without salt, to use sauces as
rarely as possible, to check nutritional information on food
labels, and to look for low-Na alternatives. Personalized die-
tary counseling is a priority for children on dialysis, as is the
support of a specialized dietician and the optimization of Na
removal by dialysis.

Optimization of dialysis prescription

Sodium and water management during PD Sodium remov-
al during PD is mainly due to the diffusive passage of Na
through small pores, which is influenced by the transmem-
brane Na gradient (plasma–dialysate Na difference), peritone-
al membrane integrity, and peritoneal area recruitment, which
mainly depends on filling volume. To increase Na removal in
PD, exchanges with long dwells and high volumes are needed:
sodium removal increases with dwell volume, which may be
increased up to 1,400 ml/m2 body surface area in children
>2 years and based on intraperitoneal pressure measurements
[45]. The commercially available PD solutions contain 132 to
134 mmol/l of sodium; some adult studies showed that better
Na removal could be achieved by reducing the dialysate sodi-
um to 115–126 mmol/l and increasing glucose concentration
to 2.5% to maintain osmolality [46].

Fluid transport across the peritoneal membrane occurs by
means of a solute-free water transport through ultrasmall
pores, driven by an osmotic gradient, and solute-coupled

water transport, driven by an osmotic and hydrostatic pressure
gradient. Themajor determinant of fluid removal is the osmot-
ic gradient, usually driven by the glucose dialysate concentra-
tion, which is maximal in the early phase of the dwell. The
intraperitoneal hydrostatic pressure is the second most impor-
tant determinant of fluid removal and it correlates directly with
the intraperitoneal volume [47, 48]. Optimization of water
removal during PD is therefore obtained by means of short
dwells and low intraperitoneal volumes, the opposite for Na
removal [45]. Possible alternatives are the use of icodextrin
and higher a dialysate glucose concentration, with its potential
toxicity. Icodextrin is a solution of glucose polymers, which
exert osmotic pressure across the peritoneal membrane.
Pediatric studies showed that a linear increase in ultrafiltration
could be obtained up to 8 h of dwell by using icodextrin, and
that the larger the fill volume the higher the likelihood of
achieving ultrafiltration [49].

To improve both Na and water removal, adapted automated
PD has been proposed [50–53]. It consists of a couple of short
dwell/small volume exchanges to improve ultrafiltration,
followed by exchanges with longer dwell time and larger fill
volume to promote toxins and Na removal [53]. This approach
was tested in a multicenter prospective randomized crossover
trial in 19 adults [53], whowere treated with either adapted PD
or conventional PD (45 days for each phase, with the same
total amount of dialysate and duration). Compared with con-
ventional PD, adapted PD resulted in significantly increased
Na removal per session, increased ultrafiltration and, more
importantly, better systolic and diastolic BP values [53]. The
beneficial effect of adapted PD was also shown in a pediatric
study over 20 years ago and confirmed in a recent crossover
study in 4 children that demonstrated a dramatic improvement
of Na extraction (169%) and ultrafiltration (128%) with
adapted PD compared with conventional PD [50, 51].
However, a computer simulation using the three-pore model
showed a very small improvement in ultrafiltration and Na
removal in adapted PD compared with conventional PD, in-
dicating the need for accurate sodium determination [52].

Sodium and water management during HD Sodium re-
moval during HD is mainly driven by convection (approxi-
mately 80%) through ultrafiltration, whereas removal by dif-
fusion is often negligible (around 20%) and depends on the
transmembrane Na gradient. Dialysate Na is usually set at
138–140 mEq/l, but pediatric data show high intra- and
inter-patient pre-HD plasma Na level variability, often with
values below 138 mEq/L.

Several adult studies have demonstrated the potential ben-
efits of lower dialysate Na concentration on thirst, IDWG, and
BP [54, 55]. Among others, Thein et al. obtained a significant
reduction of BP, particularly in patients with the highest BP,
after decreasing dialysate Na concentration from 141 to
138 mEq/L over a period of 8 months in 52 patients [54]. In
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a small pediatric study of 480 HD sessions in 5 children, a
reduction of dialysate Na from 140 to 138 mEq/l was associ-
ated with lower IDWG and improved pre-HD systolic and
diastolic BP (from 133 to 127 and from 84 to 73 mmHg re-
spectively) [56]. On the other hand, some studies reported an
increased incidence of intradialytic hypotension and a need for
saline infusion in adults treated with a lower dialysate Na
concentration [55]. An individualized Na prescription, which
would take into account the patient pre-HD plasma Na,
IDWG, BP values, and intra-HD hemodynamic stability, has
been advocated and the benefits of a personalized approach
have been highlighted by some adult studies. However, the
high variability of plasma Na makes this approach difficult to
implement in clinical practice [29].

Adult randomized controlled studies showed that high
volume on-line hemodiafiltration (HDF) is associated with
improved overall survival in comparison with standard
HD, resulting predominantly from a lower cardiovascular
mortality, possibly because of the better preservation of left
ventricular mass and function. Among the possible benefi-
cial effects, high volume HDF was associated with a sig-
nificant reduction of intra-dialytic hypotension. The effect
of convective therapies on sodium removal are still debat-
ed: some adult studies have demonstrated a greater reduc-
tion of serum sodium concentration after HDF than after
standard high-flux HD, with a significant correlation be-
tween the change in serum Na and systolic BP [57].
Pediatric data are still lacking.

Several adult studies and some pediatric reports have clear-
ly demonstrated that the best strategy for the optimization of
Na and fluid management in HD patients is intensified HD,
which is daily, home or nocturnal HD or hemodiafiltration
(HDF) [58–62]. In a single-centre prospective trial five
oligo-anuric children were switched from standard thrice-
weekly HDF to daily on-line HDF (3 h, six times/week)
[58]. At 6 and 12 months, the authors observed a significant
improvement in BP (from a mean BP of 95 to 82 mmHg),
allowing for the withdrawal of antihypertensive medications
in 4 out of 5 children, a reduction of LVH, and a significant
increase in left ventricular systolic function [58]. In a 16-week
single-center study, 4 children were converted to the six-
times-weekly HD using the NxStage™ system: a significant
reduction in 24 h ABPM mean systolic (−9.2 mmHg) and
diastolic (−8.5 mmHg) BP values was observed [59]. A sig-
nificant improvement in BP with reduction of antihyperten-
sive medications was also observed during hospital-based in-
termittent nocturnal 8 h HD or HDF (three times/week)
[60–62]. Recently, Thumfart et al. compared 13 children on
intermittent nocturnal HD with 13 children on PD over a 6-
month period: only those on HD showed a significant im-
provement in BP and the disappearance of LVH [62]. A sum-
mary of the results obtained with intensified HD in children is
shown in Table 3.

These data clearly suggest that intensified HD/HDF regi-
mens represent the best strategy for the normalization of BP
and the reduction of target organ damage in children on dial-
ysis. Moreover, several other beneficial effects have been re-
ported, such as improved growth, better metabolic control, no
need for a strict diet, free fluid intake, reduced medication
burden, improvement in general well-being, better dialysis
acceptance, and an improved quality of life.

Anti-hypertensive medications

Given how difficult it is to manage fluid status in children
on dialysis, it is not surprising that most pediatric patients
maintained by dialysis receive antihypertensive drugs: 58–
63% of children on HD and 52–55% of those on PD
(Table 1) [6–8].

Trials demonstrating the superiority of a particular class of
drugs over another are lacking in children on dialysis, with
studies limited to CKD stages 2–4. In a cross-sectional anal-
ysis of the CKiD study, uncontrolled BP was significantly
associated with the use of antihypertensive medication other
than angiotensin-converting enzyme inhibitors (ACE-Is) or
angiotensin receptor blockers (ARBs) [63]. A prospective
analysis of the same cohort of 478 children with CKD stages
2–4 concluded that the use of BP-lowering agents other than
antagonists of the renin–angiotensin system (RAS) was a sig-
nificant predictor of LVH, whereas both ACE-Is and ARBs
seemed to be protective for the development of LVH, although
not significantly [64]. The IPPN registry showed that, among
507 children on PD, concentric LVH was less common in
patients treated with RAS antagonists than in those not receiv-
ing this class of drugs [5].

All guidelines recommend ACE-Is or ARBs as first-
line antihypertensive agents for children with CKD [27,
40]. Even if specific recommendations are not available
for children on dialysis, it seems reasonable to suggest
RAS antagonists as the first-line anti-hypertensive agents
in children on dialysis too. These drugs are usually well-
tolerated in children on dialysis. Some adult studies
showed an increased risk of hyperkalemia in patients on
HD treated with ACE-Is, probably because of the
inhibited extrarenal potassium loss, not confirmed by oth-
er trials. A practitioner survey on the use of BP-lowering
agents in children maintained by dialysis showed that
dihydropyridine calcium channel blockers represented
the first choice for 65.8% and 57% of respondents for
HD and PD patients respectively, followed by ACE-I
(44.6% in HD, 44.3% in PD) [65]. The preference for this
class of drugs is probably due to their optimal safety
profile.

When using an antihypertensive agent in patients on
dialysis, some pharmacokinetic aspects should be taken
into account as regards urine excretion and removal by
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dialysis. ACE-Is are largely removed by HD (i.e., ramipril
is removed by 20–30%, enalapril by 35–50%), with the
exception of fosinopril, whereas ARBs and calcium chan-
nel blockers are not cleared by HD. Among beta-blockers,
water-soluble versions such as atenolol and metoprolol
are highly dialyzable (75% and 50% respectively), where-
as combined α- and β-blockers (labetalol, carvedilol) are
not affected by the treatment. Some drugs can be admin-
istered three times per week, at the end of the HD session,
with a clear benefit for noncompliant patients. In particu-
lar, some adult studies actually showed that a significant
BP reduction could be obtained with thrice-weekly dosing
of atenolol or lisinopril. Removal by PD is usually con-
sidered to be negligible for most of the drugs.

In clinical practice, there is a marked heterogeneity as
far as the timing of antihypertensive prescription is con-
cerned: 66.7% of respondents of the aforementioned sur-
vey recommended holding BP-lowering agents on the
morning of scheduled HD days and 14% avoided certain
types of medications in the evening for patients on noctur-
nal PD [65]. As a general rule, the practice of routinely
avoiding antihypertensive drugs before the HD session
could have potential consequences, such as intra-HD hy-
pertension, poorer BP control, and arrhythmias. For pa-
tients at risk for intra-HD hypotension, dialyzable agents
such as ACE-Is (with the exception of fosinopril) are pref-
erable. For these patients, and particularly when nocturnal
dipping is reduced, nocturnal administration could be an
optimal solution. Patients with intra-HD HTN should be
treated with non-dialyzable agents administered before
the HD treatment, such as ARBs and some beta-blockers.

Conclusions

Concrete evidence highlights the role of HTN in produc-
ing major cardiovascular complications, in particular LVH
and increased cIMT, in children on dialysis. A few strat-
egies for achieving satisfactory BP control have proved
effective in pediatric studies: on the one hand, careful
BP evaluation by means of ABPM and an accurate DW
assessment through BIA, lung ultrasound, and BVM; on
the other, a reduction of sodium overload through dietary
intervention, reduced dialysate sodium prescription and
intensified HD/HDF schedules.

Unfortunately, BP remains poorly controlled in most
children with ESRD. Further studies are needed to im-
prove strategies for lowering BP and protecting these pa-
tients from short- and long-term cardiovascular complica-
tions and death.

Key summary points

1. Hypertension is very common in children on dialysis and
is associated with left ventricular hypertrophy and in-
creased carotid intima-media thickness

2. The gold-standard for BP assessment in children with
ESRD is ABPM

3. Avoiding volume and salt overload is the most important
step in optimizing BP control in children on dialysis,
which can be obtained through an accurate assessment
of dry weight, reduction of dietary sodium intake,

Table 3 Effect of intensified hemodialysis/hemodiafiltration on blood pressure

Reference Number of
patients

HD schedule Duration
(months)

BP AntiHTN drugs

Fischbach et al.
[47]

5 3 h × 6/week
In-center HDF

12 Mean BP:
95 mmHg at baseline
82 mmHg at 6 months (p < 0.05)
87 mmHg at 12 months (p < 0.05)

From 5/5 to 1/5

Goldstein et al.
[59]

4 6/week HD
(3 home HD)

16 Mean SBP: −9.25 mmHg
Mean DBP: −8.75 mmHg
Mean SBP load: −13.4%
Mean DBP load: −20.0%

From 2/4 to 0/4

Hoppe et al. [60] 16 8 h × 3/week
In-center NHD

7 Pre-HD mean BP from 102.3 to
93 mmHg

From 3 to 1.5 drugs/patient
/day

Thumfart et al.
[61]

7 8 h × 3/week
In-center nocturnal HDF or

NHD

3 Pre-HDmean BP 8 mmHg lower with
nocturnal HDF and nocturnal HD
than with standard HD (p < 0.001)

From 7/7 to 2/7

Thumfart et al.
[62]

13 8 h × 3/week
In-center NHD
vs 13 PD patients

6 Mean BP – 6 mmHg in NHD
vs + 1 mmHg in PD

3/13 NHD
vs 10/13 PD

HD bicarbonate HD, HDF hemodiafiltration, NHD nocturnal hemodialysis, PD peritoneal dialysis, SBP systolic blood pressure, DBP diastolic blood
pressure
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avoidance of sodium load by dialysis, and intensified di-
alysis regimens

4. To prescribe antihypertensive medications appropriately,
the specific pharmacokinetic characteristics of each drug
should be taken into account

Multiple choice questions (answers are provided
after the reference section)

1. Which of the following methods for dry weight assess-
ment is associated with better BP control in children on
hemodialysis?
a) Brain natriuretic peptide
b) Inferior vena cava diameter
c) Blood volume monitoring
d) Lung ultrasound
e) All the above

2. The most important source of dietary sodium in children
is:
a) Salt added to the food during processing
b) Salt added while cooking
c) Salt added at the table
d) Sodium occurring naturally in food
e) All the above in the same amount

3. Sodium removal during peritoneal dialysis can be maxi-
mized by:
a) Decreasing dwell time
b) Reducing dwell numbers
c) Increasing dwell volume
d) Reducing dwell volume
e) Volumes and dwells do not affect sodium removal

during peritoneal dialysis

4. Improvement of blood pressure in pediatric studies on
children treated with dialysis has been obtained by means
of:
a) Reduction of dialysate sodium concentration
b) Daily hemodiafiltration
c) Nocturnal hemodialysis
d) Nocturnal hemodiafiltration
e) All the above

5. Which of the following drugs is removed by
hemodialysis?
a) Carvedilol
b) Calcium channel blockers
c) Angiotensin receptor blockers
d) Atenolol
e) Labetalol
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