
Pediatr Nephrol (2003) 18:1260–1264
DOI 10.1007/s00467-003-1298-7

O R I G I N A L A R T I C L E

Homa Mahdavi · Beatriz D. Kuizon · Barbara Gales ·
He-Jing Wang · Robert M. Elashoff · Isidro B. Salusky

Sevelamer hydrochloride:
an effective phosphate binder in dialyzed children

Received: 14 January 2003 / Revised: 8 July 2003 / Accepted: 25 July 2003 / Published online: 30 October 2003
� IPNA 2003

Abstract This pilot study was designed to evaluate the
efficacy and acceptability of sevelamer hydrochloride as a
phosphate binder in pediatric patients treated with dial-
ysis. A 6-month open-label trial of sevelamer hydrochlo-
ride (Renagel) was initiated in 17 patients, aged
11.8€3.7 years, undergoing hemodialysis (n=3) or peri-
toneal dialysis (n=14). Following a 2-week washout
period of the phosphate binders, serum phosphorus
increased from 5.2€1.3 mg/dl to 7.5€2.2 mg/dl
(P<0.0002). After initiation of therapy with sevelamer
hydrochloride, serum phosphorus levels decreased to
6.2€1.2 mg/dl (P<0.01) during the first 8 weeks and final
values were 6.3€1.5 mg/dl. Serum calcium concentration
decreased during the washout period from 9.4€0.9 mg/dl
to 8.9€1.5 mg/dl (P<0.01); values remained unchanged
thereafter. The serum calcium-phosphorus ion product
decreased during the first 8 weeks and values did not
change subsequently. Serum bicarbonate, parathyroid
hormone, total cholesterol, low-density lipoprotein and
high-density lipoprotein cholesterol, and triglyceride
levels did not change. The initial prescribed dose of
sevelamer hydrochloride was 121€50 mg/kg (4.5€5 g/
day) and the final prescribed dose was 163€46 mg/kg
(6.7€2.4 g/day). Sevelamer hydrochloride was well
tolerated and without adverse effects related to the drug.
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Introduction

The control of hyperphosphatemia is a clinical challenge
in the care of children with end-stage renal disease
(ESRD) treated with dialysis. Moreover, phosphate
retention and hyperphosphatemia play a pivotal role in
the development of secondary hyperparathyroidism [1, 2].
In addition, hyperphosphatemia and hypercalcemia are
major contributors to the pathogenesis of extraskeletal
and vascular calcifications [3, 4, 5, 6, 7, 8].

The control of serum phosphorus levels is, therefore,
essential in these patients and the available options
include: (1) dietary phosphate restriction, but long-term
compliance is difficult, as such diets are associated with
protein restriction that may have important negative
effects on the growing skeleton; (2) enhance phosphate
removal by dialysis delivery, but with the current dialysis
prescription, the removal rates are inadequate when
compared with the daily net phosphorus absorption; and
(3) block intestinal phosphate absorption with the use of
phosphate-binding agents.

The most commonly used phosphate binders contain
either aluminum or calcium. With the recognition that
long-term ingestion of aluminum-containing phosphate-
binding agents can result in aluminum retention and
intoxication [9], the use of aluminum-free phosphate-
binding agents has been recommended [10, 11, 12].
Indeed, calcium-based phosphate binders are currently
widely used in children treated with dialysis. However,
hypercalcemia and hyperphosphatemia occurred in 25%–
50% of patients receiving large doses of calcium carbon-
ate. Furthermore, the widespread use of calcium-contain-
ing phosphate binders may play a role in the development
of the aplastic or adynamic lesion of renal osteodystro-
phy, as well as vascular calcifications [7, 13].

Sevelamer hydrochloride, derived from cholesterol-
binding resins, is a non-aluminum, non-calcium-contain-
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ing phosphate binder hydrogel of cross-linked poly
(allylamine hydrochloride) that is resistant to digestive
degradation and is not absorbed from the gastrointestinal
tract. Its mechanism of action relates to the presence of
partially protonated amines spaced one carbon from the
polymer backbone, which interact with the phosphate ions
by ionic and hydrogen binding. Several studies have
demonstrated adequate control of serum phosphorus
levels with sevelamer hydrochloride in adult patients
treated with hemodialysis [14, 15, 16, 17, 18, 19]. This
agent, however, has not been utilized in children. Thus,
the current pilot study was designed to determine the
efficacy and acceptability of sevelamer hydrochloride as a
phosphate binder agent in pediatric patients treated with
dialysis.

Materials and methods

All patients between the ages of 2 and 18 years undergoing
maintenance dialysis at the UCLA/Davita Pediatric Dialysis Unit
were considered as potential candidates for the study. In total, 17
patients were entered into the study: 9 males and 8 females. The
mean age of all patients was 11.8€3.7 years; 7 patients were aged
between 2 and 11 years and 10 patients were aged 12–18 years.
Patients were treated with dialysis for 37.3€35.5 months at the
outset of the study. Three patients were undergoing treatment with
maintenance hemodialysis and 14 patients were receiving perito-
neal dialysis. The ethnic distribution was as follows: Hispanic
(65%); Caucasian 17%; and African-American 12%.

The patients entered into the study were receiving a stable
dosage of calcium-containing phosphate binders 4.0€3.0 g/day with
or without concurrent therapy with active vitamin D sterol for at
least 3 months prior to the initiation of the study protocol. Patients
younger than 2 years were excluded because they were considered
unable to swallow the capsules of sevelamer hydrochloride. The
dialysate calcium concentration was 1.5 mmol/l in 41% and
2.25 mmol/l in 59% of the patients.

Prior to initiation of therapy with sevelamer hydrochloride,
patients underwent a 2-week washout period without the use of
phosphate-binding agents and were then entered into a 6-month
open-label clinical trial. The tablets of sevelamer hydrochloride
were supplied as odorless, tasteless, hard gelatin, single-strength
capsules (403 mg). During the course of the study, 7 patients were
switched to 800-mg tablets because they became available. The
initial dose of sevelamer hydrochloride was two capsules with each
meal because serum phosphorus levels were less than 7.5 mg/dl
after the washout period [17]. The dose was increased by one tablet
per meal (three times three tablets per day) every month as
necessary to achieve serum phosphate levels below 6.5 mg/dl.

In total, 12 patients completed the study: 3 patients were
withdrawn from the study because of documented non-compliance
and persistent hyperphosphatemia, and 2 patients were withdrawn
because of cadaveric kidney transplantation.

At monthly intervals starting from the end of the washout
period, serum phosphorus, calcium, calcium-phosphorus ion prod-
uct, parathyroid hormone (PTH), and total bicarbonate concentra-
tions were measured. Total cholesterol, high-density lipoprotein
(HDL) and triglyceride levels were determined at the end of the
washout period and after 6 months. Baseline values before the
washout period represent the average of single determinations in
each of the patients. All blood samples were analyzed at the UCLA
Clinical Laboratories using standard methods. Serum PTH levels
were measured using an immunoradiometric assay (Nichols
Institute, San Juan Capistrano, Calif., USA) that detects PTH (1–
84) and has cross-reactivity with amino terminally truncated PTH
fragments, probably 7–84 [20, 21]. The study was approved by the
UCLA Human Subjects Protection Committee and informed

consent form was obtained from all the patients and/or their
parents.

Intent-to-treat analysis was utilized for the interpretation of the
results. Descriptive statistics (mean, standard deviation, median)
were used to summarize the laboratory data at each time point. Due
to the small sample size, signed rank test was used to compare the
change in biochemical determinations between two time points. A
mixed-effect regression model with first-order splines was em-
ployed to characterize the change of the biochemical parameters
during the study period. The values represent the estimated rates of
change at different time intervals. The slope that significantly
differs from zero indicates a change in the biochemical value
during the time interval. Statistical software package, SAS, was
used to carry out the analysis and a significance level of 0.05 was
applied for all statistical tests.

Results

During the washout period, the mean serum phosphorus
levels increased from 5.2€1.3 mg/dl to 7.5€2.2 mg/dl
(P<0.0002). After initiation of therapy with sevelamer
hydrochloride, serum phosphorus levels decreased to
6.2.€1.3 mg/dl during the first 8 weeks of the study
(P<0.01) and values remained stable thereafter. Serum
phosphorus concentrations were 6.3€1.5 mg/dl at the end
of the period of observation (NS) (Fig. 1). The mean
serum calcium concentration decreased during the wash-
out period from 9.4€0.9 mg/dl to 8.9€1.5 mg/dl (P<0.01)
2 weeks after discontinuation of the calcium-containing
phosphate-binding agents. Serum calcium levels did not
change substantially during therapy with sevelamer
hydrochloride. Furthermore, the mean serum calcium-
phosphorus ion product rose from 50€17 mg2/dl2 to
66€21 mg2/dl2 (P<0.0001) during the washout period and
decreased to 57€14 mg2/dl2 during the first 8 weeks
(P<0.05). Values remained unchanged subsequently
(Fig. 2).

Serum PTH levels during the washout period ranged
from 451€60 pg/ml to 604€123 pg/dl (NS) and PTH
concentrations remained within baseline values through-
out the period of the study. Final values were 667€247 pg/

Fig. 1 Changes in serum phosphorus levels during the washout
period without the use of phosphate binders and after treatment
with sevelamer hydrochloride
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ml (NS). Serum total bicarbonate levels were
25.9€3.4 mEq/l and 25.4€3.9 mEq/l at the beginning
and end of the washout period. Values remained un-
changed during the course of the study. The initial
prescribed dose of sevelamer hydrochloride was
121€50 mg/kg (4.5€5 g/day) and the final prescribed
dose was 163€46 mg/kg (6.7€2.4 g/day).

Baseline total serum cholesterol and triglyceride levels
were 176€92 mg/dl and 274€329 mg/dl, respectively and
values at the end of the study were 153€50 mg/dl and
272€218 mg/dl (NS). Initial and final mean serum HDL
levels were 40.3€9.3 and 40.4€8.5 mg/dl, respectively
(NS). Six patients were treated with calcitriol therapy
(daily or intermittent) at a mean dose of 104€22 ng/kg per
day during the course of the study. Therapy with
intravenous calcitriol was discontinued in 2 patients
because of persistent hyperphosphatemia, 2 patients
continued to be given the same dose of calcitriol
(0.5 mg/day), and the dosage of calcitriol was doubled
from 1 mg/day to 2 mg/day in 2 patients during the course
of the study.

Sevelamer hydrochloride was well tolerated and there
were no adverse effects related to the study drug. Overall,
the tablets were well accepted by the patients.

Discussion

The primary objective of this pilot study was to assess the
efficacy and tolerance of sevelamer hydrochloride as a
phosphate binder in pediatric patients treated with main-
tenance dialysis. Sevelamer hydrochloride has been found
to effectively reduce serum phosphorus levels and values
remained within target levels in the vast majority of
patients during the 6 months of the study. However,
serum calcium levels diminished during the first 2 weeks
after discontinuation of the calcium-containing-phosphate
binding agents, while values remained unchanged for the
duration of the study. The serum calcium-phosphorus ion

product diminished during therapy with sevelamer hy-
drochloride due mainly to the changes in serum phos-
phorus concentrations. Baseline serum PTH levels were
consistent with a mild degree of secondary hyperpara-
thyroidism and values did not change despite therapy with
calcitriol. Serum bicarbonate levels, as well as serum
cholesterol and low-density lipoprotein (LDL)-cholester-
ol, did not change during therapy with sevelamer
hydrochloride. The initial prescribed dose of sevelamer
hydrochloride was two/three tablets three times a day with
meals. Initially, patients were given 403-mg tablets and,
subsequently, when the 800-mg tablets became available,
some patients were switched requiring fewer tablets per
day.

Sevelamer hydrochloride has been shown to be an
effective phosphate-binding agent in short and long-term
studies in adult patients treated with maintenance hemo-
dialysis [14, 15, 16, 17, 18, 19]. Goldberg et al. [15]
demonstrated that the use of sevelamer hydrochloride led
to reductions in serum phosphorus in hyperphosphatemic
patients compared with an increase in placebo-treated
patients over a period of 2 weeks. In a subsequent study,
Chertow et al. [22] assessed the effect of sevelamer
hydrochloride on serum phosphorus and the calcium-
phosphorus ion product over 1 year in adult patients
undergoing maintenance hemodialysis. The results dem-
onstrated adequate control of serum phosphorus levels
without changes in serum PTH levels, as documented in
the current study. In addition, the pattern of serum lipids
changed during therapy with sevelamer hydrochloride.
The serum level of LDL-cholesterol decreased while
HDL increased [14]. More recently, similar control of
serum phosphorus levels was obtained when sevelamar
hydrochloride and calcium-containing salts were com-
pared in adult patients treated with hemodialysis [19].
Overall, the results of the current study in pediatric
patients are consistent with those previous observations,
except for the lack of change in the lipid pattern.
Although there was a trend in the same direction, the
smaller sample size and the shorter period of observation
may explain the differences. Further studies are needed to
assess the effects of therapy with sevelamer hydrochloride
on lipid metabolism in children treated with dialysis.

Changes in serum bicarbonate levels have been
described during therapy with sevelamer hydrochloride.
In the initial studies by Chertow et al. [22], values were
found to increase. However, bicarbonate levels were
lower in those patients treated with sevelamer hydrochlo-
ride compared with calcium-containing binders [19].
Overall, serum bicarbonate levels did not change in the
current study, as previously shown in adult patients
undergoing hemodialysis [17]. It is interesting to note that
serum calcium levels decreased by 0.5 mg/dl from initial
values during the washout period after discontinuation of
the calcium-containing phosphate-binding agents. Similar
effects have been reported in previous studies and, thus,
provide further evidence for the role of such agents in the
development of an exogenous calcium load [15, 16, 17].
Such findings were further supported when the use of

Fig. 2 Changes in the serum calcium-phosphorus ion product
during the washout period without the use of phosphate binders and
after treatment with sevelamer hydrochloride
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calcium-containing phosphate-binding agents was com-
pared with aluminum hydroxide in pediatric patients
treated with dialysis [23]. Serum calcium levels were
higher and episodes of hypercalcemia occurred more
often with the use of the calcium-containing phosphate-
binding agents [23].

The reduction of the serum calcium-phosphorus ion
product may prove to be an important factor in the
prevention of long-term calcifications related to abnor-
malities of mineral metabolism in renal failure. Goodman
et al. [7] demonstrated that the calcium-phosphorus ion
product was higher in those patients with a positive
coronary artery calcification score than in those with a
negative score. Furthermore, when vascular calcifications
were evaluated in autopsy material from 120 children
with ESRD, Milliner et al. [3] demonstrated that soft
tissue calcifications were present in 60% of the patients
and systemic calcinosis in 36%. The major factors
implicated were the use of active vitamin D sterols, the
peak calcium-phosphorus ion product, the age at onset of
renal failure, and gender (male) [3]. In addition, Block et
al. [24] demonstrated that there was a steady increase in
the relative risk of death with hyperphosphatemia and an
elevated calcium-phosphorus ion product in a cross-
sectional study of a large number of adult patients treated
with dialysis. Thus, reduction of the serum calcium-
phosphorus ion product that is observed during therapy
with sevelamer hydrochloride might prove to be a very
important factor in the prevention of long-term cardio-
vascular complications related to abnormalities of mineral
metabolism in children with renal failure.

Over the last few years, it has been shown that the
widespread use of calcium-containing phosphate binders
may play a role in the development of vascular calcifi-
cations. Goodman et al. [7] demonstrated coronary artery
calcification measured by electron beam computed
tomography in young adult dialysis patients who devel-
oped ESRD in childhood. Moreover, the amount of
calcium ingested daily from the calcium salts used as
phosphate binders was nearly double in those patients
with coronary artery calcification compared with those
without calcification [7]. Using ultrasonography of the
carotid artery, aorta, and femoral arteries, Guerin et al.
[25] also demonstrated vascular calcifications in a large
number of adult patients undergoing maintenance hemo-
dialysis. The extent of arterial calcification increased with
the use of calcium-containing phosphate binders. The
mortality rate was higher in those patients with higher
baseline vascular calcification scores [26]. Finally, calci-
um-containing phosphate-binding agents have been im-
plicated in the pathogenesis of adynamic osteodystrophy,
which is characterized by over-suppression of PTH levels
and frequent episodes of hypercalcemia [13].

Hence, there is growing evidence that treatment with
calcium and active vitamin D sterols may promote
vascular calcification. Thus, the current therapeutic
approach for the management of hyperphosphatemia with
the use of calcium-containing phosphate binders should
be reconsidered because patients are in a net positive

calcium balance mainly due to the use of large doses of
calcium-containing salts. The dialysate calcium concen-
tration and therapy with active vitamin D sterols play an
additional role in the development of a positive calcium
flux [27]. It may be prudent, therefore, to modify the
current large doses of calcium for the management of
hyperphosphatemia. Indeed, it has been demonstrated by
Chertow et al. [19] that coronary and aortic calcification
scores diminished or did not change when adult patients
undergoing hemodialysis were treated with sevelamer
hydrochloride compared with those receiving calcium
carbonate or acetate as the main phosphate-binding
agents. Whether such an effect would affect morbidity
and mortality in patients undergoing maintenance dialysis
remains to be studied [19]. In addition, the effect of the
current dialysis prescription on the control of serum
phosphorus levels should be considered, because hyper-
phosphatemia is present in 60% of a large cohort of
patients treated with hemodialysis [25]. It has been shown
that a greater delivery of dialysis by daily nocturnal
hemodialysis can prevent hyperphosphatemia without the
use of phosphate-binding agents and some patients
require phosphate supplementation [28, 29]. This tech-
nique has not yet been applied in pediatric patients with
ESRD.

In summary, sevelamer hydrochloride, a non-absorbed
aluminum- and calcium-free phosphate binder, effectively
reduced serum phosphorus levels and the calcium-phos-
phorus ion product in children treated with maintenance
dialysis. This new binder may play an important role in
the prevention of soft tissue and vascular calcification in
pediatric patients with ESRD. As overall survival rates in
these patients have improved over the last 2 decades, it is
important that major efforts are made to prevent the long-
term consequences of vascular calcifications [30].
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