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Abstract phataemia; hyperparathyroidism; haemodialysis; chol-
esterol; phosphate; calciumBackground. Short-term studies have suggested that

sevelamer hydrochloride, a non-aluminium- and non-
calcium-containing hydrogel, is an effective phosphate
binder in haemodialysis patients, and may produce Introductionfavourable changes in the lipid profile.
Methods. To determine the long-term effectiveness of

Hyperphosphataemia and secondary hyperparathy-sevelamer hydrochloride, we performed an open-label
roidism are common complications of advancedclinical trial in 192 adult patients with end-stage renal
chronic renal insufficiency and end-stage renal diseasedisease on haemodialysis. Drug-related changes in the
(ESRD) [1]. Untreated, secondary hyperparathyroid-concentrations of serum phosphorus, calcium,
ism can lead to significant morbidity because of pain,calcium×phosphate product, parathyroid hormone,
bone loss, increased risk of fractures and anaemiaand low- and high-density lipoprotein cholesterol con-
[2–5], and has been postulated to contribute to hyper-centrations were the major outcomes of interest.
tension, atherosclerotic vascular disease, pruritus, andResults. Treatment with sevelamer was associated
sexual dysfunction [5–9]. Modern treatment of hyper-with a mean change in serum phosphorus
phosphataemia and secondary hyperparathyroidismof −0.71±0.77 mmol/l, serum calcium of
consists of dietary phosphorus restriction, provision of0.08±0.22 mmol/l, and calcium×phosphate product
aluminum or calcium salts to bind dietary phosphorus,of −1.46±1.78 mmol/l (P<0.0001 for all compar-
and often, the oral or intravenous administration ofisons). There were no significant overall treatment-
vitamin D metabolites (e.g. 1, 25-OH vitamin D3,related changes in parathyroid hormone. Serum levels
calcitriol ). To date, medical management of theseof LDL cholesterol decreased by 0.81±0.75 mmol/l
conditions has been less than optimal, as a large(mean −30%, P<0.0001) and HDL cholesterol
fraction (~60%) of patients do not achieve adequateincreased by a mean of 0.15±0.29 mmol/l (mean
control of serum phosphorus and the+18%, P<0.0001). Drug-related adverse events were
calcium×phosphate product, and others continue toinfrequent and most were of mild intensity.
have marked elevations of parathyroid hormoneConclusion. Sevelamer is a safe and effective phosphate
(PTH) or require parathyroidectomy. It is noteworthybinder that leads to significant improvements in the
that hyperphosphataemia is an independent determin-calcium×phosphate product and lipid profile of
ant of hyperparathyroidism, rendering the parathyroidhaemodialysis patients.
gland less sensitive to the suppressive effects of calcium
and vitamin D [10].

Dietary restriction of phosphorus is limited by theKey words: end-stage renal disease; hyperphos-
need to provide adequate daily protein intake to main-
tain neutral nitrogen balance, estimated at roughly
1.0–1.2 g protein per kg body weight in most ambulat-Correspondence and offprint requests to: Glenn M. Chertow, MD,

MPH, Division of Nephrology, University of California, San ory patients. Therefore, most patients with advanced
Francisco, 672 Health Sciences East, San Francisco, CA chronic renal failure or ESRD require an exogenous
94143-0532, USA. phosphate binder to prevent hyperphosphataemia. This* Presented in abstract form at the 31st Annual Meeting of the

stands in contrast to patients with renal insufficiencyAmerican Society of Nephrology, October 25–28, 1998,
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serum phosphorus as a consequence of hyperparathy- The current study was undertaken to evaluate the
long-term safety and effectiveness of sevelamer at con-roidism, due to the effect of PTH in augmenting renal

phosphorus excretion. Aluminum hydroxide is effective trolling hyperphosphataemia, allowing investigators
the flexibility to utilize vitamin D metabolites, supple-at binding intestinal phosphorus, although its systemic

absorption over time can lead to a microcytic, hypoch- mental calcium, or other therapies in concert with
sevelamer, as would practitioners in a non-clinical trialromic anaemia, osteomalacia, myopathy, and rarely,

dementia [11–13]. Calcium salts (usually carbonate or setting. We also sought to determine whether favour-
able changes in the lipid profile seen over 2–12 weekacetate) have become the treatment of choice for

hyperphosphatemia [14,15], although the provision of study periods would be sustained over time.
calcium can lead to hypercalcaemia and increase the
risk of metastatic calcification in a substantial fraction

Methodsof patients, particularly among patients on vitamin D
replacement, and others with low bone turnover rates

Subjects(adynamic bone disease) evidenced by low levels of
PTH, serum osteocalcin, and alkaline phosphatase

One hundred and ninety-two subjects participated in this[16 ].
study, 185 (96%) of whom were prior participants in shorter-Sevelamer hydrochloride (herein referred to as sevel-
term studies using sevelamer [17–19]. Inclusion criteria foramer) is a non-aluminum, non-calcium-containing these studies included: age 18 years or above, the provision

hydrogel of cross-linked poly [allylamine hydro- of thrice weekly haemodialysis for at least 3 months, and the
chloride] that is resistant to digestive degradation and regular administration of aluminium- and/or calcium-based
is not absorbed from the gastrointestinal tract. Its phosphate binders, with or without vitamin D metabolite
mechanism of action relates to the presence of partially replacement therapy at stable doses for at least 1 month.

Subjects with the following history were excluded: seriousprotonated amines spaced one carbon from the poly-
gastrointestinal disease (including dysphagia, vomiting, mot-mer backbone (Figure 1), which interact with phos-
ility disorder, major intestinal surgery, markedly irregularphate ions by ionic and hydrogen bonding. Several
bowel function), ethanol or drug dependence or abuse, activeshort-term clinical studies in patients with ESRD have
malignancy, HIV infection, vasculitis, or poorly controlledestablished that sevelamer is as efficacious as calcium
diabetes mellitus or hypertension.carbonate or acetate at lowering serum phosphorus,

and is well-tolerated [17–19]. Furthermore, short-term
Protocolcontrol of hyperparathyroidism has proved to be

adequate, with maintenance of normal serum calcium
Subjects who completed a dose titration study with sevelamerconcentrations, and significant decreases in the were eligible to continue on sevelamer longer-term. Written

calcium×phosphate product. In addition, short-term informed consent was obtained from all subjects, after consul-
favourable effects on the lipid profile have been tation with their primary nephrologist. Following screening,
observed, with a 20–30% decrease in low density when medical history, physical examination, and laboratory
lipoprotein (LDL) cholesterol, and a 5–15% increase studies were reviewed, there were 2 weeks of ‘pre-treatment’

washout, when all phosphate binders were discontinued. Thein high density lipoprotein (HDL) cholesterol concen-
investigator determined the initial sevelamer dose based ontrations, presumably related to the binding of bile
the subject’s previous experience, the estimated dietary phos-acids by the compound.
phorus intake, and overall clinical judgment. Phosphorus
and calcium levels were monitored every 4 weeks during the
treatment period; levels of PTH, cholesterol, and other
laboratory tests were monitored at weeks 2, 10, 18, 26, 34,
and 46. Laboratory tests were drawn before the mid-week
dialysis session, timed in accordance with the subject’s dia-
lysis schedule. Therefore, some subjects had laboratory tests
performed at night, others in the morning, although the
timing was uniform within subject. The dose of sevelamer
was titrated monthly if necessary. There were no protocols
in place or restrictions enforced on the provision of vitamin
D metabolites, supplemental calcium, or other conventional
or alternative drug therapies during the course of the study.
Dialysate calcium concentration was chosen by the primary
nephrologist, as were other details of the dialysis prescription.
This approach allowed the physician a degree of flexibility
that simulated a non-clinical trial setting. A second 2-week
washout (‘post-treatment’) followed the treatment period,
and constituted study completion.

Statistical analysis

Continuous variables, expressed as mean±SD or median
Fig. 1. Structure of sevelamer hydrochloride. when the data were highly skewed, were compared with
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Table 1. Baseline characteristics of study sampleStudent’s t-test, the Wilcoxon signed rank test, or the
Kruskal–Wallis test, where appropriate. Categorical variables
were compared with Fisher’s Exact test. The effect of treat- Age (years) 56.1±14.6
ment was analysed using the change from the end of the Gender (%) female) 38%

Race/ethnicity (%)initial washout to the end of the treatment period. In the
African American 54%event of study withdrawal, the final value obtained was
Caucasian 35%carried forward. The dose-response was tested by linear
Hispanic 7%regression, using change in the laboratory parameter of
Asian 2%interest as the dependent variable, and sevelamer dose as a
Other 1%continuous independent variable. Primary renal diseasea

Primary analyses were based on the entire study sample. Hypertension 34%
Pre-specified subgroup analyses categorized by the average Diabetes mellitus 30%
prescribed daily sevelamer dose ( low <5.0 g, medium Glomerulonephritis 14%

Polycystic kidney disease 3%5.0–6.75 g, high >6.75 g, a proxy for the severity of hyper-
Other 20%phosphataemia) were performed for the phosphorus, calcium,

Duration of dialysis (years) 3.8±3.7calcium×phosphate product, and PTH determinations.
median 3.0, range <1 to 21Serum lipids were evaluated among pre-specified subgroups

Previous kidney transplant 10%based on the initial LDL cholesterol concentration (LDL
Partial parathyroidectomy 7%<2.58, LDL 2.58–3.33, LDL 3.36–4.11, LDL Kt/Vb 1.5±0.2

�4.13 mmol/l ). Post-hoc analyses of phosphorus, calcium, Vitamin D metabolite use
calcium×phosphate product, and PTH were performed None 26%
based on whether subjects had been prescribed an increase Oral 8%

Intravenous 66%(i.e. new start or increase in dose) in vitamin D metabolite
Increase in vitamin D during study 34%therapy (n=66, 34%) over the course of the study. Additional
Dialysate calcium (mmol/l )analyses were restricted to subjects who completed the study

<1.25 7%protocol (n=123, 64%). Because of multiple comparisons,
1.25 64%two-tailed probability values <0.01 were considered
1.50 12%significant. 1.75 16%

aper physician report.
ban index of dialysis intensity, the clearance-time product dividedResults
by the volume of distribution of urea.

One hundred and ninety-five subjects entered the study;
three patients were excluded before the start of the by pill counts) was 84%. Therefore, the mean actual
treatment period (one withdrew consent, one violated daily dose consumed was 5.3 g. Age was inversely
the study protocol, and one was lost to follow-up). correlated with sevelamer dose (mean age 61.7 vs 56.2
Figure 2 outlines the reasons for study withdrawal, vs 52.3 years in low-, medium-, and high-dose groups,
including 12 (6%) deaths, and 25 (13%) adverse events, respectively, P=0.0008). Mean weight was directly
which included kidney transplantation and prolonged correlated with dose (mean weight 77.9 vs 79.3 vs
hospitalization or referral to an institution where care- 83.0 kg in corresponding groups) although the differ-
ful study monitoring could not take place. None of ence among the three sevelamer dose groups was not
the serious adverse events were attributable to the statistically significant. Other demographic and clinical
study drug. characteristics were not different across the three sevel-

The mean age of study subjects was 56.1±14.6 years amer dose groups. There was a trend toward less
(range 19–86 years). Seventy-two (38%) subjects were frequent use of vitamin D metabolites among subjects
female, 104 (54%) were African American, 68 (35%) who required higher sevelamer doses (84% vs 79% vs
Caucasian, 14 (7%) Hispanic, 4 (2%) Asian, and 2 66% in the low-, medium- and high-dose groups,
(1%) were of other race or ethnicity. Table 1 outlines P=0.03).
the baseline clinical characteristics of the study sample.

All subjects were taking phosphate binders before Phosphorusentering the study. One hundred and one (53%) sub-
jects proceeded directly from a previous sevelamer The mean serum phosphorus after pre-treatment wash-

out was 2.81±0.71 mmol/l and at the end of treatmentstudy into the current one following the 2-week wash-
out. Of the remaining 91 subjects, 36 (19%) were was 2.06±0.61 mmol/l, corresponding to a mean

change of −0.71±0.77 mmol/l (P<0.0001). After 2taking calcium acetate, 24 (13%) calcium carbonate,
and 27 (14%) other calcium preparations or a combina- weeks of post-treatment washout, the mean serum

phosphorus increased by 0.55±0.61 mmol/ltion thereof. Four (2%) subjects were taking aluminium
hydroxide with or without calcium before entering (P<0.0001). The reduction in serum phosphorus was

most pronounced in the high-dose group. The meanthe study.
Subjects were categorized by the mean prescribed change in serum phosphorus was −0.61, −0.52, and

−0.87 mmol/l, in the low-, medium-, and high-dosedaily sevelamer dose ( low, n=57, medium, n=48,
high, n=87). The mean prescribed daily dose was groups, respectively. The mean pre-treatment serum

phosphorus levels were 2.42, 2.74, and 3.06 mmol/l6.3 g. The average adherence with therapy (determined
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Fig. 2. Flow of study subjects and reasons for withdrawal.

with corresponding end of treatment values of 1.77, �2.75 mmol/l ) was <2%, confirming prior reports
that sevelamer does not promote hypercalcaemia.2.23, and 2.19 mmol/l. Sevelamer lowered serum phos-

phorus whether or not an increase in vitamin D
metabolite therapy was prescribed. The mean change Calcium×phosphate product
in serum phosphorus among patients who increased

The mean calcium×phosphate product after the pre-vitamin D was −0.55±0.65 mmol/l and
treatment washout was 6.32±1.60 mmol/l, and at the−0.81±0.81 mmol/l among patients with no change
end of treatment was 4.86±1.45 mmol/l, correspond-or a decrease in vitamin D dosage (P<0.001 for both
ing to a mean change of −1.46±1.78 mmol/lcomparisons). For those subjects who were not with-
(P<0.0001). After 2 weeks of post-treatment washout,drawn from the study prematurely, the mean serum
the calcium×phosphate product increased byphosphorus at study completion was 1.97 mmol/l
1.24±1.31 mg/dl (P<0.0001). The reduction in the(median 1.87 mmol/l, corresponding to 5.79 mg/dl ).
calcium×phosphate product was most pronounced in
the high-dose sevelamer group (mean change −1.20,Calcium −1.10, −1.82 mmol/l in the low-, medium-, and high-
dose groups, respectively), mirroring the trendThe mean serum calcium after pre-treatment washout

was 2.28±0.20 mmol/l and after treatment observed for the serum phosphorus concentration. The
mean pre-treatment levels of the calcium×phosphate2.35±0.20 mmol/l, corresponding to a mean change

in serum calcium of 0.08±0.22 mmol/l (P<0.0001). product were 5.45, 6.37, and 6.86 mmol/l in the low-,
medium-, and high-dose groups, respectively, and theThere was no significant change in serum calcium

concentration from the end of treatment to the end of corresponding end of treatment values were 4.25, 5.26,
and 5.05 mmol/l. The calcium×phosphate product wasthe post-treatment washout. The small but significant

increase in serum calcium was evident across sevelamer reduced in subjects whether or not they were prescribed
an increase in vitamin D dosage, although the reduc-dose groups, with no apparent dose effect. The magni-

tude of the increase in serum calcium was not depend- tion was more pronounced in those subjects whose
vitamin D dosage was not increased (−1.73±1.82 vsent on whether vitamin D dosage was increased (mean

increase 0.12±0.20 vs 0.05±0.22 mmol/l in patients −0.94±1.60 mmol/l ). For those subjects who were
not withdrawn from the study prematurely, the meanwith an increase, and patients with no change or a

decrease in vitamin D dosage, respectively). The aver- calcium×phosphate product at study completion was
4.67±1.36 mmol/l (median 4.41 mmol/l, correspond-age incidence of hypercalcaemia (serum calcium
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Table 2. Phosphorus, calcium, and Ca×PO4 product over time, mean±SD (median)

Weeks on N Phosphorus Calcium Calcium× Intact PTH
treatment phosphorus

Washout 192 2.81±0.71 2.28±0.20 6.33±1.61 401±378
(2.71) (2.28) (6.27) (287)

3 187 2.32±0.61 2.30±0.18 5.36±1.39
(2.32) (2.33) (5.41)

4 177 2.20±0.58 2.30±0.20 5.04±1.27
(2.16) (2.30) (4.92)

6 179 2.13±0.61 2.30±0.18 4.87±1.33
(2.07) (2.33) (4.74)

10 175 2.07±0.55 2.33±0.18 4.82±1.26 397±411
(2.00) (2.33) (4.59) (263)

14 170 2.16±0.65 2.30±0.18 4.96±1.52
(2.07) (2.30) (4.64)

18 161 2.07±0.58 2.33±0.20 4.78±1.36 363±390
(1.97) (2.33) (4.71) (231)

22 152 2.07±0.58 2.33±0.20 4.77±1.34
(2.00) (2.30) (4.71)

26 146 2.13±0.61 2.35±0.18 5.01±1.45 400±432
(2.07) (2.33) (4.79) (253)

30 142 2.10±0.68 2.33±0.20 4.89±1.58
(2.03) (2.35) (4.78)

34 134 2.10±0.61 2.35±0.20 4.93±1.50 377±386
(2.10) (2.33) (4.96) (235)

38 124 2.03±0.61 2.33±0.20 4.77±1.49
(1.94) (2.33) (4.50)

42 124 2.00±0.58 2.33±0.25 4.62±1.38
(1.94) (2.33) (4.65)

46 111 1.97±0.58 2.35±0.18 4.67±1.36 387±471
(1.87) (2.38) (4.41) (225)

For phosphorus, to convert to mg/dl, divide by 0.3229.
For calcium, to convert to mg/dl, divide by 0.25.

ing to 54.6 mg/dl ). Figure 3 depicts the trends over −0.07 mmol/l ). Changes in LDL and HDL cholesterol
were dependent on the starting LDL cholesterol con-time in phosphorus, calcium, and calcium×phosphate

product for all subjects throughout the study period. centration (Table 3). Subjects with higher baseline
LDL concentrations experienced more pronounced
changes in the lipid profile after treatment with sevel-Parathyroid hormone
amer (Figure 4).

The median PTH after the pre-treatment washout was
287 pg/ml. Overall, there was no significant change in Other laboratory values
PTH over the treatment period (median change

Magnesium was significantly increased (mean change−18.0 pg/ml, P=0.40). There was a significant inter-
0.04±0.12 mmol/l, P=0.0007). Uric acid was signi-action between the change in PTH and sevelamer dose,
ficantly decreased (mean change −47.6±77.3 mmol/l,a proxy for the severity of hyperphosphataemia
P<0.0001). There were increases in the serum chloride(median change −55.0, −16.5, and +10.0 pg/ml in
(mean change 1.3±4.2 mmol/l, P<0.0001) and bicar-the low-, medium-, and high-dose groups, respectively,
bonate (mean change 1.3±4.8 mmol/l, P=0.0003) thatP=0.003). This trend was present whether or not an
were statistically significant, but extremely small inincrease in vitamin D dosage was prescribed. The
magnitude and of questionable clinical significance.median PTH of subjects who completed the study was
There were no changes in levels of serum albumin or225 pg/ml. It is noteworthy that the PTH was con-
total protein, liver enzymes, or bilirubin. There was atrolled without induction of hypercalcaemia.
significant increase in the alkaline phosphatase (mean
32.3±72.6 U/l, P<0.0001) as had been observed inLDL and HDL cholesterol
previous studies [17–19]. There was no change in the

The mean change in LDL cholesterol with treatment serum levels of the fat-soluble vitamins A and E.
was −0.82±0.74 mmol/l (P<0.0001), correspond-
ing to an average decrease of 30% from baseline.

DiscussionThe mean change in HDL cholesterol was
0.15±0.29 mmol/l (P<0.0001), corresponding to an
average increase of 18% from baseline. Triglyceride This long-term study confirms and extends prior

reports that sevelamer is effective at lowering serumlevels were not significantly changed (median change
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Fig. 3. Trends in phosphorus, calcium, and calcium×phosphate product.

Table 3. Lipid levels stratified by initial LDL cholesterol The slight increase in bicarbonate concentration
confirms the fact that sevelamer does not promote

<2.58 2.58–3.33 3.36–4.11 �4.13 metabolic acidosis, either directly or secondary to the
loss of base (carbonate or acetate with calcium). The

LDL-C Baseline 2.06 2.93 3.68 4.82 mild hypouricaemic effect of sevelamer has not been
Final 1.54 2.05 2.53 2.85 previously observed, and may relate to the competitive

HDL-C Baseline 0.95 0.93 0.95 0.93 binding of urate, another organic anion. The increaseFinal 1.07 1.07 1.17 1.19
in alkaline phosphatase has been previously observed,TG Baseline 1.34 1.63 1.60 2.22

Final 1.21 1.49 1.46 1.84 and most likely relates to the effect of sevelamer on
bile acid metabolism. Similar laboratory changes have

LDL-C=low density lipoprotein cholesterol, HDL-C=high density been observed in studies of cholestyramine and other
lipoprotein cholesterol, TG=triglycerides (presented as median), all bile acid sequestrants, without any clinically apparent
units in mmol/l. hepatic or systemic effects over time [20–22]. It is

noteworthy that there was no change in the serum
albumin concentration over time, suggesting nophosphorus in haemodialysis patients. Serum phos-
adverse effect on nutritional status or the inflammatoryphorus was significantly reduced by sevelamer treat-
response.ment, with a corresponding reduction in the

The reduction in the calcium×phosphate productcalcium×phosphate product. The beneficial effect of
may prove to be among the most important of sevela-sevelamer on serum phosphorus and the
mer’s benefits. A recent study by Block et al. [23]calcium×phosphate product was sustained over time.
utilized laboratory data collected on two representativeSerum calcium was slightly but significantly
cohorts of US haemodialysis patients. With aincreased, even among patients with no change or a
calcium×phosphate product of 3.47–4.19 mmol/l as adecrease in their vitamin D dosage. There are two
referent category (quintile 2 of 5), there was a steadylikely explanations for this phenomenon. First, since
increase in the relative risk (RR) of death with highersevelamer competes with dietary calcium for phosphate
levels of calcium×phosphate product (unadjusted RRbinding, more free calcium may be absorbed with
1.08, 1.13, and 1.34 for 4.27–4.84, 4.92–5.81, andsevelamer treatment. Second, with reduction in the
5.89–10.65 mmol/l, respectively). These and otherserum phosphorus concentration and the
authors have hypothesized that higher levels of thecalcium×phosphate product induced by sevelamer,
calcium×phosphate product might promote vascularthere may be less deposition of calcium phosphate
calcification, and lead to decreased survival related tocrystals in tissue, thereby raising the calcium concentra-

tion in serum. cardiovascular disease. While the mechanism remains
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Fig. 4. Percent change in LDL cholesterol, HDL cholesterol, and triglyceride values in groups stratified by initial LDL cholesterol
concentration.

to be proved, a relative reduction in the phorus), and alternative analytic techniques (note that
the ‘last value carried forward’ method biases towardcalcium×phosphate product of as little as

0.4–0.8 mmol/l might appreciably improve survival in nil effect) might highlight the efficacy of sevelamer and
other phosphate binders in future clinicalthis population.

The relative benefits of modifying the lipid profile investigations.
In summary, a 1-year, open-label trial of the non-in haemodialysis patients are also unknown. Although

large cohort studies have shown that patients with aluminum-and non-calcium-containing phosphate
binder sevelamer in haemodialysis patients demon-total cholesterol levels in the 5.17–6.46 mmol/l range

experience the lowest all-cause mortality rates [24], strated sustained reductions in serum phosphorus, and
adequate control of hyperparathyroidism without pro-these and other studies of cholesterol and mortality

are confounded by malnutrition, hepatic, and inflam- moting hypercalcaemia. Treatment with sevelamer
resulted in sustained, favourable changes in thematory diseases [25]. The risk of myocardial ischaemia

and infarction is increased by more than an order of calcium×phosphate product and lipid profile. Further
experience with this agent will help to define its ultimatemagnitude in patients with ESRD compared with non-

uraemic age- and sex-matched individuals [26 ] and role in the management of hyperphosphataemia and
other metabolic complications of ESRD.elevated serum cholesterol concentrations have been

shown to predict cardiac death in patients with ESRD
Acknowledgements. This work was supported by GelTexand diabetes [27]. As might be expected, patients with
Pharmaceuticals, Inc. The authors are grateful to Ms. Melissa PloneESRD have been excluded from large clinical trials of for her technical assistance with this project.
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