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Derangements of mineral metabolism occur during the early stages of chronic kidney disease (CKD). Hyperphosphatemia
develops in the majority of patients with ESRD and has long been associated with progression of secondary hyperparathy-
roidism and renal osteodystrophy. More recent observational data have associated hyperphosphatemia with increased
cardiovascular mortality among dialysis patients. Adequate control of serum phosphorus remains a cornerstone in the clinical
management of patients with CKD not only to attenuate the progression of secondary hyperparathyroidism but also possibly
to reduce the risk for vascular calcification and cardiovascular mortality. These measures include dietary phosphorus
restriction, dialysis, and oral phosphate binders. Dietary restriction is limited in advanced stages of CKD. Phosphate binders
are necessary to limit dietary absorption of phosphorus. Aluminum hydroxide is an efficient binder; however, its use has been
nearly eliminated because of concerns of toxicity. Calcium salts are inexpensive and have been used effectively worldwide as
an alternative to aluminum. Concerns of calcium overload have led to the investigation of alternatives. Currently, only two
Food and Drug Administration–approved noncalcium, nonaluminum binders are available. Sevelamer hydrochloride is an
exchange resin and was not as effective as calcium acetate in meeting new guideline recommendations in one double-blind
clinical trial. Lanthanum carbonate is a rare earth element and has been studied less extensively. Concerns of long-term
administration and toxicity exist. Furthermore, these agents are significantly more expensive than calcium salts, which may
contribute to patient noncompliance.
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D erangements of mineral metabolism occur during the
early stages of chronic kidney disease (CKD) (1). Hy-
perphosphatemia occurs as a consequence of dimin-

ished phosphorus filtration and excretion with the progression
of CKD. Decreased phosphorus excretion can initially be over-
come by increased secretion of parathyroid hormone (PTH),
which decreases proximal phosphate reabsorption (2). Hence,
phosphorus levels are usually within normal range until the
GFR falls below approximately 30 ml/min, or stage IV. CKD
according to the National Kidney Foundation Kidney Disease
Outcomes Quality Initiative (NKF–K/DOQI) classification (3).
In more advanced stages of CKD, the blunted urinary excretion
of phosphorus can no longer keep pace with the obligatory
intestinal phosphate absorption, resulting in hyperphos-
phatemia (4). Therefore, it is not surprising that the majority of
patients with ESRD have significant hyperphosphatemia (5).

Hyperphosphatemia has long been associated with progres-
sion of secondary hyperparathyroidism (HPTH) and renal os-
teodystrophy (1). However, more recent observational data
have also shown a significant association of hyperphos-
phatemia with increased mortality among patients who have
ESRD and are on hemodialysis (5–7). Moreover, elevated serum
phosphorus has been associated with an increased risk for
cardiovascular mortality and hospitalization (all-cause, cardio-
vascular, and fracture) among dialysis patients (8). The exact
pathogenesis is poorly understood, and research is being de-
veloped to explore the putative role of mineral metabolism

derangements and their therapies in the increased cardiovas-
cular mortality among patients with ESRD. Nevertheless, it is
generally accepted that adequate control of serum phosphorus
remains a cornerstone in the clinical management of patients
with CKD not only to attenuate the progression of secondary
HPTH but also possibly to reduce the risk for vascular calcifi-
cation and cardiovascular mortality. These measures include
dietary phosphorus restriction, dialysis, oral phosphate bind-
ers, and control of HPTH.

Dietary Restriction
Dietary phosphate restriction has been shown to prevent the

development of HPTH early in the course of disease, as well as
increase plasma calcitriol levels and inhibit parathyroid cell
proliferation (9,10). Furthermore, phosphorus restriction may
be instrumental in preventing progressive renal failure and soft
tissue calcification (11,12).

The average diet in North America and Europe contains
approximately 1000 to 1500 mg of phosphorus per day (13).
Patients with ESRD absorb approximately 50 to 60% of dietary
phosphorus, and as GFR declines, urinary phosphorus excre-
tion is inadequate to maintain normal homeostasis, resulting in
a positive phosphorus balance (14). Vitamin D administration
aggravates this problem by increasing intestinal absorption of
dietary phosphorus and calcium (15).

Aggressive dietary phosphate restriction among patients
with CKD is impractical and could compromise overall nutri-
tion, particularly protein intake (16). For preventing malnutri-
tion among patients with CKD, the NKF–K/DOQI guidelines
recommend a minimum protein intake of 1.2 g/kg per d (ap-
proximately 800 to 1000 mg/d phosphorus). As renal function
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declines, a net positive balance is inevitable (14,17), and thus
other therapies are required.

Dialysis
The clearance of phosphorus varies among the different mo-

dalities of dialysis. Ideally, adequate dialysis in any form
would remove adequate amounts of all uremic toxins, includ-
ing phosphorus. Unfortunately, conventional, thrice-weekly
hemodialysis (4 h duration) removes approximately 900 mg of
phosphorus each treatment (an average of only 300 mg/d) (18).
Conventional, intermittent hemodiafiltration improves phos-
phorus removal modestly (1030 to 1700 mg/treatment) (19), but
overall, conventional, intermittent hemodialysis provides inad-
equate removal of phosphorus. This seems to be due to the high
postdialysis rebound from mobilization of phosphate from the
intracellular space and/or bone induced by intradialytic re-
moval of this solute. Moreover, the clearance of phosphorus
during peritoneal dialysis is comparable or inferior to that of
conventional hemodialysis, especially when intradialytic pro-
tein loss is taken into consideration (20). Hence, the need for
phosphate binders for the majority of patients with ESRD is
predictable.

One approach to overcome this rebound is quotidian hemo-
dialysis. Short, daily hemodialysis utilizes blood flow rates
(Qb) of 450 ml/min, dialysate flow rates (Qd) of 800 ml/min, a
duration of 1.5 to 2.5 h, and a frequency of six to seven treat-
ments per week. Alternatively, slow nocturnal hemodialysis
(NH) entails Qb of 150 to 300 ml/min, Qd of 300 ml/min,
duration of 6 to 8 h, and a frequency of six to seven nights per
week. During a 4-yr observational study that compared pa-
tients who received conventional, intermittent hemodialysis;
short, daily hemodialysis; and NH, the only modality of dial-
ysis to show a significant reduction in the serum phosphorus
levels and eliminate the need for phosphate binders was NH
(21–23). Some patients actually required phosphorus supple-
mentation during the study (22), as well as adjustments to
dialysate calcium levels as a result of significant reductions in
serum calcium levels (23). NH has also been associated with
improved solute clearance, quality of life, BP control, and re-
duction in medication requirements. However, obstacles to its
use on a larger scale include unfamiliarity with home hemodi-
alysis, as well as issues with reimbursement and cost of equip-
ment and nonreusable materials.

Phosphate Binders
Aluminum Hydroxide

The use of phosphate binders began in the early 1970s, when
the importance of phosphorus control was first emphasized.
Use of aluminum-containing phosphate binders was the stan-
dard of care among patients with ESRD. Aluminum hydroxide
was a very efficient phosphate binder (24). Unfortunately, long-
term use was associated with aluminum accumulation and
toxicity, manifesting itself as encephalopathy, osteomalacia, mi-
crocytic anemia, and myopathy (25–27). Subsequently, the use
of aluminum hydroxide has been limited to salvage, short-term
therapy or abandoned entirely.

Calcium Carbonate
Calcium salts then emerged as an alternative to aluminum as

a phosphate binder. It was well established that calcium salts
bound dietary phosphorus, although less efficiently than alu-
minum (28). Calcium carbonate has been used extensively
worldwide since the early 1980s because of its efficacy, tolera-
bility, and affordability (29–31).

One prospective, randomized, open-label trial suggested that
high-dose calcium carbonate was effective as monotherapy to
control mild to moderate secondary HPTH (PTH 150 to 600
pg/ml) among hemodialysis patients (32). Indridason et al. (32)
randomly assigned 52 patients to receive escalating doses of
calcium carbonate alone, daily oral calcitriol, or intermittent
intravenous (IV) calcitriol. The calcitriol groups received cal-
cium carbonate in fixed doses. The mean serum phosphorus
was significantly lower in the calcium carbonate group
throughout the study and was 3.5 mg/dl at the treatment end
of 36 wk. However, this required a mean dose of 7 g/d ele-
mental calcium. The oral and IV calcitriol groups required
aluminum hydroxide to help control hyperphosphatemia. PTH
levels were significantly decreased in all groups but most no-
table in the IV calcitriol group (240 � 37.7 to 65 � 10 pg/ml).
Although not statistically significant, there was a trend toward
fewer hypercalcemic episodes in the calcium carbonate group.
No adverse effect on surrogate markers of bone metabolism
was noted with the administration of calcium carbonate.

Overall, calcium carbonate adequately controls phosphorus;
however, its effectiveness may be limited by hypercalcemia.
Calcium carbonate contains a high proportion of elemental
calcium (40%), and hypercalcemia can occur when given at
escalating doses (33), when administered concomitantly with
vitamin D (which increases gastrointestinal [GI] absorption of
calcium), or with use of higher dialysate calcium concentrations
(31,34). Furthermore, the proportion of calcium absorbed from
phosphate-binder intake dramatically increases when there is
unsynchronized administration in relation to meals. Signifi-
cantly more elemental calcium is absorbed when calcium car-
bonate is given on an empty stomach or 2 h after meals com-
pared with administration before or directly after meals (35).

Calcium Acetate
Calcium acetate (PhosLo, Nabi Pharmaceuticals, Boca Raton,

FL) is an alternative to calcium carbonate as a phosphate binder
and contains less elemental calcium (25%) than calcium carbon-
ate. GI washout studies have shown that the amount of phos-
phorus bound per amount of calcium absorbed was almost
twice as great with calcium acetate compared with calcium
carbonate (36). Moreover, Mai et al. (37) showed that phospho-
rus absorption decreased to 40% of the ingested load with
calcium carbonate compared with 21.7% with an equivalent
amount of calcium acetate. Thus, among patients with ESRD,
calcium acetate binds approximately twice the amount of phos-
phorus per amount of calcium absorbed (38,39). This is believed
to be attributable to the increased solubility of calcium acetate
in both acid and alkaline solutions in vitro.

Calcium acetate is well tolerated and has been shown to
significantly reduce and maintain serum phosphorus and cal-
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cium � phosphorus product levels during a long-term clinical
trial (40). This prospective, randomized, controlled trial was
undertaken to prove that sevelamer hydrochloride was more
effective in lowering the Ca � PO4 product compared with
calcium-containing phosphate binders. During the 52-wk treat-
ment phase, study patients experienced significant reductions
in serum phosphorus and Ca � PO4 product, and no significant
difference was noted between treatment arms.

Hypercalcemia, however, has been associated with both cal-
cium carbonate and calcium acetate ingestion. Growing con-
cerns have been voiced regarding calcium loading and its pu-
tative role in the progression of cardiovascular calcifications
and the increased cardiovascular mortality among patients
with ESRD. Although associations have been drawn from
cross-sectional observational studies and one prospective, ran-
domized trial (40), the burden of proof for causation remains
unmet given the limitations of study design, failure to account
for confounders such as established risk factors for cardiovas-
cular disease (dyslipidemia, smoking, oxidative stress, hyper-
homocysteinemia, inflammation [C-reactive protein]), and a
flawed causal pathway linking calcium ingestion in the form of
phosphate binders with coronary calcification (41). Nonethe-
less, alternatives to calcium-containing binders are necessary
and wisely have been explored in greater magnitude.

Noncalcium, Nonaluminum
Phosphate Binders
Magnesium Salts

Magnesium hydroxide and carbonate have been studied as
adjuncts or alternatives to calcium-based binders over the
years. However, these agents are not particularly effective as
phosphate binders, and adjustments in dialysate magnesium
are necessary (42). Given the lower efficacy of phosphorus
binding of magnesium salts, larger doses are required and
adverse GI effects such as diarrhea, hyperkalemia, and hyper-
magnesemia are often treatment limiting (43–45). MagneBind
(Nephro-Tech Inc., Shawnee, KS) is a commercially available
binding agent that contains varying amounts of magnesium
carbonate and calcium carbonate. It is considered a dietary
supplement; therefore, the safety and efficacy of this agent as a
phosphate binder has not been evaluated by the Food and Drug
Administration (FDA).

Sevelamer Hydrochloride
Sevelamer hydrochloride (RenaGel, Genzyme Corp., Cam-

bridge, MA) is a novel nonaluminum, noncalcium phosphate-
binding polymer. Sevelamer is a hydrogel of cross-linked poly-
(allylamine) and is completely resistant to digestive
degradation and, therefore, not absorbed from the GI tract. It is
an exchange resin that binds dietary phosphorus and releases
chloride (46). Multiple clinical studies have demonstrated that
sevelamer lowers serum phosphorus levels among patients
with ESRD and is generally well tolerated (40,47,48). Further-
more, sevelamer binds bile acids and thereby reduces fecal bile
acid excretion and lowers LDL cholesterol (49).

Use of sevelamer has gained support in light of growing
concerns of calcium loading and hypercalcemia. In fact, sevel-

amer therapy has been associated with hypocalcemia, and
study subjects often required the administration of 1 g of ele-
mental calcium at bedtime during clinical studies (40,47–50).

Several open-label studies that compared sevelamer and cal-
cium salts have suggested similar abilities to lower and main-
tain serum phosphorus levels (40,46–50). However, sevelamer
has not consistently reduced serum phosphorus levels to the
newly recommended NKF–K/DOQI targets in these previous
studies.

To date, one prospective, double-blind, randomized, con-
trolled trial has determined whether calcium acetate or sevel-
amer hydrochloride best achieves recently recommended treat-
ment goals of phosphorus and Ca � PO4 product (51). During
the 8-wk study, patients were randomly assigned to either
calcium acetate or sevelamer. Initial doses were determined by
postwashout phosphorus levels consistent with package inserts
of both agents. After 3 wk of therapy, the calcium acetate
recipients reached the NKF–K/DOQI target serum phosphorus
level of �5.5 mg/dl; however, this goal was never achieved in
the sevelamer group. Serum calcium level was significantly
higher in the calcium acetate group; the goal Ca � PO4 product
was achieved within 2 wk and was maintained throughout the
study period. This study was the first to show that calcium
acetate more effectively lowered serum phosphorus and Ca �

PO4 product compared with sevelamer hydrochloride.
These results conflict with a previous, open-label clinical trial

that compared sevelamer with calcium salts (both carbonate
and acetate) (40). In that study, there was no difference in the
primary end point, control of Ca � PO4 product, but there was
an attenuation of coronary and aortic calcification as measured
by electron-beam computed tomography. The exact mecha-
nism(s) and implication(s) remain uncertain given the current
state of scientific evidence. Some would argue that sevelamer
was underdosed during the CARE Study (51). However, the
achieved dose of sevelamer (17.2 capsules, or 6.9 g/d) was
higher than those administered in the Treat-to-Goal Study (6
g/d). One reason for the discrepancy may be the bias associated
with open-label trials. Alternatively, the investigators postu-
lated that better control of phosphorus in the calcium acetate
group was related to a decreased phosphorus release from bone
as a result of better correction of metabolic acidosis (52).

Aside from efficacy, other concerns regarding the use of
sevelamer exist. Because phosphate is bound in exchange for
hydrochloric acid, lower levels of serum bicarbonate have been
noted with long-term administration compared with calcium
salts (40,51). In at least one clinical trial, the serum bicarbonate
levels fell below the NKF–K/DOQI targets (52), and further
investigation on the effects of metabolic acidosis may be nec-
essary. Also, sevelamer remains one of the most expensive
phosphate binders currently available. Nevertheless, sevelamer
remains an important therapy in the control of hyperphos-
phatemia among patients with ESRD.

Lanthanum Carbonate
Lanthanum carbonate (Fosrenol, Shire US Inc., Wayne, PA) is

a rare earth element that was approved recently by the FDA for
the treatment of hyperphosphatemia among patients with
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ESRD. Lanthanum belongs to a group known as the “lan-
thanides” and has a low solubility. In the acid environment of
the stomach and upper small intestine, lanthanum dissociates
sufficiently to become available for phosphate binding. In lab-
oratory experiments, lanthanum was found to be as effective as
aluminum hydroxide and more effective than calcium carbon-
ate or sevelamer hydrochloride at binding dietary phosphate at
equivalent doses (53). Several clinical trials have shown that
lanthanum is effective and well tolerated among healthy vol-
unteers as well as hemodialysis patients (54,55). In short-term
studies, lanthanum significantly reduced serum phosphorus
levels and Ca � PO4 product compared with placebo among
patients with ESRD (56–59). Lanthanum carbonate therapy in
doses ranging from 1500 to 3000 mg/d, however, was unable to
lower the serum phosphorus below 5.5 mg/dl in any of these
trials.

Lanthanum is not metabolized and has a low GI absorption.
Its main route of elimination is biliary. However, in long-term
clinical studies, patients who were administered lanthanum
carbonate at various doses developed increased serum levels
(60). In light of past experiences with chronic aluminum inges-
tion and toxicity, long-term safety with lanthanum carbonate
remains a great concern. In two different rat models of CKD,
the oral administration of lanthanum led to more than a 10-fold
increase of tissue content in the liver, lung, and kidney (61).
Furthermore, rats that were administered large doses of lantha-
num for 12 wk showed a dose-dependent decrease in bone
formation rate and osteomalacia (62). However, this may have
been related to phosphorus depletion rather than lanthanum
toxicity (63).

Given the toxic effects of mineral and metal accumulation
reported in the past, the long-term effects of lanthanum on bone
have been an area of speculation. Before FDA approval, long-
term outcomes on bone morphology were required. In a pro-
spective, randomized, parallel study, 197 patients were ran-
domly assigned to receive either lanthanum carbonate or the
standard phosphate binder. Bone biopsies were obtained at
either 1 or 2 yr of treatment (64,65). During these trials, treat-
ment with lanthanum carbonate was not associated with any
significant shift on the classification of bone disease, and there
was no incidence of osteomalacia as seen on bone biopsies in
either group. Moreover, 11 patients who had been receiving
lanthanum for �4 yr underwent bone biopsies, which did not
reveal any evidence of aluminum-like effects (66).

Overall, lanthanum carbonate was well tolerated, and the
most common adverse events were GI, such as nausea and
vomiting, which abated over time. Lanthanum was supplied as
a chewable tablet in two dosage strengths, 250 and 500 mg. The
total daily dose ranged between 1500 and 3000 mg. Despite
encouraging results and need for alternative phosphate bind-
ers, the widespread use of lanthanum may be limited by con-
cerns of long-term exposure and cost.

Polynuclear Iron Preparations
The use of trivalent iron has increased since the observation

that the solubility product of these agents and phosphate is
extremely low. Several animal studies and small-scale human

trials have suggested their efficacy and tolerability (67–69).
Although these agents are promising and potentially will be-
come a low-cost alternative to current therapies, they remain in
the early stages of clinical development at this time.

Emerging Therapies
Although not indicated for the treatment of hyperphos-

phatemia, calcimimetics are a new class of agents in the arma-
mentarium available to treat secondary HPTH and may have a
significant impact on the choice of phosphate binders in the
future (70). Cinacalcet (Sensipar, Amgen, Thousand Oaks, CA)
is a first-in-class agent that binds to and allosterically modifies
the calcium-sensing receptor (CSR), increasing its sensitivity to
extracellular calcium (71). The CSR located on the chief cell of
the parathyroid gland is the principal regulator of PTH secre-
tion, and activation by serum calcium leads to the activation of
secondary messenger pathways and a cascade of intracellular
events resulting in decreased PTH secretion (72). Cinacalcet is
the only FDA-approved calcimimetic for use in the United
States for the treatment of HPTH. In three large, prospective,
randomized, double-blind, controlled trials, cinacalcet signifi-
cantly reduced PTH levels compared with placebo (73–75).
Moreover, cinacalcet significantly reduced serum phosphorus,
calcium, and intuitively the Ca � PO4 product in all three
studies over the 26-wk study period. The exact mechanism by
which cinacalcet lowers calcium, phosphorus, and Ca � PO4
product is unclear but may be related to the attenuated release
of PTH and subsequent mineralization of bone similar to that
seen in the period after surgical parathyroidectomy (i.e., hungry
bone syndrome). Alternatively, cinacalcet has also been shown
to downregulate mRNA expression levels encoding proteins
that are involved in active transcellular calcium reabsorption in
the intestine (76).

Cinacalcet was well tolerated but did have a higher incidence
of GI intolerance (nausea and vomiting) compared with pla-
cebo. These symptoms were reduced when the drug was ad-
ministered with food. Cinacalcet was also associated with a 5 to
8% incidence of hypocalcemia as defined by a serum calcium
�7.5 mg/dl that necessitated modification of calcium-contain-
ing phosphate binders, vitamin D sterols, or both (73,74). De-
spite the absence of a significant difference in the dose of either
phosphate binders or vitamin D sterols between the groups
during the relatively short study period, the incidence of hy-
pocalcemia cannot be overlooked because it has also been as-
sociated with increased mortality among patients with ESRD
(77). These findings warrant further investigation; however, the
chain of logic suggests the potential need for calcium supple-
mentation of some form by increasing dialysate calcium con-
centration, nightly calcium salt ingestion, or calcium-containing
phosphate binders. The potential benefit of the last is apparent.

Barriers to Success
Despite the growing diversity of therapeutic options avail-

able, achievement and maintenance of the NKF–K/DOQI tar-
gets for hyperphosphatemia and HPTH remain poor. Fewer
than 50% of prevalent dialysis patients met guideline recom-
mendations for phosphorus control during the first 6 mo of the
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Dialysis Outcomes and Practice Patterns Study and fell to 25%
for the entire 12 mo of the study (78). Several reasons may
account for failure to adequately treat hyperphosphatemia,
such as compliance, cost of therapies, binder inefficiency as a
result of inappropriate administration or prescription, and re-
fractory disease states at time of initiation of renal replacement
therapy.

Compliance
Unfortunately, poor compliance with diet and phosphate

binders is common among adult chronic hemodialysis patients
(79,80). It is believed that aggressive patient education pro-
grams and positive reinforcement by the nursing staff, renal
dieticians, and nephrologists may be beneficial (81). Effective
dietary counseling requires a team effort, and restricted diets
should be personalized. Patients also need to be instructed on
how to read food labels so that they can identify products with
phosphate additives. Although the most common reason given
by patients is that they forgot to take their binders, it is impor-
tant to note that noncompliance is often multifactorial. A web-
based survey revealed that 64% of patients did not comply with
regularly prescribed drugs because they “forgot.” It is interest-
ing that 35% did not take their medications because they
wanted to save money.

Cost
Financial limitations rather than psychologic/cultural issues

may play an even bigger role among patients with ESRD. More
affordable fare including processed meats and cheeses, dried
fruits and beans, peanut butter, and eggs are foodstuffs that are
very high in phosphorus. These are often the only sources of
protein available to dialysis patients with limited resources
(82).

Social workers are also vital team members to help identify
and enroll patients into pharmaceutically sponsored patient-
assistance programs, because newer noncalcium, nonalumi-
num phosphate binders are expensive. For example, RenaGel
costs approximately $1.48/pill (83). Assuming the mean Rena-
Gel dose required in long-term clinical trials (8 tablets/d), the
yearly cost would be roughly $4200 for this medication alone.
In contrast, PhosLo costs approximately $0.20/pill, with a
yearly cost of approximately $500/yr (based on 7 tablets/d per
the Treat-to-Goal Study). This substantial discrepancy in cost
could have even farther reaching consequences with the imple-
mentation of the NKF–K/DOQI guidelines for the use of Rena-
Gel (84). Manns et al. (85) performed a systematic review to
analyze the potential economic impact of RenaGel prescription
on the basis of these guidelines. According to their data, 51% of
Canadian and 64% of American cohorts would respectively
meet the NKF–K/DOQI criteria for use of RenaGel. For the US
hemodialysis population, this would result in expenditures of
approximately $781 million for RenaGel alone. This is a sub-
stantial burden to assume without the benefit of any outcomes
data to support these recommendations. Moreover, Fosrenol,
the other alternative to calcium salts, costs approximately
$2/pill (83). According to current studies, the yearly cost would
range from approximately $2400/yr (using the minimum dose

of 1500 mg/d) to $4800/yr (using 3000 mg/d). These figures
are disconcerting in light of the current budgetary concerns and
rising cost of medical care.

Binder Performance
Calcium carbonate dissolves best in an acidic environment;

however, its binding to phosphorus is best at higher pH and
falls significantly at a pH below 5, which may be one reason
that it is less effective than aluminum for phosphorus reduction
(36). Furthermore, variability in dissolution rates exists among
different manufacturers of calcium carbonate (86), mainly be-
cause the FDA does not view it as a drug. Therefore, calcium
carbonate is not subjected to the rigorous standards of the FDA,
similar to other “nutritional supplements.”

Prescription Error
Dietary habits of our patients are variable in not only the

number of meals per day but also in the proportion of phos-
phorus in each meal and/or snack. Therefore, a careful dietary
history is essential to prescribe phosphate binders properly to
match quantity of phosphorus ingestion with appropriate
binder dosage. Moreover, the temporal relationship with meals
is crucial to bind dietary phosphate adequately. It is well es-
tablished that unsynchronized administration of binders signif-
icantly increases the proportion of dietary phosphorus ab-
sorbed compared with concomitant administration of binder
with meals (24,35,36,46,87).

Refractory Disease State
Control of serum phosphorus becomes more difficult with

the worsening severity of secondary HPTH over time. The
reasons are multifactorial and include increased circulating
PTH (which stimulates further release of phosphorus and cal-
cium from bone), reduced production of active vitamin D me-
tabolites, vitamin D receptor downregulation, and decreased
CSR expression and autonomous parathyroid cell proliferation
(88,89). Vitamin D and its analogs suppress PTH; however,
with increased parathyroid tissue, the required doses are
higher and subsequently increase intestinal absorption of cal-
cium and phosphorus (90). This can further exacerbate the
problem by worsening hyperphosphatemia and also limit fur-
ther use of vitamin D and its analogs as a result of elevations of
Ca � PO4 product. The resultant metabolic abnormalities, as
well as parathyroid hyperplasia, are not easily reversed; there-
fore, early interventions to prevent the development and/or
progression of secondary HPTH and its sequelae are crucial.

Future Study Directions
Major advances in the understanding of mineral metabolism

disturbances in CKD have been made in recent years. However,
there remains a need for prospective, randomized, controlled
trials to evaluate the effects of phosphorus control via various
modalities on hard clinical outcomes such as cardiovascular
events. These will need to account for other processes that are
known to contribute to intimal injury and propagate athero-
sclerosis such as dyslipidemia, inflammation, and hyperhomo-
cysteinemia. Subsequently, cost-effective analyses for different
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therapies are necessary given the considerable financial burden
for as of yet unproved therapies. Likewise, outcomes related to
the implementation of these therapies during earlier stages of
CKD require further exploration.

References
1. Slatopolsyk E, Delmez JA: Pathogenesis of secondary hy-

perparathyroidism. Am J Kidney Dis 23: 229–236, 1994
2. Slatopolsky E, Gradowska L, Kashemsant C, Keltner R,

Manley C, Bricker NS: The control of phosphate excretion
in uremia. J Clin Invest 45: 672–677, 1966

3. National Kidney Foundation: K/DOQI definition and clas-
sification of stages of chronic kidney disease. Am J Kidney
Dis 42: S46–S75, 2003

4. Bricker NS, Slatopolsky E, Reiss E, Avioli LV: Calcium,
phosphorus and bone in renal disease and transplantation.
Arch Intern Med 123: 543–553, 1969

5. Block GA, Hulbert-Shearon TE, Levin NW, Port FK: Asso-
ciation of serum phosphorus and calcium � phosphate
product with mortality risk in chronic hemodialysis pa-
tients: A national study. Am J Kidney Dis 31: 607–617, 1998

6. Owen WF, Lowrie EG: C-reactive protein as an outcome
predictor for maintenance hemodialysis patients. Kidney
Int 54: 607–617, 1998

7. Ganesh SK, Stack AG, Levin NW, Hulbert-Shearon T, Port
FK: Association of elevated serum POr, Ca � POr product,
and parathyroid hormone with cardiac mortality risk in
chronic hemodialysis patients. J Am Soc Nephrol 12: 2131–
2138, 2001

8. Block GA, Klassen PS, Lazarus JM, Ofsthun N, Lowrie EG,
Chertow GM: Mineral metabolism, mortality, and morbid-
ity in maintenance hemodialysis. J Am Soc Nephrol 15:
2208–2218, 2004

9. Portale AA, Halloran BP, Murphy MM, Morris RC Jr: Oral
intake of phosphorus can determine the serum concentra-
tions of 1,25-dihydroxyvitamin D by determining its pro-
duction rate in humans. J Clin Invest 77: 7–12, 1986

10. Slatopolsky E, Finch J, Denda M, Ritter C, Zhong M, Dusso
A, Macdonald PN: Phosphorus restriction prevents para-
thyroid gland growth. J Clin Invest 97: 2534–2540, 1996

11. Lumlertgul D, Burke TJ, Gillum DM, Afrey AC, Harris DC,
Hammond WS, Schrier RW: Phosphate depletion arrests
progression of chronic renal failure independent of protein
intake. Kidney Int 29: 658–666, 1986

12. Haut LL, Alfrey AC, Guggenheim S, Buddington B, Schrier
N: Renal toxicity of phosphate in rats. Kidney Int 17: 722–
731, 1980

13. Willett WC, Buzzard M: Nature of Variation in Diet in Nu-
tritional Epidemiology, 2nd Ed., edited by Willett WC, New
York, Oxford University Press, 1998, pp 33–49

14. Ramirez JA, Emmett M, White MG, Fathi N, Santa Ana CA,
Morawski SG, Fordtran JS: The absorption of dietary phos-
phorus and calcium in hemodialysis patients. Kidney Int 30:
753–759, 1986

15. Meric F, Yap P, Bia M: Etiology of hypercalcemia in hemo-
dialysis patients on calcium carbonate therapy. Am J Kidney
Dis 16: 459–464, 1990

16. Kopple JD, Coburn JW: Metabolic studies of low protein
diets in uremia: II. Calcium, phosphorus, and magnesium.
Medicine 52: 597–607, 1973

17. Hsu CH: Are we mismanaging calcium and phosphate

metabolism in renal failure? Am J Kidney Dis 29: 641–649,
1997

18. Gotch FA, Panlilio F, Sergeyeva O, Rosales L, Folden T,
Kaysen G, Levin NW: A kinetic model of inorganic phos-
phorus mass balance in hemodialysis therapy. Blood Purif
21: 51–57, 2003

19. Minutolo R, Bellizzi V, Cioffi M, Iodice C, Giannattasio P,
Andreucci M, Terracciano V, Di Iorio BR, Conte G, De
Nicola L: Postdialytic rebound of serum phosphorus:
Pathogenetic and clinical insights. J Am Soc Nephrol 13:
1046–1054, 2002

20. Delmez JA, Slatopolsky E, Martin KJ, Gearing BN, Harter
HR: Minerals, vitamin D and parathyroid hormone in con-
tinuous ambulatory peritoneal dialysis. Kidney Int 21: 862–
867, 1982

21. Lindsay RM, Heidenheim P, Leitch R, Ryan H, Kroeker A,
Peters K, Workentin L, Nesrallah G, Prakash S, Kortas C;
the Daily/Nocturnal Dialysis Study Group: Short daily
versus long nocturnal hemodialysis. ASAIO 449–455, 2001

22. Mucsi I, Hercz G, Uldall R, Ouwendyk M, Francoeur R,
Pierratos A: Control of serum phosphate without any
phosphate binders in patients treated with nocturnal he-
modialysis. Kidney Int 53: 1399–1404, 1998

23. Al-Hejaili F, Kortas C, Leitch R, Heidenheim AP, Clement
L, Nesrallah G, Lindsay RM: Nocturnal but not short hours
quotidian hemodialysis requires an elevated dialysate cal-
cium concentration. J Am Soc Nephrol 14: 2322–2328, 2003

24. Clarkson EM, Luck VA, Hynson WV, Bailey RR, Eastwood
JB, Woodhead JS, Clements VR, O’Riordan JL, De War-
dener HE: The effect of aluminum hydroxide on calcium,
phosphorus and aluminum balances, the serum parathy-
roid hormone concentrations and the aluminum content of
bone in patients with chronic renal failure. Clin Sci 43:
519–531, 1972

25. Alfrey AC, Mishell JM, Burks J, Contiguglia SR, Rudolph
H, Lewin E, Holmes JH: Syndrome of dyspraxia and mul-
tifocal seizures associated with chronic hemodialysis.
Trans Am Soc Artif Intern Organs 18: 257–261, 1972

26. Alfrey AC, Legendre GR, Kaehny WD: The dialysis en-
cephalopathy syndrome: Possible aluminum intoxication.
N Engl J Med 294: 184–188, 1976

27. Pierides AM, Edwards WG, Cullum UX, McCall JT, Ellis
HA: Hemodialysis encephalopathy with osteomalacic frac-
tures and muscle weakness. Kidney Int 8: 115–124, 1980

28. Clarkson EM, McDonald SJ, De Wardener HE: The effect of
high intake of calcium carbonate in normal subjects and
patients with chronic renal failure. Clin Sci 30: 425–438,
1966

29. Makoff DL, Gordon A, Franklin SS, Gerstein AR, Maxwell
MH: Chronic calcium carbonate therapy in uremia. Arch
Intern Med 123: 15–21, 1969

30. Meyrier A, Marsac J, Richet G: The influence of a high
calcium carbonate intake on bone disease in patients un-
dergoing hemodialysis. Kidney Int 4: 146–153, 1973

31. Slatopolsky E, Weerts C, Lopez-Hilker S, Norwood K, Zink
M, Windus D, Delmez J: Calcium carbonate as a phosphate
binder in patients with chronic renal failure undergoing
dialysis. N Engl J Med 315: 157–161, 1986

32. Indridason OS, Quarles LD, for the Durham Renal Os-
teodystrophy Study Group: Comparison of treatments for
mild secondary hyperparathyroidism in hemodialysis pa-
tients. Kidney Int 57: 282–292, 2000

S112 Journal of the American Society of Nephrology J Am Soc Nephrol 16: S107–S114, 2005



33. Clarkson EM, Eastwood JB, Koutsaimanis KG, DeWar-
dener HE: Net intestinal absorption of calcium in patients
with chronic renal failure. Kidney Int 3: 258–263, 1973

34. Slatopolsky E, Weerts C, Norwood K, Giles K, Fryer P,
Finch J, Windus D, Delmez J: Long term effects of calcium
carbonate and 2.5 mEq/L calcium dialysate on mineral
metabolism. Kidney Int 36: 897–903, 1989

35. Sechet A, Hardy P, Hottelart C, Rasombololona M, Abig-
hanem O, Oualim Z, Brazier M, Achard JM, Pruna A,
Moriniere P, Fournier A: Role of calcium carbonate admin-
istration timing in relation to food intake on its efficiency in
controlling hyperphosphatemia in patients on mainte-
nance dialysis. Artif Organs 22: 564–568, 1998

36. Sheikh MS, Maguire JA, Emmett M, Santa Ana CA, Nicar
MJ, Schiller LR, Fordtran JS: Reduction of dietary phospho-
rus absorption by phosphorus binders: A theoretical, in
vitro, and in vivo study. J Clin Invest 83: 66–73, 1989

37. Mai M, Emmett M, Sheikh MS, Santa Ana CA, Schiller L,
Fordtran JS: Calcium acetate, an effective phosphorus
binder in patients with renal failure. Kidney Int 36: 690–
695, 1989

38. Emmett M, Sirmon MD, Kirkpatrick WG, Nolan CR,
Schmitt GW, Cleveland MB: Calcium acetate control of
serum phosphorus in hemodialysis patients. Am J Kidney
Dis 17: 544–550, 1991.

39. Schaefer K, Scheer J, Asmus G, Umlauf E, Hagemann J, von
Herrath D: The treatment of uraemic hyperphosphataemia
with calcium acetate and calcium carbonate: A compara-
tive study. Nephrol Dial Transplant 6: 170–175, 1991

40. Chertow GM, Burke SK, Raggi P; for the Treat to Goal
Working Group: Sevelamer attenuates the progression of
coronary and aortic calcification in hemodialysis patients.
Kidney Int 62: 245–252, 2002

41. Coladonato JA, Szczech LA, Friedman EA, Owen WF Jr:
Does calcium kill ESRD patients? The skeptic’s perspec-
tive. Nephrol Dial Transplant 17: 229–232, 2002

42. Guillot AP, Hood VL, Runge CF, Gennari FJ: The use of
magnesium-containing phosphate binders in patients with
end-stage renal disease on maintenance hemodialysis.
Nephron 30: 114–117, 1982

43. Oe PL, Lips P, van der Meulen J, De Vries PM, van Brons-
wijik H, Donker AJ: Long-term use of magnesium hydrox-
ide as a phosphate binder in patients on hemodialysis. Clin
Nephrol 28: 180–185, 1987

44. Moriniere P, Vinatier I, Westeel PF, Cohemsolal M, Belbrik
S, Abdulmassih Z, Hocine C, Marie A, Leflon P, Roche D,
et al.: Magnesium hydroxide as a complementary alumi-
num-free phosphate binder to moderate doses of oral cal-
cium in uraemic patients on chronic haemodialysis: Lack of
deleterious effect on bone mineralization. Nephrol Dial
Transplant 3: 651–656, 1988

45. Gonella M, Ballanti P, Della Rocca C, Calabrese G, Pratesi
G, Vagelli G, Mazzotta A, Bonucci E: Improved bone mor-
phology by normalizing serum magnesium in chronic he-
modialyzed patients. Miner Electrolyte Metab 14: 240–245,
1988

46. Burke SL, Slatopolsky EA, Goldberg DI: Renagel, a novel
calcium- and aluminum-free phosphate binder, inhibits
phosphate absorption in normal volunteers. Nephrol Dial
Transplant 12: 1640–1644, 1997

47. Chertow GM, Burke SK, Lazarus JM, Stenzel KH, Wombolt
D, Goldberg D, Bonventre JV, Slatopolsky E: Poly[al-

lylamine hydrochloride] (Renagel): A noncalcemic phos-
phate binder for the treatment of hyperphosphatemia in
chronic renal failure. Am J Kidney Dis 29: 66–71, 1997

48. Slatopolsky EA, Burke SK, Dillon MA; the RenaGel Study
Group: RenaGel, a nonabsorbed calcium- and aluminum-
free phosphate binder, lowers serum phosphorus and
parathyroid hormone. Kidney Int 55: 299–307, 1999

49. Chertow GM, Burke SK, Dillon MA, Slatopolsky E; for the
RenaGel Study Group: Long-term effects of sevelamer hy-
drochloride on the calcium � phosphate product and lipid
profile of haemodialysis patients. Nephrol Dial Transplant
14: 2907–2914, 1999

50. Bleyer AJ, Burke SK, Dillon M, Garrett B, Kant KS, Lynch
D, Rahman SN, Schoenfeld P, Teitelbaum I, Zeiz S, Sla-
topolsky E: A comparison of the calcium-free phosphate
binder sevelamer hydrochloride with calcium acetate in
the treatment of hyperphosphatemia in hemodialysis pa-
tients. Am J Kidney Dis 33: 694–701, 1999

51. Qunibi WY, Hootkins RE, McDowell LL, Meyer MS, Simon
M, Garza RO, Pelham RW, Cleveland MVB, Muenz LR, He
DY, Nolan CR: Treatment of hyperphosphatemia in hemo-
dialysis patients: The Calcium Acetate Renagel Evaluation
(CARE Study). Kidney Int 65: 1914–1926, 2004

52. Goldberg DI, Dillon MA, Slatopolsky EA, Garrett B, Gray
JR, Marbury T, Weinberg M, Wombolt D, Burke SK: Effect
of RenaGel, a non-absorbed, calcium- and aluminum-free
phosphate binder, on serum phosphorus, calcium, and
intact parathyroid hormone in end-stage renal disease pa-
tients. Nephrol Dial Transplant 13: 2303–2310, 1998

53. Damment SJP, Webster I: The pharmacology of lanthanum
carbonate: A new non-aluminum-, non-calcium phosphate
binder [Abstract]. J Am Soc Nephrol 14: 204A, 2003

54. Stewart J: Administration of a novel phosphate binder,
Fosrenol with food is associated with good tolerability and
low systemic absorption [Abstract]. J Am Soc Nephrol 13:
386, 2002

55. Sac M: Fosrenol (lanthanum carbonate) is well tolerated in
patients requiring hemodialysis: Results of a phase I clin-
ical trial [Abstract]. J Am Soc Nephrol 13: 386, 2002

56. Hutchison AJ, Speake M, Dewberry K, Fox JS: Lathanum
carbonate: A novel non-calcemic phosphate binder in di-
alysis patients [Abstract]. Perit Dial Int 18: S38, 1998

57. Finn WF, Joy MS, Hladik GA; the Lanthanum Study
Group: Results of a randomized dose-ranging, placebo
controlled study of lanthanum carbonate for reduction of
serum phosphate in chronic renal failure patients receiving
hemodialysis. [Abstract]. J Am Soc Nephrol 10: 261A, 1999

58. Joy MS, Finn WF: Results of a randomized phase III, dose-
titrating, parallel group study of lanthanum carbonate for
reduction and maintenance of serum phosphate in chronic
hemodialysis patients [Abstract]. J Am Soc Nephrol 12:
388A, 2001

59. Joy MS, Finn WF; the LAM-302 Study Group: Randomized,
double-blind, placebo-controlled, dose-titration, phase III
study assessing the efficacy and tolerability of lanthanum
carbonate: A new phosphate binder for the treatment of
hyperphosphatemia. Am J Kidney Dis 42: 96–107, 2003

60. Damment SJP, Gill M: The pharmacokinetics and tissue
distribution of lanthanum carbonate (Fosrenol), a new non-
aluminum, non-calcium phosphate binder [Abstract]. J Am
Soc Nephrol 14: 204A, 2003

61. Lacour B, Lucas A, Auchere D, Ruellan N, De Serre Patey

J Am Soc Nephrol 16: S107–S114, 2005 Control of Hyperphosphatemia among Patients with ESRD S113



NM, Drueke TB: Chronic renal failure is associated with
increased tissue deposition of lanthanum after 28-day oral
administration. Kidney Int 67: 1062–1069, 2005

62. Behets GJ, Dams G, Damment S, Damment SJ, Bouillon R,
De Broe ME, D’Haese PC: Does the phosphate binder
lanthanum carbonate affect bone in chronic renal failure
rats? J Am Soc Nephrol 15: 2219–2228, 2004

63. Behets GJ, Gritters M, Dams G, De Broe ME, D’Haese PC:
Effects of efficient phosphate binding on bone histology in
chronic renal failure rats. [Abstract]. J Am Soc Nephrol 15:
271A, 2004

64. Malluche HH, Gaugere MC, Wang G, Finn WF: Lantha-
num carbonate and bone: No adverse effects observed after
1 year of treatment in a randomized, comparator-con-
trolled trial [Abstract]. J Am Soc Nephrol 15: 271A, 2004

65. Finn WF, Joy MS: The new phosphate-binding agent lan-
thanum carbonate: Further evidence of long-term (2-year)
efficacy and safety [Abstract]. J Am Soc Nephrol 15: 763A,
2004

66. Malluche HH, Gaugere MC, Wang G, Demment SJP, Web-
ster I: No evidence of osteomalacia in dialysis patients
treated with lanthanum carbonate up to 5 years [Abstract].
J Am Soc Nephrol 15: 270A, 2004

67. Graff L, Burnel D: Reduction of dietary phosphorus ab-
sorption by oral phosphorus binders. Res Commun Mol
Pathol Pharmacol 90: 389–401, 1995

68. Hsu CH, Patel SR, Young EW: New phosphate binding
agents: Ferric compounds. J Am Soc Nephrol 10: 1274–1280,
1999

69. Hergesell O, Ritz E: Stabilized polynuclear iron hydroxide
is an effective oral phosphate binder in uraemic patients.
Nephrol Dial Transplant 14: 863–867, 1999

70. Szczech LA: The impact of calcimimetic agents on the use
of different classes of phosphate binders: Results of recent
clinical trials. Kidney Int 66: S46–S48, 2004

71. Goodman WG, Hladik GA, Turner SA, Blaisdell PW,
Goodkin DA, Liu W, Barri YM, Cohen RM, Coburn JW:
The calcimimetic agent AMG 073 lowers plasma parathy-
roid hormone levels in hemodialysis patients with second-
ary hyperparathyroidism. J Am Soc Nephrol 13: 1017–1024,
2002

72. Nemeth EF, Steffey ME, Hammerland LG, Hung BC, Van
Wagenen BC, DelMar EG, Balandrin MF: Calcimimetics
with potent and selective activity on the parathyroid cal-
cium receptor. Proc Natl Acad Sci U S A 95: 4040–4045, 1998

73. Block GA, Marin KJ, DeFrancisco ALM, Turner SA, Avram
MM, Suranyi MG, Hercz G, Cunningham J, Abu-Alfa AK,
Messa P, Coyne DW, Locatelli F, Cohen RM, Evenepoel P,
Moe SM, Fournier A, Braun J, McCary LC, Zani VJ, Olson
KA, Drueke TB, Goodman WG: Cinacalcet for secondary
hyperparathyroidism in patients receiving hemodialysis.
N Engl J Med 350: 1516–1525, 2004

74. Quarles LD, Sherrard DJ, Adler S, Rosansky SJ, McCary
LC, Liu W, Turner SA, Bushinsky DA: The calcimimetic
AMG 073 as a potential treatment for secondary hyper-
parathyroidism of end-stage renal disease. J Am Soc Neph-
rol 14: 575–583, 2003

75. Lindberg JS, Moe SM, Goodman WG, Coburn JW, Sprague
SM, Liu W, Blaisdell PW, Brenner RM, Turner SA, Martin

KJ: The calcimimetic AMG 073 reduces parathyroid hor-
mone and calcium x phosphorus in secondary hyperpara-
thyroidism. Kidney Int 63: 248–254, 2003

76. Van Abel M, Hoenderop JGJ, Van Leeuwen JPTM, Bindels
RJM: Downregulation of Ca2� transporters in kidney and
duodenum by calcimimetic compound NPS R-467 [Ab-
stract]. J Am Soc Nephrol 14: 459A, 2003

77. Foley RN, Parfrey PS, Harnett JD, Kent GM, Hu L, O’Dea
R, Murray DC, Barre PE: Hypocalcemia, morbidity, and
mortality in end-stage renal disease. Am J Nephrol 16: 386–
393, 1996

78. Kim J, Pisoni RL, Danese MD, Satayathum S, Klassen P,
Young EW: Acheivement of proposed NKF–K/DOQI bone
metabolism and disease guidelines: Results from the dial-
ysis outcomes and practice patterns study (DOPPS) [Ab-
stract]. J Am Soc Nephrol 14: 269A–270A, 2003

79. Wolcott DL, Maida CA, Diamond R, Nissenson AR: Treat-
ment compliance in end-stage renal disease patients on
dialysis. Am J Nephrol 6: 329–338, 1986

80. Curtin RB, Svarstad BL, Andress D, Keller T, Sacksteder P:
Differences in older versus younger hemodialysis patients’
noncompliance with oral medications. Geriatr Nephrol Urol
7: 35–44, 1997

81. Cupisti A, D’Alessandro C, Baldi R, Barsotti G: Dietary
habits and counseling focused on phosphate intake in he-
modialysis patients with hyperphosphatemia. J Ren Nutr
14: 220–225, 2004

82. Delmez JA, Slatopolsky E: Hyperphosphatemia: Its conse-
quences and treatment in patients with chronic renal dis-
ease. Am J Kidney Dis 19: 303–317, 1992

83. REDBOOK for Windows, Thomson Micromedex, Green-
wood Village, CO, 2005

84. National Kidney Foundation: K/DOQI clinical practice
guidelines for bone metabolism and disease in chronic
kidney disease. Am J Kidney Dis 42: S1–S201, 2003

85. Manns B, Stevens L, Miskulin D, Owen WF Jr, Winkel-
mayer WC, Tonelli M: A systematic review of Sevelamer in
ESRD and an analysis of its potential economic impact in
Canada and the United States. Kidney Int 66: 1239–1247,
2004

86. Kobrin SM, Goldstein SJ, Shangraw RF, Raja RM: Variable
efficacy of calcium carbonate tablets. Am J Kidney Dis 14:
461–465, 1989

87. Schiller LR, Santa Ana CA, Sheikh MS, Emmett M, Ford-
tran JS: Effect of the time of administration of calcium
acetate on phosphorus binding. N Engl J Med 320: 1110–
1113, 1989

88. Slatopolsky E, Delmez JA: Pathogenesis of secondary hy-
perparathyroidism. J Miner Electrolyte Metab 21: 91–96, 1995

89. Brown EM, Wilkson RE, Eastman RC, Pallotta J, Marynick
SP: Abnormal regulation of parathyroid hormone release
by calcium in secondary hyperparathyroidism due to
chronic renal failure. J Clin Endocrinol Metab 54: 172–179,
1982

90. Sheikh MS, Ramirez A, Emmett M, Santa Ana C, Schiller
LR, Fordtran JS: Role of vitamin D-dependent and vitamin
D-independent mechanisms in absorption of food calcium.
J Clin Invest 81: 126–132, 1988

S114 Journal of the American Society of Nephrology J Am Soc Nephrol 16: S107–S114, 2005


