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ABSTRACT
Serum phosphate independently predicts cardiovascular mortality in the general population and CKD,
even when levels are in the normal range. Associations between serum phosphate, arterial stiffness, and
left ventricular (LV) mass suggest a possible pathophysiological mechanism, potentially mediated by the
phosphaturic hormone fibroblast growth factor-23 (FGF-23). To what extent the phosphate binder seve-
lamer modulates these effects is not well understood. In this single-center, randomized, double-blind,
placebo-controlled trial, we enrolled 120 patients with stage 3 nondiabetic CKD. After a 4-week open-
label run-in period, during which time all patients received sevelamer carbonate, we randomly assigned
109 patients to sevelamer (n=55) or placebo (n=54) for an additional 36 weeks. We assessed LV mass and
systolic and diastolic function with cardiovascular magnetic resonance imaging and echocardiography,
and we assessed arterial stiffness by carotid–femoral pulse wave velocity. Themean age was 55 years, and
themean eGFRwas 50ml/min per 1.73m2. After 40 weeks, we found no statistically significant differences
between sevelamer and placebo with regard to LV mass, systolic and diastolic function, or pulse wave
velocity. Only 56% of subjects took $80% of prescribed therapy; in this compliant subgroup, treatment
with sevelamer associated with lower urinary phosphate excretion and serum FGF-23 but not serum
phosphate, klotho, vitamin D, or cardiovascular-related outcomes of interest. In conclusion, this study
does not provide evidence that sevelamer carbonate improves LVmass, LV function, or arterial stiffness in
stage 3 nondiabetic CKD.
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Over the last decade, phosphate has emerged as an
important cardiovascular risk factor.1 Serum phos-
phate within the normal range independently pre-
dicted mortality in the Framingham Offspring
Study.2 CKD is themost common cause of abnormal
phosphate handling, and the relationship between
phosphate and adverse cardiovascular outcome was
first identified in hemodialysis patients.3,4 Addi-
tional studies have shown this relationship in
early stage CKD,5,6 type 2 diabetes mellitus,7 and
patients with coronary artery disease and normal
renal function.8 The strong association between se-
rum phosphate and increased arterial stiffness9 as
well as increased left ventricular (LV) mass10–12

suggests a potential mechanism, although the cel-
lular processes remain unclear. The ability of the
kidneys to excrete phosphate is reduced at a GFR

below 60 ml/min per 1.73 m2. Serum phosphate,
however, remains within the normal range until
the GFR falls below 30 ml/min per 1.73 m2 because
of increased production of the phosphatonins para-
thyroid hormone (PTH) and fibroblast growth
factor-23 (FGF-23), which promote urinary phos-
phate excretion.13,14 Recent data have linked
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FGF-23 to increases in LV mass and development of LV hyper-
trophy (LVH).15

The increased cardiovascular risk observed in CKD cannot
be fully attributed to conventional atherosclerotic risk factors;
it is likely that nonatheromatous pathogenic processes, such as
increased arterial stiffness and structural heart disease, are the
major contributors to this adverse outcome.16 Heart failure
and arrhythmias are the most common cause of cardiovascu-
lar death, and the current paradigm is that these events are a
consequence of LV disease, predominantly LVH and fibrosis.17

Although the higher cardiovascular risk conferred by the pres-
ence of LVH is well recognized, it is becoming increasingly
accepted that no biologic dichotomy exists; LV mass as a con-
tinuous variable has a graded relationship with cardiovascular
risk.18 Furthermore, given that over 70% of incident dialysis
patients have established LVH,19 an understanding of the early
pathophysiology of increased LVmass and LVH is essential for
designing novel therapeutic strategies to attenuate cardiovas-
cular disease in CKD.

We hypothesized that lowering gastrointestinal phosphate
absorption through use of the noncalcium-based phosphate
binder sevelamer carbonate would reduce serum levels of
phosphatonins such as FGF-23, thereby reducing LVmass and
arterial stiffness as well as improving LV systolic and diastolic
function in patients with early stage CKD.

RESULTS

Baseline
Atotal of 120 subjectswas recruited (Figure 1); 11 subjectswere
withdrawn during run-in, leaving 109 subjects for randomi-
zation to sevelamer (n=55) or placebo (n=54). Renal disease
was diagnosed by biopsy in 52% and ultrasound in 34%. Pa-
tients were well matched at baseline (Table 1). Mean serum
phosphate, mean serum calcium, and median PTH were
within normal limits along with serum klotho and 1,25-
hydroxyvitamin D. Serum FGF-23 and urinary fractional
excretion of phosphate were both elevated. BP was well con-
trolled in both groups. Baseline aortic calcificationwas present
in 45% (35% placebo group versus 55% treatment group,
P=0.06). Mean LV mass, LV systolic and diastolic function,
and volumes were within normal limits. Only one patient
had LVH.

Week 4 Data
After 4 weeks of open-label treatment with sevelamer, signif-
icant reductions were seen in serum cholesterol, LDL, serum
urate, urinary albumin, creatinine ratio, and brachial systolic
BP (Table 2). There was a small increase in serum phosphate
(3.1660.53 versus 3.2560.50 mg/dl, P,0.05). Levels of 1,25-
dihydroxyvitamin D and 25-hydroxyvitaminD decreased after
4 weeks, but this result was not accompanied by any change in
FGF-23, klotho, or urinary phosphate excretion. There were
no changes in central BP or indices of arterial stiffness. In

subgroup analyses, the tertile of patients with higher FGF-23
at baseline (n=38) showed amodest but significant decrease in
serum FGF-23 after 4 weeks of sevelamer treatment (from 94
[83–117] to 86 [77–98] pg/ml, P=0.001). Similar results were
shown in the tertile of patients with higher serumphosphate at
baseline (n=36, mean serum phosphate=3.760.3 mg/dl, de-
crease in FGF-23 from 77 [68–110] to 73 [58–86] pg/ml,
P=0.003). In the middle and lower tertiles of serum FGF-23
and phosphate, no changes in serum FGF-23 levels were de-
tected over the 4-week run-in period.

Treatment Effects
Twelve patients (11%) did not complete follow-up to 40 weeks
after randomization (sevenpatients in theplacebo group andfive
patients in the sevelamer group, P=0.56) (Figure 1). Six patients
declined continued participation because of difficulties with tab-
let frequency and awish to discontinue study visits, four patients
experienced persistent hypophosphatemia, and two patients
were intolerant of medication. No patients died.

After 40weeks of treatmentwith sevelamer carbonate, there
were no significant changes in any biochemical parameters
compared with placebo (Table 3). There were no differences in
the primary end point of LV mass (Figure 2) or LV mass in-
dexed to body surface area. There were no changes in any
indices of LV systolic function, LV diastolic function, strain
or twist, arterial stiffness or peripheral resting, or central and
ambulatory BP. Bone density remained unaltered in both
groups. When patients with aortic calcification were excluded
from analyses, no differences were observed in LV mass
(P=0.18), augmentation index (AIx; P=0.62), or pulse wave
velocity (PWV; P=0.54) at 40 weeks.

A mean of 79621% of tablets was taken during the run-in
phase. During the blinded phase, there was no difference in
compliance between sevelamer and placebo groups (80620%
versus 81630%, P=0.82). Overall, 61 patients (56%) returned
,20% of medication prescribed (Figure 3). A subgroup anal-
ysis of only these highly compliant subjects revealed signifi-
cant decreases in FGF-23 (28.9619.8 versus 1.0617.7 pg/ml,
P,0.05) and urinary phosphate concentration (27.4613.3
versus 1.9611.1 mg/dl, P,0.01) over 40 weeks in those pa-
tients receiving sevelamer compared with placebo but no dif-
ferences in serum phosphate, klotho, or vitamin D. There were
also no differences in BP, arterial stiffness, LV mass, or meas-
ures of LV systolic or diastolic function.

Adverse Effects
During run-in, nine subjects (8%) developed hypophosphate-
mia (phosphate,2.5 mg/dl), necessitating a reduction in
sevelamer dose to 800 mg with meals; one subject was with-
drawn because of persistent hypophosphatemia despite dose
reduction. Nine patients (8%) experienced dyspepsia, six pa-
tients (5%) developed constipation, and two patients (2%)
complained of nausea and vomiting. Two patients were with-
drawn because of persistence of adverse effects despite dose
reduction (Figure 1). After randomization, another seven
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subjects developed hypophosphatemia (four patients in the
treatment group and three patients in the placebo group,
P=0.70) requiring dose reduction. Three subjects from the
treatment group and one patient from the placebo group
were withdrawn because of persistent hypophosphatemia.
Twelve patients were hospitalized during their time in the
study for unrelated noncardiovascular medical conditions
(two patients during run-in, six patients from the treatment
group, and four patients from the placebo group).

Reproducibility
Intraobserver variability for LV mass was low, with an intra-
class correlation coefficient of 0.99 (95% confidence interval
[CI]=0.98–1.00, P,0.01). Interstudy reproducibility for LV
mass was also good (0.92, 95% CI=0.74–0.98, P,0.01).

DISCUSSION

In patients with stage 3 nondiabetic CKD, 40 weeks of
treatment with sevelamer carbonate resulted in no change in
LV mass compared with placebo. Furthermore, there were no
significant effects on arterial stiffness, wave reflection, or LV
systolic and diastolic function. Although a small reduction in
brachial systolic BP was observed after 4 weeks of open-label
sevelamer, this finding did not persist in the double-blind,
placebo-controlled phase. Despite repeated reminders and
suggested methods to maximize compliance, adherence to
medicationwas low,with only 56%of subjects taking$80%of
study medication. Furthermore, several patients withdrew
from the study because of difficulty with the frequency and
tolerability of the study agents.

Figure 1. Study consort diagram. Of 1297 patients screened, 120 were recruited into the study. During the 4-week run-in phase 11
patients were withdrawn, leaving 109 to be randomized to treatment (n=55) or placebo (n=54). During the blinded treatment phase an
additional five patients were withdrawn from the treatment group and seven from the placebo group. In total, 97 patients completed
follow-up to 40 weeks. GI, gastrointestinal.
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CKD is the most common condition associated with
deranged phosphate homeostasis. Abnormal phosphate han-
dling, coupled with phosphate-rich Western diets, may con-
tribute to the elevated cardiovascular risk observed in this
population.20 Observational studies have also linked phos-
phate to an increased risk of cardiovascular events8 and
development of symptomatic heart failure in the general pop-
ulation2,11 together with a higher prevalence of vascular
calcification.21–23 Cellular mechanisms of phosphate cardio-
vascular toxicity are unclear, but postprandial increases in
serum phosphate seen after acute phosphate loading are as-
sociated with transient endothelial dysfunction.24 Studies
in vitro have shown that vascular smooth muscle cells undergo
osteogenic transformation in the presence of hyperphospha-
temia, with upregulation of genes that promote matrix min-
eralization and vascular calcium deposition.25 The presence
of vascular medial calcification is associated with increased
arterial stiffness,26–28 which seems to be a principle driver of

abnormalities in cardiac structure and
function.16 Relationships have been shown
between serum phosphate and increased
arterial stiffness9 as well as increased LV
mass10,11 and LVH,12 which are all inde-
pendent predictors of adverse cardiovascu-
lar outcome andmay be responsible for the
excess cardiovascular morbidity and mor-
tality observed in CKD.16 Furthermore, ev-
idence from hemodialysis patients suggests
that lowering of serum phosphate may re-
duce LV mass.29 These observations led to
our hypothesis that, in early stage CKD,
when phosphate levels are normal, reducing
phosphate exposure using a noncalcium-
based phosphate binder would have bene-
ficial effects on both arterial stiffness and
LV mass.

The absence of improvement in cardiac
and vascular parameters after 40 weeks of
treatment with sevelamer would suggest
that our primary hypothesis has been re-
futed. Before this concept is discarded,
however, a number of issues must be con-
sidered. We chose subjects with stage 3
CKD, because at this level of kidney func-
tion, cardiovascular risk is increased de-
spite normal serum phosphate levels, and
FGF-23 and urinary phosphate excretion
are elevated.13 This result was, indeed, the
case, although mean levels of klotho, 1,25-
dihydroxyvitamin D, and PTH were nor-
mal, indicating that most subjects had
only mildly impaired renal function and
therefore, only a minimally impaired ca-
pacity to excrete a phosphate load. Further-
more, at this level of kidney function, use of

phosphate binders reduces urinary phosphate excretion be-
cause of a poorly understood gut–renal axis, such that overall
phosphate flux remains unchanged.30,31 Given the inaccuracy
of the four-variable Modified Diet in Renal Disease equation
in near-normal renal function, it is possible that a significant
number of participants had true GFR values.60 ml/min per
1.73 m2.32 Despite this result, 86% of patients enrolled had
histologic or radiologic evidence of kidney disease.

We selected patients with well controlled BP, and almost all
had baseline LV mass within normal limits. We did this
selection to examine whether our intervention would have
beneficial cardiovascular effects over and above optimal
conventional treatment, a concept validated in our research
with spironolactone.33 This method could have potentially
masked any benefits of reducing phosphate absorption. How-
ever, there is increasing evidence highlighting the prognostic
value of LV mass as a continuous variable, even when values
are within normal limits.18 Furthermore, over 70% of incident

Table 1. Baseline demographics

Placebo (n=54) Sevelamer (n=55)

Age (yr) 55614 55613
Men (%) 28 (52) 32 (58)
Renal diagnosis (%)
Hypertensive nephropathy 10 (19) 3 (6)a

IgA nephropathy 3 (6) 7 (13)
Reflux nephropathy 4 (7) 7 (13)
Adult polycystic kidney disease 8 (15) 4 (7)
Systemic vasculitis 5 (9) 4 (7)
Lupus nephritis 0 (0) 3 (6)
FSGS 4 (7) 3 (6)
Nephrectomy for neoplasm 2 (4) 3 (6)
Other GN 2 (4) 3 (6)
Other 15 (28) 16 (29)
Unknown 1 (2) 2 (4)

Previous cardiovascular disease (%) 5 (9) 6 (11)
Smoking status (%)
Current smoker 8 (15) 8 (15)
Previous smoker 25 (46) 32 (58)

Medication (%)
Angiotensin-converting enzyme inhibitor 32 (59) 25 (46)
Angiotensin receptor blocker 16 (30) 13 (24)
Aspirin 9 (17) 10 (18)
Aldosterone antagonist 1 (2) 1 (2)
b-blocker 12 (22) 6 (11)
Calcium channel blocker 15 (28) 14 (26)
Diuretic 19 (35) 10 (18)
Statin 26 (48) 24 (44)
Other lipid lowering therapy 3 (6) 3 (6)
Prednisolone 8 (15) 9 (16)
Immunosuppressant 11 (20) 11 (20)

Body mass index (kg/m2) 29.766.7 28.664.3
Hip to waist ratio 1.0860.10 1.0860.09
Aortic calcification present (%) 19 (35) 30 (55)

Data are mean 6 SD, median (interquartile range), or frequency (%) analyzed using independent
samples t or chi-squared test.
aP,0.05.
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dialysis patients have established LVH, indicating that struc-
tural heart disease develops in the earlier stages of CKD.19 We
did examine multiple indices of cardiovascular structure and
function, which remained unchanged during the controlled
phase of the study. We also used cardiovascular magnetic res-
onance imaging (CMR), a highly sensitivemodality for detect-
ing changes in LV mass that permits a smaller sample size
compared with echocardiography.34 We cannot exclude the
possibility that the cardiovascular effects of sevelamer were
too small to detect with a sample size of 60 in each group.
Our power calculations were based on changes in LV mass
observed in a previous trial of the same size, duration, and
design using spironolactone as the treatment agent.33 Al-
though LV mass data were only available for 45 subjects in
each arm of the study, detection of a change in LV mass of 8
g with an SD of the change in LVmass of 12 g was still possible
with 88% power. Similarly, we chose 40 weeks for the study
duration based on this previous trial, which showed notable
changes in LVmass, arterial stiffness, and LV function over this

time period.33 It is possible that 40 weeks is
too short of a time period for changes in LV
remodeling to manifest; a longer treatment
duration with sevelamer may be required
to exert detectable effects on cardiovascular
structure and function, particularly with
normal BP and LV mass at baseline. Our
findings parallel those of the recently pub-
lished PRIMO study (Paricalcitol Capsules
Benefits in Renal Failure Induced Cardiac
Morbidity in Subjects with Chronic Kidney
Disease Stage 3/4), in which 227 patients
with stages 3 and 4 CKD (estimated GFR
[eGFR]=15–59 ml/min per 1.73 m2) failed
to show any reductions in LV mass after 48
weeks of treatment with paricalcitol, a one-
time daily vitamin D analog, compared
with placebo.35 This result was despite a
lower mean eGFR at baseline compared
with our cohort and inclusion of patients
with mild to moderate LVH at study entry.

Adherence to both active treatment and
placebo was low, with 56% of subjects
taking $80% of prescribed study medica-
tion. This result is likely to be an underes-
timate of the actual tablets taken given the
known limitations of pill counts.36 This
low level of compliance occurred despite
regular encouragement and monitoring
throughout the study period, and it may
account for the modest effects on urinary
phosphate excretion, cholesterol, and urate
levels. Several participants were unable to
maintain a regimen of two tablets three
times a day, and this lack of maintenance
contributed significantly to reasons given

by patients when withdrawing from the study. A subgroup
analysis of 61 subjects with $80% compliance indicated
some biochemical changes in those patients taking sevelamer
compared with placebo, with significant reductions in serum
FGF-23 and urinary phosphate excretion; this result is consis-
tent with findings from a recently published study by Block
et al.31 examining biochemical effects of phosphate binder
therapy in early stage CKD. There were, however, no changes
in LV mass or arterial stiffness between these groups. Such
subgroup analyses are likely underpowered to detect any dif-
ferences in these parameters. Effective testing of our original
hypothesis may, thus, require the introduction of a well toler-
ated one-time daily agent that significantly lowers gastrointes-
tinal phosphate absorption and is associated with improved
compliance. An analogous situation may have occurred with
cholesterol lowering; early studies with cholesterol-lowering
agents failed to show significant benefits,37 and the concept
that cholesterol lowering was beneficial was not supported until
statins were introduced.

Table 2. Open-label data

Week 0 Week 4

Biochemical
eGFR (ml/min per 1.73 m2) 50613 49613
Phosphate (mg/dl) 3.1660.53 3.2560.50a

PTH (pg/ml)b 53.3 (38.5–71.2) 55.0 (43.9–70.8)
FGF-23 (pg/ml)b 68.8 (51.2–85.2) 68.1 (52.5–85.7)
Klotho (pg/ml) 9366403 9456359
1,25-dihydroxyvitamin D (pg/ml) 29.1612.1 26.269.7c

25-hydroxyvitamin D (ng/ml) 22.0611.7 20.7611.3c

Bicarbonate (mEq/L) 26.762.9 27.062.8
Total cholesterol (mg/dl) 190646 172644d

LDL cholesterol (mg/dl) 106632 87633d

Urate (mg/dl) 6.9861.87 6.6661.63c

NT-proBNP (pg/ml)b 720 (317–1637) 677 (326–1491)
Urine
Albumin to creatinine
ratio (mg/g)b

50 (7–377) 37 (17–413)c

Fractional excretion of
phosphateb

21.3 (12.5–32.3) 19.7 (12.4–32.9)

Hemodynamics
Brachial systolic BP (mmHg) 128616 125616a

Brachial diastolic BP (mmHg) 71611 71610
Brachial mean arterial
pressure (mmHg)

90611 90611

Central systolic BP (mmHg) 117616 115616
Arterial measures
PWV (m/s)b 9.0 (7.5–11.2) 8.8 (7.5–10.6)
PWVadj (m/s)b 9.1 (7.7–10.6) 8.7 (7.6–10.3)
AIx75 19.7611.9 19.8610.8

Data are mean 6 SD or median (interquartile range). Data were analyzed with paired t tests (n=112).
NT-proBNP, N-terminal pro-brain natriuretic peptide; PWVadj, PWV adjusted for mean arterial pres-
sure; AIx75, augmentation index adjusted to heart rate of 75 beats/min.
aP,0.05.
bLog-transformed before analysis.
cP,0.005.
dP,0.001.
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Table 3. Treatment effects

Placebo (n=50) Sevelamer (n=54) Mean Difference
in Change

between Groups
95% CI

Week 0 Week 40 Week 0 Week 40

Biochemical
eGFR (ml/min per 1.73 m2) 49613 50614 49613 48614 1.2 21.3–3.6
Bicarbonate (mEq/L) 26.462.8 27.263.4 27.062.7 27.266.2 0.6 21.3–2.6
Total cholesterol (mg/dl) 181642 170646 193650 166654 18.7 21.9–39.3
LDL cholesterol (mg/dl) 105636 100642 106635 92639 9.2 22.6–21.1
Phosphate (mg/dl) 3.2560.53 3.3160.53 3.1660.50 3.1660.71 0.06 20.18–0.30
Corrected calcium (mg/dl) 8.8060.40 8.7660.32 8.8860.36 8.8460.32 0.00 20.14–0.15
PTH (pg/ml)a 54 (37–73) 51 (39–72) 52 (39–70) 52 (35–75) 23.1 210.4–4.3
FGF-23 (pg/ml)a 67.6 (51.1–87.7) 63.6 (52.0–83.6) 70.8 (52.5–83.0) 65.9 (49.2–90.7) 0.8 27.7–9.3
Klotho (pg/ml) 8696279 8736320 10016500 9806533 40 258–139
1,25-dihydroxyvitamin

D (pg/ml)
28.8612.7 26.1610.8 28.5610.3 27.3610.4 23.6 213.8–6.7

25-hydroxyvitamin
D (ng/ml)

22.2612.5 21.9612.3 23.0611.2 23.4613.3 22.2 211.1–6.8

NT-proBNP (pg/ml)a 746 (343–1697) 789 (394–1748) 514 (309–1586) 694 (283–1294) 2247 2593–100
Urate (mg/dl) 6.8961.77 6.9661.71 6.9661.78 6.9161.73 0.12 20.29–0.53
Urinary fractional

excretion of phosphatea
21.2 (12.6–28.3) 19.8 (10.2–23.7) 21.7 (12.6–33.7) 17.7 (12.9–29.9) 0.6 24.1–5.3

Hemodynamics
Brachial systolic BP (mmHg) 127617 124621 128615 124615 1.5 23.6–6.7
Brachial mean

arterial pressure (mmHg)
89612 87613 92610 89611 0.1 23.8–4.0

Central systolic BP (mmHg) 115618 113621 119615 114616 2.8 22.7–7.8
Ambulatory systolic

BP (mmHg)
125615 123616 124610 122613 20.5 24.4–3.5

PWV (m/s)a 9.3 (7.6–11.2) 8.8 (7.9–10.6) 8.5 (7.3–10.7) 8.6 (7.5–10.7) 20.1 20.5–0.3
AIx75 18.9612.0 20.1613.2 21.4610.9 20.8612.2 1.8 21.1–4.6

CMR datab

LV mass (g) 99631 99630 102629 101627 0.8 22.1–3.7
LV mass index (g/m2) 51613 51612 52613 52613 20.07 21.71–1.58
LV end systolic volume

index (ml/m2)
1566 1466 1767 1667 0.3 21.8–2.4

LV ejection fraction (%) 7667 7666 7366 72613 1.2 22.5–4.9
Ascending aortic distensibility

(31023 mmHg21)
2.3461.79 2.4061.49 2.5461.64 2.7061.88 20.27 20.67–0.12

Diastolic function
Transmitral E/Aa 0.96 (0.81–1.13) 0.99 (0.81–1.17) 0.93 (0.77–1.06) 0.97 (0.73–1.16) 20.04 20.14–0.06
Mean e9 (m/s) 9.363.4 9.162.8 8.662.6 8.862.6 20.4 21.1–0.3
E/mean e9a 7.3 (6.6–9.3) 7.4 (6.5–9.3) 7.8 (6.5–9.4) 7.2 (6.2–9.4) 0.2 20.6–1.0
Left atrial volume index (ml/m2) 28.968.2 26.467.3 27.368.1 25.768.1 21.0 23.9–1.9

Echocardiographic strain
Global peak longitudinal

systolic strain (%)
219.962.6 220.862.0 219.262.6 219.562.8 20.5 21.6–0.5

Global early diastolic
strain rate (s21)

1.5860.30 1.6060.32 1.5760.32 1.5360.31 0.05 20.04–0.15

Peak systolic torsion (°/cm) 2.7260.61 2.5760.84 2.7560.76 2.4760.65 20.30 20.97–0.38
Early diastolic untwist rate (°/s) 2129628 2115643 2129646 2135637 20.8 212.4–54.0

Mean bone mineral
density (g/cm2)

Lumbar spine 1.1460.20 1.1460.20 1.0660.16 1.0660.16 0.00 20.01–0.01
Hips 1.0260.13 1.0360.18 1.0060.14 1.0060.15 0.01 20.04–0.05

Data are mean6 SD or median (interquartile range). Repeated-measures ANOVAwith time point (week 0 or 40) as the within-subjects factor and group (placebo or
sevelamer) as the between-subjects factor tested the difference in change over time between groups. NT-proBNP, N-terminal pro-brain natriuretic peptide; AIx75,
augmentation index adjusted to heart rate of 75 beats/min.
aLog-transformed before analysis.
bCMR data are available in 45 from placebo group and 45 from treatment group.
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Despite excluding patients with diabetes mellitus and
including a study population with early stage CKD and no
history of phosphate binder or vitamin D therapy, 48% of

subjects had aortic calcification. This per-
centage is higher than the reported preva-
lence in nondiabetic stage 3CKD.38 The use
of more sensitive computed tomography
would only have increased the proportion
of patients with detectable calcification. It
is possible that this high prevalence would
have made it very difficult, if not impossi-
ble, to lower arterial stiffness and therefore,
LV mass in these patients over 40 weeks.
Treatment with sevelamer over 12 months
has been shown to reduce progression of
arterial calcification in hemodialysis pa-
tients but not cause regression.39,40 In a
subgroup analysis that only included sub-
jects without aortic calcification, there
were no differences in arterial stiffness or
LV mass between groups at 40 weeks, al-
though only 25 patients were included in
each group.

It remains possible that the association
between phosphate and adverse cardiovas-
cular outcome is mediated by other path-
ophysiological processes unrelated to arterial
stiffness and structural heart disease. Phos-

phate correlates with angiographic severity of coronary artery
disease41 and may contribute to changes in plaque struc-
ture.1 Such changes would not have been detected by any
of the techniques used in our study. Finally, it is possible that
the relationship between poor outcome and serum phos-
phate is not causative but reflects an association observed
between worse outcomes and declining renal function. Al-
though studies have attempted to mathematically correct for
renal function, most have done so by adjusting for eGFR.
The accuracy of such calculations is reduced at eGFR values
close to 60 ml/min per 1.73 m2 compared with true GFR
measurements.

In summary, in patients with stage 3 CKD, the use of
sevelamer carbonate for 40 weeks was not associated with
any significant changes in LV mass, arterial stiffness, or any
parameters of LV systolic and diastolic function. However,
adherence to the study medicationwas low, andmore rigorous
testing of this hypothesis may be achieved with the introduc-
tion of a well tolerated one-time daily drug regimen that more
effectively reduces cardiovascular phosphate exposure.

CONCISE METHODS

Study Design
The protocol for the Chronic Renal Impairment in Birmingham-

Phosphate study has been previously published.42 The study was

a single-center, prospective, double-blind, randomized, placebo-

controlled trial. The noncalcium-based phosphate binder sevelamer

carbonate was chosen because of its lack of calcium content and

Figure 2. After 40 weeks of treatment there was no significant difference in the change
in LVmass between sevelamer and placebo groups. Data were analyzed with repeated-
measures ANOVA (P=0.58).

Figure 3. Compliance with study medication was assessed
through pill counts of returned medication. Compliance was low
with only 56% of patients taking $80% of prescribed medication
despite regular monitoring under controlled conditions.
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proven efficacy in the treatment of hyperphosphatemia in advanced

CKD.43 All subjects were administered 1600 mg sevelamer carbonate

with meals during a 4-week open-label run-in phase. This dose was

reduced to 800 mg with meals only if persistent adverse effects or hy-

pophosphatemia occurred. Subjects that tolerated sevelamer then

underwent 1:1 randomization to continue another 36 weeks of treat-

ment with either sevelamer or placebo with meals. The study was

approved byWest Midlands Research Ethics Committee and adhered

to the Declaration of Helsinki. Written informed consent was ob-

tained from each participant.

Setting and Participants
Subjects were recruited from renal outpatient clinics at Queen

Elizabeth Hospital, Birmingham, United Kingdom, from 2009 to

2011with the following inclusion criteria: age=18–80 years with stage

3 CKD (eGFR=30–59 ml/min per 1.73 m2), total cholesterol,212

mg/dl, and resting BP controlled to,140/90 mmHg for$12months

before enrolment. Exclusion criteria were existing or previous treat-

ment within the last 1 year with a phosphate binder or vitamin D

analog; hyperphosphatemia (.5.6mg/dl); hypophosphatemia (,2.5

mg/dl); uncontrolled secondary hyperparathyroidism (PTH.80 pg/

ml); diabetes mellitus; pregnancy; and history of significant gastro-

intestinal pathology.

Subjects were assessed at baseline (week 0) and the end of study

(week 40). At each time point, the following tests were performed:

measurement of height, weight, hip, andwaist circumference, 12-lead

electrocardiogram(ECG), restingbrachialBP, applanation tonometry

for pulse wave analysis (PWA) and aortic PWV, dual-energy x-ray

absorptiometry for assessment of lumbar spine and femoral bone

density, collection of serum and plasma for biochemical and

hematologic analysis, spot urine collection for albumin-creatinine

ratio, 24-hour urine collection for phosphate excretion, lateral lum-

bar spine radiography to assess baseline aortic calcification as pre-

viously described,44 transthoracic echocardiography, CMR, and

24-hour ambulatory BP monitoring. At the end of the open-label

run-in phase (week 4), assessments of BP, PWA, and PWVand serum,

plasma, and urine collections were repeated. Serum, plasma, and

urine were collected at the same time of day after an overnight fast.

No dietary changes were enforced during the study, and no dietary

counseling was provided. All participants were advised to take two

tablets with each meal. Biochemical and safety monitoring was per-

formed at baseline, week 2, week 4, and 4-week intervals until end of

study. Compliance with study medication was assessed at 4-week

intervals using pill counts of returned medication (taking into con-

sideration the typical number of meals per day) to determine the

percentage of prescribed pills taken. Participants were regularly en-

couraged to take tablets with meals as prescribed; recommendations

to improve compliance, such as use of a pill diary and use of a portable

medication container to facilitate drug administration away from

home, were adopted as necessary. Treatment with vitamin D analogs

and other phosphate binders was not permitted during study enrol-

ment. Regular medications unrelated to mineral metabolism that

were taken at study entry were continued; no changes were made

to regular medications during the study period. Subjects were with-

drawn if hypophosphatemia (serum phosphate,2.5 mg/dl on two

sequential blood tests) or adverse effects related to treatment persisted

despite halving of therapy to 800 mg three times daily. Subjects with-

drawn after randomization were included in final intention-to-treat

analyses where possible.

End Points
The primary end point was change in LVmass from baseline assessed

using CMR after 40 weeks of treatment. Secondary end points

included changes in the following measurements: serum FGF-23,

arterial stiffness assessed using PWA and PWV, LV systolic and

diastolic function assessed using CMR and echocardiography, and

aortic distensibility measured by CMR and bone density on dual-

energy x-ray absorptiometry scanning.

Cardiovascular Magnetic Resonance Imaging
A 1.5-T scanner (Symphony; Siemens, Erlangen, Germany) was used

for CMR studies. Serial contiguous short-axis cines were piloted from

vertical and horizontal long-axis images of the left and right ventricles

(ECG R wave-gated, steady-state free precession imaging [TrueFISP];

temporal resolution=40–50 ms, repetition time=3.2 ms, echo

time=1.6 ms, flip angle=60°, slice thickness=7 mm with 3-mm

gap) in accordance with previously validated methodologies.45 Anal-

ysis was performed offline (Argus Software; Siemens, Erlangen,

Germany) by a single blinded observer (C.D.C.) using manual

planimetry for determination of ventricular volumes (end diastolic,

end systolic, and stroke volumes), function (ejection fraction), and

LV mass, which was indexed to body surface area. Left ventricular

hypertrophy was defined as LV mass index.2 SDs above the mean

for age and sex.45 Aortic distensibility was assessed at the ascending,

proximal descending, and distal descending aorta and calculated us-

ing the validated formula46:

Aortic Distensibility ¼ D Aortic Area

Minimum Aortic Area3Pulse Pressure
:

BP, PWA, and PWV
Resting brachial BP was measured in triplicate in the nondominant

arm using a validated oscillometric sphygmomanometer (Dinamap

Procare 200; GE Healthcare, United Kingdom) after 15 minutes of

supine rest. All subjects underwent 24-hour ambulatory BP moni-

toring (ABPM-04; Meditech, Budapest, Hungary). PWA was per-

formed on the radial artery using a high-fidelity micromanometer

(SPC-301; Miller Instruments, Houston, TX). The peripheral arterial

waveform was used to generate a central arterial waveform using a

validated transfer function (SphygmoCor; AtCor Medical, Sydney,

Australia). AIx and AIx adjusted to a heart rate of 75 beats/min were

recorded. The same system was used to determine aortic PWV by

sequentially recording ECG-gated carotid and femoral waveforms as

previously described.47 All measurements were made in triplicate,

and mean values were used in analysis.

Echocardiography
Transthoracic echocardiography (Vivid 7; GE Vingmed Ultrasound,

Horten, Norway) was performed by an experienced echocardio-

grapher (C.D.C.). All parameters were measured in triplicate according
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to American Society of Echocardiography recommendations48 and

analyzed offline (EchoPAC; GE Vingmed Ultrasound, Horten, Nor-

way) by a single blinded observer (C.D.C.). Resting LV diastolic func-

tion was assessed using standard techniques.49 Grayscale images for

two-dimensional LV strain, strain rate, and twist were acquired in

cine-loop format in triplicate from apical and short-axis views at

end expiration at frame rates.70/s for offline analysis using commer-

cially available EchoPAC software. The endocardial border was man-

ually tracked at end systole, enabling frame-to-frame tracking of

myocardial motion throughout the cardiac cycle. Peak longitudinal

systolic velocities, strain, and strain rate were measured for each

myocardial segment. Global peak longitudinal strain was calculated

as the average peak systolic strain of all 18 myocardial segments. Peak

systolic twist and twist rate were determined by subtracting the basal

rotation curve from the apical rotation curve. Analyses were per-

formed in triplicate, and results were averaged.

Biochemical Analyses
The four-variableModifiedDiet inRenalDisease equationwith serum

creatinine recalibrated to be traceable to an isotope-derived mass

spectroscopy method was used to determine eGFR.32 Serum calcium

levels were adjusted for serum albumin. A two-site ELISA (Kainos

Laboratories Inc., Tokyo, Japan) was used to measure FGF-23.50 Sol-

uble a-klotho and 1,25-dihydroxyvitamin D were determined using

immunoassays (Immuno-Biologic Laboratories Co., Japan; Immu-

nodiagnostic Systems Ltd, Tyne and Wear, United Kingdom).51

Plasma 25-hydroxyvitamin D was measured by liquid chromatogra-

phy tandem mass spectrometry. Plasma N-terminal pro-brain natri-

uretic peptide was measured using a validated immunoluminometric

assay52; 24-hour urine collections were used to determine urinary

phosphate concentration (milligrams per deciliter) and fractional

excretion of phosphate ((urine phosphate 3 serum creatinine)/(se-

rum phosphate 3 urine creatinine)3100%), which corrects for in-

complete collections and standardizes phosphate excretion according

to degree of renal impairment.13

Reproducibility
Variability for the primary end point of LV mass was assessed using

intraclass correlation coefficients. Twelve scans (10% of the cohort)

were randomly selected and analyzed by the same observer on two

separate occasions to calculate intraobserver variability. For inter-

study reproducibility, 12 subjects were chosen at random to undergo

fully repeated CMR scanning on the same day; both scans were

analyzed by the same observer.

Statistical Analyses
For .90% power to detect an 8-g difference between groups in the

change in LVmass at 5% significance assuming an SD of change in LV

mass of 12 g, 55 subjects were required in each arm. We planned to

recruit 60 subjects to each group to allow for withdrawal or dropout.

Data are expressed as mean 6 SD, median (interquartile range), or

frequency (%). The normality of distribution for continuous variables

was determined using normality plots and Kolmogorov–Smirnov

test. Variables not normally distributed were log-transformed before

analysis to achieve normal distribution. Data were analyzed using

t or chi-squared tests. Differences between groups after 40 weeks of

treatment were assessed using repeated measures ANOVA. Analysis

was by intention to treat. A two-tailed P value,0.05 was considered

statistically significant.
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