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Introduction: Calciprotein particles (CPPs) are potentially modifiable mediators of phosphate toxicity in

patients with kidney disease. We compared the effects of calcium carbonate (CC) and the non–calcium-

based phosphate binder sevelamer on CPP levels in patients undergoing hemodialysis (HD). We hy-

pothesized that treatment with sevelamer would achieve greater reductions in amorphous calcium

phosphate–containing CPP (CPP-1) and hydroxyapatite-containing CPP (CPP-2) owing to reduced calcium

loading and anti-inflammatory pleiotropic effects.

Methods: We conducted an open-label, randomized controlled trial (RCT) in which 31 stable prevalent HD

patients were allocated to receive either sevelamer hydrochloride (SH), sevelamer carbonate (SC), or CC

for 24 weeks. Dual primary endpoints were the between groups differences in serum CPP-1 and CPP-2

levels at 24 weeks in SH þ SC–treated versus CC-treated patients. Effects on aortic pulse wave velocity

(aPWV), inflammatory cytokines (interleukin-6 and -8), and effects across individual treatment arms were

also assessed.

Results: Serum CPP-1, but not CPP-2, levels were lower in those randomly assigned to the sevelamer

(SH þ SC) group compared with the CC group at 24 weeks (–70%, 95% confidence interval [CI] –90% to

–15%, P ¼ 0.02). In subgroup analysis, this effect was confined to those receiving SC (–83.4%, 95% CI

–95.7% to –36.8%, P ¼ 0.01). aPWV and interleukin-8 levels were also lower in those who received seve-

lamer compared with CC at 24 weeks (–2.0 m/s, 95% CI –2.9 to –1.1; –57%, 95% CI –73% to –30%,

respectively, both P ¼ 0.01). Conventional markers of mineral metabolism remained stable across all

treatment groups.

Discussion: Compared with treatment with CC, use of sevelamer for 24 weeks was associated with lower

serum CPP-1 levels and a reduction in aPWV and systemic inflammation.
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H
yperphosphatemia is common in patients with
end-stage kidney disease and is associated with an

increased risk of mortality and cardiovascular dis-
ease.1,2 Although any causal link between serum phos-
phate excess and mortality remains speculative and
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unproven, the widespread use of phosphate-lowering
therapies in this population is common, particularly
the prescription of intestinal phosphate binders.3

Although observational cohorts suggest lower mortal-
ity rates in patients treated with binders, no link
with serum phosphate could be found in these
studies,4–6 and prospective placebo-controlled trials
are lacking. Calcium-based binders, such as calcium
carbonate, are the most frequently prescribed class of
binder worldwide, but the advantages of improved
phosphate control may be offset by concurrent calcium
loading. In some studies,7–9 but not all,10 their use is
Kidney International Reports (2020) 5, 1432–1447
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associated with progression, rather than retardation of
cardiovascular calcification. Non–calcium-based
binders, such as sevelamer, do not appear to carry
this risk and may offer additional benefits unrelated
to phosphate-lowering through anti-inflammatory and
lipid-lowering effects.11–14 Some analyses suggest that
use of non–calcium-based binders may be associated
with reduced risks of adverse events compared with
therapy with calcium-based binders15,16; however, it
is uncertain whether this represents true benefit of
the former or relative harm from the latter.

Accumulating evidence suggests that mineral nano-
particles formed spontaneously postprandially, or as
the result of efflux from bone, might better explain the
harmful effects of phosphate excess than direct effects
of phosphate ions themselves.17–19 Based on their con-
centrations in extracellular fluid, one might expect only
relatively minor perturbations in levels of calcium and
phosphate to result in precipitation. However, this does
not occur in vivo due to the spontaneous formation of
CPPs, colloidal complexes of calcium phosphate and the
mineral-binding protein fetuin-A. These complexes
chaperone nascent mineral nuclei in a manner analogous
to that by which apolipoproteins carry insoluble
lipid.20 Initially present as subnanometer clusters of
calcium phosphate ions bound by fetuin-A, under
permissive conditions these can coalesce to form 30- to
70-nm diameter particles with mineral held in a disor-
dered amorphous phase (primary CPP or CPP-1), before
transforming into larger denser particles with mineral
in crystalline phases such as hydroxyapatite (secondary
CPP or CPP-2).21 Ordinarily, CPPs are thought to buffer
extracellular calcium phosphate, facilitating safe trans-
port to sites of clearance and lessening the risk of
ectopic deposition. However, recent studies suggest
that these particles might also be toxic, inducing
inflammation,22,23 endothelial damage,24,25 and ectopic
mineralization,26,27 depending on the type and quantity
of the particles present. Thus, measurement of CPP, and
discrimination of the particle type, may provide addi-
tional insight into the mechanisms of phosphate-
induced injury and a better therapeutic target than
serum phosphate per se, which is a poor indicator of
phosphate balance in patients with chronic kidney
disease (CKD).28

Until recently, measurement of circulating CPPs has
been hampered by the lack of specific and sensitive
methodology. We developed a flow cytometric–based
assay using small fluorescent mineral– and
membrane-binding probes that permits direct quanti-
tation of CPPs at endogenous levels, without further
manipulation or prolonged incubation.29 Unlike other
aggregate assays recently described,30 this method can
Kidney International Reports (2020) 5, 1432–1447
distinguish CPPs from other mineral-containing debris
as well as resolve populations of CPP-1 from CPP-2.
Using this assay, we found that chronic dietary
phosphate loading in rats increased CPP-1 levels,
despite maintenance of normophosphatemia, whereas
in animals with superimposed CKD, it resulted in
marked elevations in CPP levels and frank hyper-
phosphatemia. Consistent with these observations,
serum CPP levels appear elevated in patients under-
going dialysis compared with adults without CKD29,30

and increase after cessation of cinacalcet in patients
with severe secondary hyperparathyroidism.31

Although work by other groups suggests that treat-
ment of CKD rats with sucroferric oxyhydroxide
(a non–calcium-based binder) lowers serum CPP
levels,32 the effects of such pharmacologic in-
terventions on CPPs in human CKD, and the compar-
ative effects of calcium-containing binders, have yet to
be examined in an RCT.

To address this issue, we designed a prospective
RCT (the Sevelamer Versus Calcium to Reduce Fetuin-
A-containing Calciprotein Particles in Dialysis [SCaRF]
study) to compare the effect of the non–calcium-con-
taining binder sevelamer with CC on serum CPP levels
in prevalent HD patients over 24 weeks. Our primary
hypothesis was that reductions in serum CPP-1 and
CPP-2 levels would be greater among sevelamer-treated
patients than those treated with CC for 24 weeks. Our
secondary hypotheses were that reductions in CPP
levels would be associated with a lowering in systemic
inflammatory markers and an improvement in vascular
function reflected by a reduction of aPWV. We also
hypothesized that treatment with SH and SC, the 2
formulations of the binder currently on the market,
may differ with respect to their effects on CPP levels
and inflammation.
METHODS

Study Design

The SCaRF trial was designed as a multicenter, 3-arm,
parallel group, open-label, RCT trial of stable prevalent
HD patients comparing the effects of SH, SC, and CC on
serum CPP-1 and CPP-2 levels. The study was designed
to enrol 90 patients across 3 centers, but owing to slow
recruitment at the only active site (the Royal Mel-
bourne Hospital), funding was withdrawn, and the
recruitment terminated in August 2018 before reaching
the randomization target. Hence, we report our single-
center experience of patients who were recruited from
dialysis units at Royal Melbourne Hospital from March
2017 to March 2018, with the last follow-up visit
occurring in January 2019. SH and SC were supplied
1433
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by Sanofi-Aventis (Singapore) Pte. Lld., and CC was
obtained from the clinical trials pharmacy at Royal
Melbourne Hospital. The study protocol was approved
by the Melbourne Health Human Research Ethics
Committee (HREC/15/MH/261) and registered with the
Australian and New Zealand Clinical Trials Register
under the identifier ACTRN12617000881336. All study
activities were conducted in accordance with the
Declaration of Helsinki and written informed consent
was obtained from all patients at enrollment. Complete
methods and CONSORT statement checklist are pro-
vided in the Supplementary Material.

Study Participants

Key inclusion criteria were patients >18 years
requiring HD 2 or 3 times per week for <6 hours per
session; established vascular access; and a serum intact
parathyroid hormone level #200 pmol/l, and if >100
pmol/l, alkaline phosphatase activity #200 IU/l. Key
exclusion criteria included known allergy or intoler-
ance to study medications, serum phosphate level >2.6
mmol/l despite optimized binder therapy, planned
parathyroidectomy, or renal transplant within 36
weeks, or life expectancy <12 months. Other eligibility
criteria are listed in the Supplementary Methods.

Study Procedure

Eligible participants began an active 13-week run-in
period, which consisted of a 1-week washout fol-
lowed by 12 weeks of treatment with CC. After the run-
in period, participants were block randomized into 1 of
3 arms—CC, SH, or SC—in a 1:1:1 fashion with blocks
of varying size. Randomization was performed using
Sealed Envelope (Sealed Envelope Ltd., London, UK).
To ensure allocation concealment, different in-
vestigators were independently responsible for
randomization and participant enrolment.

Initial CC dosing during the run-in period was based
on binder prescription at screening according to the
following relative phosphate-binding coefficients: CC
1.0; SH or SC 0.75; and lanthanum carbonate 2.0. Par-
ticipants who were not taking phosphate binders at
screening commenced taking one 600 mg CC tablet per
meal. At the completion of the CC run-in period,
participants assigned to the SH or SC arms were
converted from their CC dose to an equivalent dose of
SH or SC. For those who continued with CC, the dose
remained the same unless titration was required.
Predialysis serum biochemistry was reviewed
monthly with the dose of phosphate binder up-
titrated by 1 tablet per day if the serum phosphate
less was >2.0 mmol/l or decreased by 1 tablet per day
if the level was <0.8 mmol/l. All participants received
1434
conventional bicarbonate HD using high-flux poly-
sulfone membranes (Polyflux 210H, Gambro AB,
Lund, Sweden) and were achieving their individual
clearance targets. Standard dialysate calcium concen-
tration was 1.25 mmol/l and the dialysate magnesium
concentration was 0.5 mmol/l. Hypocalcaemia (<2.1
mmol/l) was treated by increasing the dialysate cal-
cium concentration to 1.5 mmol/l. All other dialysis
conditions were kept constant throughout the study.
Initiation or dose changes to vitamin D, vitamin D
analogs, magnesium-containing supplements, or
warfarin were not permitted during the study.

Study visits were conducted at a midweek dialysis
session (i.e., after a short 2-day interdialytic period)
during week –13 (screening), week –12 (after washout),
week 0 (baseline), week 12, and week 24. Adherence to
the prescribed treatment was assessed with pill counts
at each study visit. Patients were considered adherent
if >80% of the prescribed study medications were
taken.

Study Assessments

Participant demographics and baseline clinical data
were collected at screening. The Charlson Comorbidity
Index was used to assess overall comorbidity burden
according to published scoring systems
(Supplementary Table S1) validated for use in HD co-
horts.33 Nonfasting venous blood samples were
obtained <1 hour before starting hemodialysis at each
study visit (i.e., predialysis). Analyses for serum
phosphate, albumin, calcium, magnesium, bicarbonate,
intact parathyroid hormone (1-84), alkaline phospha-
tase, and C-reactive protein were performed at the
Department of Biochemistry and the Royal Melbourne
Hospital using standard chemistries. The adequacy of
dialysis was assessed using the urea reduction ratio.
Blood samples for biomarker analysis (CPP, inflamma-
tory cytokines, and serum calcification propensity, T50)
were stored at –80� C for batched-blinded analysis at
the completion of the study.

Calciprotein Particles

Serum levels of CPP-1 and CPP-2 were measured using
a fluorescent probe–based assay running on a BD
FACSVerse flow cytometer (Becton Dickinson, San Jose,
CA) equipped with high-sensitivity fluidics and de-
tectors, as previously described,29 but with minor
modifications (see Supplementary Methods), where
phosphatidyl serine–binding lactadherin-FITC (Hae-
matologic Technologies Inc., Essex Junction, VT) was
used to discriminate membrane-bound mineral-con-
taining particles from CPP. A schematic for the method
and representative examples of CPP analysis by flow
cytometry are provided in Supplementary Figure S1.
Kidney International Reports (2020) 5, 1432–1447
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Analyses demonstrating the stability of CPP to freeze-
thaw and dilution in TBS assay diluent are provided in
Supplementary Figures S2 and S3, respectively.

Inflammatory Cytokines

Serum inflammatory cytokine concentrations (inter-
leukin [IL]-1b, IL-6, IL-8, I-10, IL-17p20, and tumor
necrosis factor [TNF]–a) were assayed by flow cytom-
etry using a commercially available multiplex assay (BD
Cytometric Bead Array Human Inflammatory Cytokines
Kit, Becton Dickinson) according to manufacturer’s
instructions. Samples were analyzed in triplicate and
the data analyzed using FCAP Array software version 3
(Becton Dickinson).

Pulse Wave Velocity

The aPWV (measured in m/s) was determined by a
single operator familiar with the technique using the
Niccomo system (medis GmbH, Illmenau, Germany) at
each study visit before starting HD. In this method,
pulse transit time (in seconds) is provided by the time
interval between the opening of the aortic valve
detected by transthoracic impedance cardiography and
oscillometric detection of the femoral pulse with a
thigh cuff, which is then related to the distance (in
meters) between the suprasternal notch and the middle
of the thigh cuff. Signal quality assessment, peak
detection, and pulse wave velocity (PWV) calculation
are automated. Pulse waves with artifacts were auto-
matically excluded with 10 evaluable waves used for
calculations when the impedance cardiography wave-
form and signal stability quality criteria were met. This
impedance thigh cuff-based method shows good
agreement with PWV measurements made using
carotid-femoral applanation tonometry and electrocar-
diography gating.34 For this study, measurements were
made after a >10-minute rest with participants in the
supine position and according to best practice guide-
lines.35 Mean arterial pressure and heart rate were
recorded simultaneously using the same system. PWV
readings were made in duplicate, and the mean value
was used unless measurements differed by >0.5 m/s, in
which case a third reading was taken and the median
value was used in subsequent analyses.

Serum Calcification Propensity (T50 Test)

Serum T50 was measured by turbidimetry at 400 nm
and 37 �C � 0.1 �C using a Synergy HTX Multi-Mode
plate reader (BioTek Instruments, Winooski, VT)
running Gen5 version 3 data analysis software (Bio-
Tek), according to the method of Pasch and col-
leagues.36 The reference range for this assay is 270 to
460 minutes, as determined in 253 healthy Swiss
adults.37
Kidney International Reports (2020) 5, 1432–1447
Study Endpoints

The dual primary endpoints of the study were the
serum CPP-1 and CPP-2 levels at 24 weeks in all
sevelamer-treated patients (SH þ SC) versus CC-treated
patients. Secondary endpoints compared (i) serum CPP-
1 and CPP-2 levels in individual treatment arms, (ii)
serum inflammatory cytokine concentrations (IL-1b, IL-
6, IL-8, IL-10, IL17p20, and TNF–a), and (iii) aPWV at
24 weeks. All other analyses were considered
exploratory.

Sample Size

Based on prior data we considered a 35% difference in
CPP-1 or CPP-2 levels to be of interest,38,39 and
assuming a within-group difference of 25% over time31

and an adjusted 2-sided significance level of 0.025, we
estimated that 25 patients per group would yield 90%
power. Allowing for a 17% attrition rate related to
withdrawal or nonadherence, we aimed to recruit a
total of 90 patients, with 30 patients to be randomized
across each of the 3 arms.

Statistical Analyses

We analyzed all data in accordance with a modified
intention-to-treat manner, wherein we included any
randomized participant with at least 1 postrandomiza-
tion sample for the primary endpoint. Variables with
right-skewed distributions were log-transformed
before analysis. To study changes in biochemical pa-
rameters over time, we used a direct restricted
maximum likelihood–based repeated measures
approach. Mixed-effect models were constructed that
included fixed effects of treatment group, visit, treat-
ment group-by-visit interaction, as well as fixed
continuous covariates of baseline measurement and
baseline measurement-by-visit interaction. Each model
incorporated random intercepts, and an unstructured
covariance structure was used to model within-subject
errors. The primary treatment comparison was the
difference in CPP-1 and CPP-2 levels between all
sevelamer-treated patients (SH þ SC) and CC-treated
patients at week 24. Given the dual primary endpoint
of CPP-1 and CPP-2 levels, we prespecified a conser-
vative 2-sided significance level of 0.025 (a ¼ 0.05/2) to
control for multiple comparisons. For all other com-
parisons, 2-tailed P values <0.05 were considered sig-
nificant. To assess the potential effects of nominal
differences in baseline characteristics, we performed
post hoc adjustment for serum magnesium concentra-
tions, dialysis vintage, diabetic status, and sex. All
models included baseline CPP levels as a covariate. We
also performed a series of post hoc analyses in
sevelamer-treated patients to test whether changes in
CPP-1 levels were associated with changes in other
1435



Figure 1. CONSORT diagram showing patient disposition through consent, randomization, and dropout in the Sevelamer Versus Calcium to
Reduce Fetuin-A-containing Calciprotein Particles in Dialysis (SCaRF) trial. Primary analyses were conducted on a modified intention-to-treat
basis in which randomized patients with at least 1 postrandomization follow-up visit were included. AE, adverse events; CC, calcium carbonate;
SC, sevelamer carbonate; SH, sevelamer hydrochloride.
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continuous time-varying biochemical parameters from
baseline to week 24. We used multiple imputation to
assess the potential bias arising from missing data and
performed additional sensitivity analyses based on
completely observed data (i.e., complete case analysis)
using analysis of covariance. On-treatment analyses of
the primary and secondary endpoints were also per-
formed in adherent participants. All statistical analyses
were performed using SAS software version 9.4 (SAS
Institute, Cary, NC).
RESULTS

Enrollment, Baseline Characteristics, and Study

Conduct

Patient disposition is shown in Figure 1. Thirty-nine of
the 162 patients screened were eligible to participate
and consented with 33 undergoing randomization after
run-in. Study exclusions are summarized in
Supplementary Table S2; the majority of exclusions
(85%) were due to severe hyperparathyroidism (n ¼

1436
30), frailty/life expectancy <12 months (n ¼ 21), psy-
chiatric or cognitive issues (n ¼ 18), or physician
refusal because of the washout requirement or use of a
calcium-containing binder (n ¼ 17). One patient each in
the CC and SH treatment arms did not have post-
randomization samples available for analysis, yielding
31 patients in the modified intention-to-treat dataset.
As prespecified in the protocol, SH- and SC-treated
participants were grouped together (SH þ SC) for the
primary analysis. Secondary analyses considered ef-
fects across individual sevelamer treatment arms versus
the CC group. Baseline characteristics (Table 1) and
biochemical parameters (Table 2) were reasonably well
balanced across treatment groups apart from nominal
differences in serum phosphate, magnesium, CPP
levels, dialysis vintage, and sex balance that did not
reach significance in formal statistical testing. Overall,
participants were predominantly male (81%) and white
(68%) with a mean age of 67 � 14 years. Diabetes
mellitus and underlying cardiovascular disease were
prevalent in both treatment arms, although the
Kidney International Reports (2020) 5, 1432–1447



Table 1. Baseline characteristics of the modified ITT cohort by
treatment arm

Characteristics
Total

(N [ 31)
CC

(n [ 11)
SH D SC
(N [ 20)

Age, yr 67 (14) 69 (13) 66 (15)

Male sex 25 (81%) 10 (91%) 15 (75%)

Ethnicity

Caucasian 21 (68%) 7 (64%) 14 (70%)

Middle Eastern 7 (23%) 3 (27%) 4 (20%)

Asian 3 (9%) 1 (9%) 2 (10%)

BMI, kg/m2 26.6
(23.9, 30.1)

26.4
(24.7, 28.4)

27.4
(23.7, 30.8)

Dialysis vintage, mo 23 (8, 50) 19 (7, 95) 26 (10, 46)

HD frequency, per wk Thrice Thrice Thrice

Treatment length, hr 4.2 (0.4) 4.3 (0.5) 4.2 (0.3)

Urea reduction ratio, % 76.3 (5.5) 76.8 (6.9) 76.1 (4.7)

Diabetes mellitus 16 (52%) 5 (46%) 11 (55%)

Hypertension 25 (81%) 9 (82%) 16 (80%)

MAP, mm Hg 93 (13) 87 (6) 97 (15)

Heart rate, beats/min 74 (13) 73 (13) 75 (10)

Smoker (past or present) 15 (48%) 5 (46%) 10 (50%)

Coronary artery disease 16 (52%) 5 (46%) 11 (55%)

Peripheral vascular disease 1 (3%) 1 (9%) 0

Cerebral vascular disease 5 (16%) 3 (27%) 2 (10%)

Charlson Comorbidity Index 4.16 (1.36)
(range, 2–7)

4.18 (1.60)
(range, 2–7)

4.15 (1.27)
(range, 2–7)

Previous parathyroidectomy 5 (16%) 2 (18%) 3 (15%)

Previous renal transplants 3 (10%) 2 (18%) 1 (5%)

Primary renal disease

Diabetic nephropathy 12 (39%) 4 (36%) 8 (40%)

Glomerulonephritis 8 (26%) 3 (27%) 5 (20%)

Hypertension/renovascular disease 6 (19%) 3 (27%) 3 (15%)

Polycystic kidney disease 1 (3%) 1 (9%) 0

Congenital/reflux nephropathy 1 (3%) 0 1 (5%)

Light chain nephropathy 1 (3%) 0 1 (5%)

Unknown 2 (6%) 0 2 (10%)

Medical Therapy

Phosphate binder at screening

Calcium carbonate 15 (48%) 6 (55%) 9 (45%)

Sevelamer hydrochloride 12 (39 %) 4 (36%) 8 (40%)

Lanthanum carbonate 3 (10%) 1 (9%) 2 (10%)

No phosphate binder 9 (29%) 5 (46%) 4 (20%)

Vitamin D therapy

Cholecalciferol 10 (32%) 3 (27%) 7 (35%)

Calcitriol or other active sterols 14 (45%) 6 (55%) 8 (40%)

Magnesium supplements 2 (6%) 1 (9%) 1 (5%)

Statin 18 (58%) 7 (64%) 11 (55%)

Proton pump inhibitors 13 (42%) 6 (55%) 7 (35%)

Antihypertensive medications

ACE inhibitor or ARB 7 (23%) 3 (27%) 4 (20%)

b-blocker 16 (52%) 5 (45%) 11 (55%)

Calcium channel blocker 7 (23%) 3 (27%) 4 (20%)

Loop diuretic 12 (39%) 7 (64%) 5 (25%)

ACE, angiotensin-converting enzyme; ARB, angiotensin II receptor blocker; BMI, body
mass index; CC, calcium carbonate; HD, hemodialysis; ITT, intention to treat; MAP, mean
arterial pressure; SC, sevelamer carbonate; SH, sevelamer hydrochloride.
Data are expressed as mean (SD), median (25th, 75th percentile), or number (%).

Table 2. Baseline serum biochemistry in the SCaRF trial by
treatment arm

Variable
Total

(N [ 31)
CC

(n [ 11)
SH D SC
(n [ 20)

Reference
interval

Phosphate, mmol/
l

1.41 (0.40) 1.49 (0.46) 1.37 (0.37) 0.75–1.50

Calcium, mmol/l 2.18 (0.22) 2.10 (0.18) 2.22 (0.23) 2.10–2.60

Albumin, g/l 32 (3) 32 (2) 33 (4) 35–50

Bicarbonate,
mmol/l

24 (2) 24 (2) 25 (2) 22–32

Magnesium,
mmol/l

0.92 (0.15) 0.86 (0.15) 0.93 (0.14) 0.7–1.10

Intact PTH, pmol/l 51 (33, 67) 48 (33, 67) 54 (31, 63) 1.7–10.0

ALP, IU/ml 118 (90, 164) 115 (90, 164) 118 (89, 159) 30–110

T50, min 274 (67) 271 (60) 275 (73) 270–460

CRP, mg/l 5 (2, 8) 6 (2, 8) 5 (2, 9) <5

ALP, alkaline phosphatase; CC, calcium carbonate; PTH, parathyroid hormone; SC,
sevelamer carbonate; SCaRF, Sevelamer Versus Calcium to Reduce Fetuin-A-containing
Calciprotein Particles in Dialysis; SH, sevelamer hydrochloride; T50, serum calcification
propensity.
Data are expressed as mean (SD) or median (25th, 75th percentile).
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prevalence of diabetes appeared modestly numerically
greater in the CC arm. The overall comorbidity burden
as judged by Charlson Comorbidity Index scores was
Kidney International Reports (2020) 5, 1432–1447
similar across treatment groups. All patients were
receiving thrice-weekly HD with equivalent adequacy
based on the urea reduction ratio. Baseline data for
individual sevelamer treatment arms are summarized in
Supplementary Tables S3 and S4. Mean doses of study
medication were 2.2 g/d for the CC group, 2.8 g/d for
the SH group, and 3.0 g/d for the SC group. Discon-
tinuation rates were similar across arms with kidney
transplantation accounting for 4 of the 7 study with-
drawals. No patients were lost to follow-up and none
experienced a serious adverse event. One patient in the
SH group remained hypocalcemic despite supple-
menting oral calcium; this patient’s dialysate calcium
concentration was increased from the standard 1.25
mmol/l to 1.5 mmol/l. All other patients were main-
tained on 1.25 mmol/l dialysate calcium concentration
throughout the study. No other laboratory-based safety
endpoints were recorded. One patient in the SH group
was intolerant to study medication. One death also
occurred in the SH group, which was attributed to
bacterial endocarditis but considered unrelated to the
study intervention. Average adherence was high
(>85%) across all treatment arms.

Serum CPP-1

At 24 weeks, serum CPP-1 levels adjusted for baseline
values were significantly lower in the sevelamer-treated
group than in the CC-treated group (Table 3), with a
mean difference of –71% (95% CI –90 to –15, P ¼ 0.02;
Table 3). Results were similar whenmodels were adjusted
for baseline serum phosphate concentration (–69%, 95%
CI –88% to –17%, P ¼ 0.02) and when multiple impu-
tation was used to evaluate the impact of missing follow-
up data (not shown). Effect estimates did not change
(<1%) after post hoc adjustment for baseline magnesium
1437



Table 3. Changes in serum CPP-1 and CPP-2 over 24 weeks in the SCaRF trial

Treatment group

Baseline Week 12 Week 24

Within-group treatment effect (95% CI) P Value Treatment effect vs. CC (95% CI) P valueN Median (IQR) N Median (IQR) N Median (IQR)

CPP-1, �105/ml

CC 11 26.3 (6.2, 39.1) 10 29.3 (16.3, 35.1) 10 33.9 (20.0, 60.7) 71.9% (–24.8% to 293%) 0.20 — —

SH þ SC 20 18.7 (7.2, 41.3) 17 6.4 (3.8, 12.4) 16 9.8 (5.9, 33.9) –49.7% (–75.8% to 4.3%) 0.07 –70.6% (–89.8 to –15.2) 0.02

CPP-2, �105/ml

CC 11 1.5 (1.0, 3.0) 10 1.3 (0.8, 3.0) 10 1.5 (1.0, 2.2) 17.4% (–44.8% to 149%) 0.68 — —

SH þ SC 20 3.2 (0.9, 5.8) 17 1.2 (0.7, 2.7) 16 2.9 (1.5, 5.7) –56.5% (–84.2% to 20.1%) 0.11 –52.2% (–86.7 to 71.35) 0.26

CC, calcium carbonate; CPP, calciprotein particles; IQR, interquartile range; SC, sevelamer carbonate; SCaRF, Sevelamer Versus Calcium to Reduce Fetuin-A-containing Calciprotein
Particles in Dialysis; SH, sevelamer hydrochloride; 95% CI, 95% confidence interval.
Serum CPP levels are expressed as median (25th, 75th percentiles) using all available data (N). CPP-1 and CPP-2 values were log-transformed before analysis. Estimated treatment
effects are expressed as the percentage change from baseline or relative to CC treatment group (reference category). Mixed-effects analyses are expressed after controlling for the
baseline level of the parameter tested.
P values < 0.025 are considered statistically significant owing to multiple comparisons.
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concentration, diabetic status, dialysis vintage, and sex
(all –71%, 95% CI –90% to –15%, P ¼ 0.02) and were
similar after exclusion of the single patient in the SH
group in whom the dialysate calcium concentration was
increased owing to persistent hypocalcemia (–73%, 95%
CI –90% to –19%). Prespecified on-treatment analyses
were expectedly similar given only 1 participant was
found to be noncompliant with the intervention. Com-
plete case analysis using data from the 26 participants
who completed the 24-week study revealed comparable
between-group treatment effects (–65%, 95%CI –86% to
–12%, P ¼ 0.03). The between-group difference in the
serumCPP-1 level at 12weekswas similar inmagnitude to
that at week 24 (–73%, 95% CI –88% to –38%, P ¼
0.002; Figure 2a). Although they did not reach signifi-
cance (Table 3), trends in within-group treatment effects
suggest that divergent trajectories of serum CPP-1 levels
in the CC- and sevelamer-treated arms accounted for the
differences at study end (Supplementary Figure S4).

Secondary analyses across the individual sevelamer
treatment arms revealed a significant reduction in CPP-1
at 24 weeks in the SC-treated arm compared with the CC
arm, but not in the SH arm (Figure 2b; Supplementary
Table S5). However, serum CPP-1 levels were reduced
in those receiving SH versus CC at week 12 (–74%, 95%
CI –89% to –40%, P ¼ 0.002; Figure 2b). Again, results
were similar after additional adjustment for baseline
phosphate or imputation of missing data (not shown).

Serum CPP-2

At 24 weeks, serum CPP-2 levels adjusted for baseline
values did not differ between groups (Figure 2c) and
remained nonsignificant after adjustment for baseline
serum phosphate (P ¼ 0.28) or with imputation of
missing data (P ¼ 0.58). Null effects remained after
further adjustment for baseline magnesium, dialysis
vintage, presence of diabetes, and sex (P > 0.28).
Likewise, complete case and on-treatment analyses did
not attain significance (P > 0.28). Changes observed in
individual sevelamer-treated arms were also
1438
nonsignificant at 24 weeks (Supplementary Table S5)
compared with the CC group (Figure 2c).

Serum Inflammatory Cytokines

Four of the 6 cytokines tested by multiplex bead array
(IL-1b, IL-10, IL17p20, and TNF–a) were undetectable
at baseline and follow-up study visits, consistent with
the low levels of C-reactive protein observed at baseline
(Table 2) and over the 24-week study period
(Supplementary Table S6). Serum IL-6 and IL-8 were
detectable in all participants, but with missing data
(9%) owing to study dropout. At 24 weeks, both IL-6
and IL-8 levels were significantly lower in sevelamer-
treated patients compared with the CC-treated arm
(Table 4, Figure 3a and 3c). Results were similar after
adjustment for baseline phosphate and after imputation
of missing data (P < 0.02) but differed with respect to
effects across individual sevelamer-treatment arms
(Supplementary Table S6). Although only treatment
with SC favored reductions in serum IL-6 levels
(Figure 3b), serum IL-8 levels were reduced in both SH-
and SC-treated arms compared with CC-treated patients
(Figure 3d). Serum C-reactive protein levels did not
differ between CC- and sevelamer-treated arms (P ¼
0.32) or across individual groups (Supplementary
Table S6). Within-group analyses revealed that
between-group effects were driven by a decrease in IL-
8 levels in the sevelamer-treated arm and a parallel
increase in cytokine concentrations in the CC-treated
arm.

aPWV

PWV measurements were not technically evaluable in a
minority of patients (CC, n ¼ 3; SH þ SC, n ¼ 5)
because of arrhythmias, severe leg cramps, or both. Of
those with evaluable measurements, 31% had missing
data at follow-up due to dropout. Apart from a slightly
higher mean age and prevalence of diabetes, baseline
characteristics of the entire study cohort and those
with available aPWV measurements were similar
Kidney International Reports (2020) 5, 1432–1447



Figure 2. Changes in serum calciprotein particle (CPP)-1 and CPP-2 levels over 24 weeks in response to treatment with calcium carbonate or
sevelamer. (a) Changes in serum CPP-1 levels in calcium carbonate (CC) and sevelamer hydrochloride (SH) þ sevelamer carbonate (SC)
treatment arms. (b) Changes in serum CPP-1 levels by individual SH and SC treatment arms. (c) Changes in serum CPP-2 in CC and SH þ SC
treatment arms. (d) Changes in serum CPP-2 levels by individual SH CPP and SC treatment arms. Data are presented as median values with
error bars depicting interquartile ranges. Data series were offset to aid visualization. Mixed-effects models with repeated measures were used
to test for between-group differences: *P < 0.02 for CC versus SH þ SC; †P < 0.01 for CC versus SC, and #P < 0.02 for SH versus CC.
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(Supplementary Table S7). At 24 weeks, aPWV
adjusted for mean arterial pressure, heart rate, and
baseline aPWV was lower in sevelamer-treated patients
compared with those who received CC (Table 5 and
Figure 4a). Sensitivity analysis with imputation for
missing data revealed a significant but slightly atten-
uated treatment effect (–1.7, 95% CI –2.8 to –0.8, P ¼
0.02). Treatment effects in individual SH and SC arms
versus CC were equivalent (Figure 4b) and persisted
after post hoc adjustment for serum phosphate (–1.9 m/
s, 95% CI –2.9 to –1.0, P ¼ 0.01). Within-group ana-
lyses showed an increase in aPWV in CC-treated pa-
tients (mean þ1.1 m/s) and a similar magnitude
Table 4. Changes in serum inflammatory markers and calcification prope

Treatment
group

Baseline Week 12 Week 24

N Median (IQR) N Median (IQR) N Median (IQR)

IL-6, pg/ml

CC 11 9.5 (5.0, 15.0) 10 6.8 (5.0, 14.9) 10 10.6 (7.5, 14.5)

SH þ SC 20 11.0 (6.2, 27.9) 18 6.9 (5.0, 19.2) 16 5.9 (5.0, 12.7)

IL-8, pg/ml

CC 11 29.8 (24.6, 52.7) 10 41.9 (23.9, 49.5) 10 38.4 (25.8, 57.3)

SH þ SC 20 29.7 (21.5, 46.8) 18 25.0 (8.2, 50.4) 16 22.1 (14.1, 43.7)

CC, calcium carbonate; IL, interleukin; IQR, interquartile range; SC, sevelamer carbonate; SCa
Dialysis; SH, sevelamer hydrochloride;95% CI, 95% confidence interval.
Serum IL-6 and IL-8 concentrations are expressed as median (25th, 75th percentiles) using all av
estimated treatment effects for IL-6 and IL-6 are as reported as percentage change from baselin
baseline level of the parameter tested.
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decrease in those using sevelamer (mean –0.9 m/s) over
24 weeks (Table 5).

Exploratory Endpoints
CKD–Mineral and Bone Disorder Parameters

Concentrations of serum phosphate, calcium, albu-
min, intact parathyroid hormone, magnesium, and
alkaline phosphatase were stable over the study
period in both the CC- and sevelamer-treated groups
(Supplementary Figure S5) with no significant dif-
ferences between groups or across individual treat-
ment arms at 24 weeks (data not shown). Serum
bicarbonate levels were stable in the SC-treated arm
nsity over 24 weeks in the SCaRF trial

Within-group treatment effect estimate
(95% CI)

P
value

Treatment effect estimate vs. CC
(95% CI)

P
value

6.5% (–14.2 to 32.0) 0.57 — —

–48.5% (–68.0 to –17.2) 0.01 –51.8% (–74.7 to –8.2) 0.03

35.1% (5.2 to 73.6) 0.02 — —

–45.5% (–63.8 to –17.9) 0.01 –6.6% (–73.3 to –29.6%) 0.01

RF, Sevelamer Versus Calcium to Reduce Fetuin-A-containing Calciprotein Particles in

ailable data (N). IL-6, and IL-6 values were log-transformed before analysis. Within-group
e in the geometric mean. Mixed-effects analyses are expressed after controlling for the
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Figure 3. Changes in serum interleukin (IL)-6 and IL-8 over 24 weeks in response to treatment with calcium carbonate or sevelamer. (a) Changes
in serum IL-6 in calcium carbonate (CC) and sevelamer hydrochloride (SH) þ sevelamer carbonate (SC) treatment arms. (b) Changes in serum
IL-6 by individual SH and SC treatment arms. (c) Changes in serum IL-8 in CC and SH þ SC treatment arms. (d) Changes in serum IL-8 by
individual SH and SC treatment arms. Data are presented as median values with error bars depicting interquartile ranges. Data series were
offset to aid visualization. Mixed-effects models with repeated measures were used to test for between-group differences: *P < 0.02 for CC
versus SH þ SC.
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(P ¼ 0.78), but decreased from baseline in CC- and
SH-treated patients by week 24 (CC –1.64 mmol/l
[95% CI –3.27 to –0.01], P ¼ 0.049; SH –0.50 mmol/l
[95% CI –0.97 to –0.03], P ¼ 0.039). Despite these
within-group differences, serum bicarbonate levels
adjusted for baseline concentrations did not differ
between CC- and sevelamer-treated groups (–1.7
mmol/l, 95% CI, –3.9 to þ0.55, P ¼ 0.14) or across
individual sevelamer-treatment arms at week 24.

Serum calcification propensity (T50-test), a func-
tional readout of the ability of a patient’s serum to
resist de novo CPP-2 formation when enriched with
exogenous calcium and phosphate ex vivo, increased
(i.e., reduced propensity) from baseline over
Table 5. Changes in aortic pulse wave velocity over 24 weeks in the SCa

Treatment group

Baseline Week 12 Week 24
Within-gr

N Mean (SD) N Mean (SD) N Mean (SD)

PWV, m/s

CC 8 8.9 (1.7) 8 9.4 (1.7) 8 10.2 (1.9)

SHþSC 15 9.2 (1.0) 12 8.6 (1.0) 13 7.9 (0.8)

SH 9 9.5 (0.9) 6 8.7 (0.6) 7 8.2 (0.9)

SC 6 8.9 (1.1) 6 8.5 (1.3) 6 7.7 (0.8)

CC, calcium carbonate; SC, sevelamer carbonate; SCaRF, Sevelamer Versus Calcium to Redu
PWV, pulse wave velocity; 95% CI, 95% confidence interval;
PWV values are expressed as mean (SD) using all available data (N). Mixed-effects analyses
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24 weeks in both the CC- and sevelamer-treated
groups (CC þ30 minutes [95% CI þ4 to þ46 mi-
nutes], P ¼ 0.022; SH þ SC þ34 minutes [95%
CI, þ10 to þ57 minutes, P ¼ 0.005]; Supplementary
Figure S6 and Supplementary Table S8), and did not
significantly differ between groups at 24 weeks (P ¼
0.66). Serum T50 was not associated with native CPP-
1 or CPP-2 levels at baseline or at 12 or 24 weeks
(data not shown).

Factors Associated With Changes in CPP-1 in

Sevelamer-Treated and CC-Treated Patients

To gain insight into factors that might be related to the
observed reduction in serum CPP-1 levels in sevelamer-
RF trial

oup treatment effect estimate
(95% CI) P Value

Treatment effect estimate vs. CC
(95% CI) P value

1.1 (0.2 to 2.0) 0.01 — —

–0.9 (–1.4 to –0.5) 0.01 –2.0 (–2.9 to –1.1) 0.01

–1.0 (–1.7 to –0.3) 0.01 –2.0 (–3.0 to –0.9) 0.01

–1.0 (–1.7 to –0.3) 0.01 –2.1 (–3.2 to –1.0) 0.01

ce Fetuin-A-containing Calciprotein Particles in Dialysis; SH, sevelamer hydrochloride;

are adjusted for mean arterial pressure, heart rate, and baseline PWV.
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Figure 4. Changes in aortic pulse wave velocity (aPWV) over 24 weeks in response to treatment with calcium carbonate or sevelamer. (a)
Changes in aPWV in calcium carbonate (CC) and sevelamer hydrochloride (SH) þ sevelamer carbonate (SC) treatment arms. (b) Changes in
aPWV by individual SH and SC treatment arms. Data are presented as mean values with error bars depicting standard deviation. Data series
were offset to aid visualization. Mixed-effects models with repeated measures were used to test for between-group differences: *P < 0.01 for
CC versus SH þ SC.
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treated patients, we used mixed-effects models to es-
timate the association of different biochemical variables
with CPP-1 levels over the 24-week study period
(Supplementary Table S9). We used the observed
intraindividual variation of each parameter to define
unit change and to enable meaningful comparison of
effect sizes. Because no interactions by binder formu-
lation were detected (P > 0.20), we analyzed pooled
results in the combined SH þ SC group. Interestingly,
although the majority of these variables did not show
significant between-group or within-group changes in
aggregate analyses (Supplementary Figure S5), nominal
increases in serum magnesium, bicarbonate, alkaline
phosphatase, as well as decreases in phosphate, C-
reactive protein, and IL-8 concentrations, were all
associated with greater reductions in serum CPP-1
levels. After additional adjustment for serum phos-
phate, associations with magnesium, bicarbonate, and
IL-8 persisted (Supplementary Table S9). In contrast,
corresponding analyses in those treated with CC
revealed that changes in CPP-1 levels were associated
only with variability in serum phosphate (4.3% in-
crease in CPP-1 per 0.2-mmol/l increase [0.6% to
16.5%], P ¼ 0.007) and serum calcium (8.1% increase
in CPP–1 per 0.15-mmol/l increase [4.0% to 13.3%],
P ¼ 0.001). Mixed-effect models revealed no significant
association of serum T50 with either CPP-1 or CPP-2
levels in CC- or sevelamer-treated patients (all com-
parisons P > 0.5).
DISCUSSION

To our knowledge, this is the first RCT to compare the
effects of sevelamer and calcium carbonate on serum
CPP levels in patients with end-stage kidney disease
requiring maintenance HD therapy. After 24 weeks,
Kidney International Reports (2020) 5, 1432–1447
serum CPP-1 levels were on average 70% lower in
those treated with sevelamer (SH þ SC) than those
randomly assigned to receive CC. This finding was
robust to adjustment for baseline CPP-1 levels and
serum phosphate, replicated in sensitivity analyses
evaluating the effect of missing data or adherence to
the study medication, and maintained after adjustment
for potential confounders that were nominally different
across groups at baseline. In secondary analyses,
treatment with sevelamer (SH or SC) was associated
with lower serum IL-8 concentrations and aPWV
compared with treatment with CC, but only those
treated with SC had lower serum CPP-1 levels at 24
weeks. Serum CPP-1 levels were, however, signifi-
cantly lower in SH-treated patients at 12 weeks
compared with the CC group, suggesting a difference in
the kinetics of action on CPP between sevelamer
formulations.

Prior cross-sectional studies have revealed strong
associations between serum CPP-1 and CPP-2,29, 31 and
here we also observed a significant association between
the 2 arms over the study period (r ¼ 0.45, 95% CI 0.26
to 0.60, P < 0.001). We expected that changes in 1 arm
would be reflected in the other. Surprisingly, however,
a reduction in CPP-1 was not accompanied by a similar
magnitude reduction in CPP-2. In fact, CPP-2 levels
appeared stable over the 24-week study. Accounting
for the differential effects of sevelamer on CPP-1 and
CPP-2 is challenging. Although CPP-2 appears pro-
inflammatory and pro-calcific in vitro, the significance
in vivo is uncertain because artifacts of sample storage
and processing30 may potentially mask true biological
variation. However, as in other cohorts of stable
prevalent HD patients,40 CPP-2 levels were only a mi-
nor fraction of the total circulating CPP pool at baseline
(w9%). Likewise, despite the substantial reduction in
1441



CLINICAL RESEARCH ER Smith et al.: Calciprotein particles and phosphate binders
CPP-1 in response to sevelamer, CPP-2 still accounted
for only w20% of total CPP levels at 24 weeks.
Nonetheless, routes of synthetic CPP-1 and CPP-2
clearance differ in vivo—the former principally via
liver sinusoidal endothelial cells and the latter through
the reticuloendothelial system.23 A partial dissociation
of CPP-1 and CPP-2 levels is therefore biologically
plausible if sevelamer impacts these clearance mecha-
nisms differently. However, it is important to stress
that underrecruitment to the study means that our
analysis is underpowered to detect the substantially
smaller prespecified changes in CPP-2 levels (35%) on
which the sample size calculations were predicated.
Thus, we cannot exclude smaller, but potentially
important, effects on CPP-2 due to binder treatment
that could not be detected here.

Because intestinal phosphate binding should be
equivalent across treatment arms owing to the design
of the study, we considered 2, not mutually exclusive,
explanations for the divergent effects of sevelamer and
calcium carbonate on CPP-1 levels: a reduction in cal-
cium loading as a result of withdrawal of CC and direct
pleiotropic (e.g., anti-inflammatory) effects of
sevelamer.

Given that calcium is one of the main biochemical
drivers for CPP formation, it might be expected that
dietary calcium loading would augment circulating
levels if adaptations in mineral handling cannot main-
tain homeostasis. Indeed, there is compelling evidence
that treatment with oral calcium carbonate results in
positive calcium balance in patients with CKD and is
temporally linked to increased extraosseous calcium
deposition over a relatively short time frame.41

Although within-group analyses in this study
showed a nonsignificant change in CPP-1 levels over 24
weeks from baseline in those treated with CC (95% CI
–25% to þ300%, P ¼ 0.2), clearly a significant subset
of individuals in this group did experience a substan-
tial increase in CPP-1 levels given the confidence in-
tervals. In exploratory analyses, variations in serum
calcium and phosphate levels also remained the only
factors related to changes in the CPP-1 levels in the CC
treatment arm. Post hoc analysis of serum CPP-1 levels
during the 13-week study run-in showed a comparable
increase in levels across both arms during CC treat-
ment, but strikingly different variation in levels during
the preceding washout phase depending on pre-
existing binder therapy. In this study, CPP-1 levels
were observed to increase markedly in those originally
prescribed non–calcium-containing phosphate binders,
whereas those originally treated with CC experienced
much more modest increments more in keeping with
the magnitude to changes observed in those not
receiving binder therapy. These findings are consistent
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with another recent prospective observational study of
24 HD patients, in which serum CPP levels were re-
ported to significantly decrease after a switch from CC
to lanthanum carbonate, another non–calcium-based
binder.42 Together these observations imply that the
relative lowering of CPP-1 levels observed in those
receiving sevelamer in this study may in part reflect
withdrawal of CC rather than direct suppressive effects
of the sevelamer.

Although the proinflammatory properties of CPP-2
have garnered considerable interest,22,26 recent data
suggest that CPP-1 may be even more inflammatory
in vitro for the same calcium load.23 Consistent with
such effects, we observed a concomitant reduction in
CPP-1 and IL-8 levels in sevelamer-treated patients,
whereas serum IL-8 levels were observed to increase in
those randomly assigned to receive CC in whom CPP-1
also showed a trend toward higher levels. However, the
directionality of such relationships, if causal, remains
uncertain as the interplay of inflammation and mineral
metabolism may be bidirectional, with inflammation
also driving uncoupling of bone turnover, favoring net
resorption and resulting in increased release of CPP
from bone into the circulation. The latter supposition is
supported by recent data from our group showing that
increasing dialysate magnesium was associated with a
reduction in inflammatory and osteoclastic markers and
an attendant lowering of serum CPP levels.40 Another
post hoc analysis of an RCT evaluating the effect of
sevelamer and sucroferric oxyhydroxide on CKD–
mineral and bone disorder parameters in dialysis pa-
tients are also consistent with effects on bone turnover,
showing a reduction in osteoclastic markers and an
increase in osteoblastic markers after 24 weeks of
therapy.43 Therefore, the well-documented anti-in-
flammatory effects of sevelamer could provide a
mechanism of CPP lowering that is independent of ef-
fects on phosphate or avoidance of calcium but rather
through effects on bone. Unfortunately, measurements
of bone markers were not available to explore this
hypothesis empirically in this cohort. Regardless, in
the absence of a control (placebo) arm it is not possible
to delineate effects related to withdrawal of calcium
from direct anti-inflammatory actions of sevelamer.

As far as we are aware, this is the first report of
effects of phosphate binders on IL-8. Data on IL-8 in
the context of end-stage kidney disease are sparse, but
earlier studies suggested that levels were predictive or
poor outcomes.44 IL-8 (or chemokine [C-X-C motif]
ligand 8) is a prototypical chemokine of the C-X-C motif
family that is chiefly secreted by macrophage as part of
the early inflammatory response, where it functions to
recruit neutrophil and monocyte to sites of injury.45 IL-
8 is considered to have established roles not only in
Kidney International Reports (2020) 5, 1432–1447
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early atherogenesis but also in the persistence of
inflammation in vascular lesions.46 High phosphate
conditions that engender CPP formation in vitro have
also been reported to induce IL-8 secretion from
endothelial cells, which reportedly has a pro-calcifying
effect on vascular smooth muscle cells through sup-
pression of osteopontin,47 a potent mineralization in-
hibitor. Given other recent data elucidating the liver
sinusoidal endothelial cells as a major site of CPP-1
clearance in vivo23 and the temporal relationship of
IL-8 concentrations observed by us, further work is
warranted to explore the potential effects of CPP on the
endothelium and downstream vascular pathology.
Interestingly, there are also reports that IL-8 may have
direct effects on bone by stimulating osteoclasto-
gensis,48,49 providing another possible link between
the effects of different phosphate binders on inflam-
mation, bone, and CPP.

Our finding that aortic PWV was attenuated in
sevelamer-treated patients compared with those
receiving CC is consistent with previous reports of
other small, prospective HD cohorts where sevelamer
was found to reduce PWV over 6 to 11 months.50,51

Given the relatively short-term nature of this and
these other studies, such reductions in PWV are un-
likely to reflect structural changes (i.e., calcification),
which are thought to occur over longer times scales,
but may instead relate to functional changes (i.e.,
endothelial function). Conceivably, reduced calcium
loading as well as anti-inflammatory effects may
contribute to improvement in this integrative param-
eter and explain the divergent trajectories in the sev-
elamer- and CC-treatment arms.

With respect to other biochemical parameters, all
but serum bicarbonate remained stable over the study
period and at comparable levels across treatment arms.
Whereas serum bicarbonate levels remained stable in
SC-treated patients, levels declined over 24 weeks in
both the SH and CC arms. Differential effects of SH and
SC on bicarbonate are well described and explained by
the exchange of chloride for phosphate with SH,
resulting in a dose-dependent metabolic acidosis,
compared with neutral effects with SC that exchange
carbonate for each phosphate bound by the resin.52

Interestingly, despite the small numbers, secondary
analyses across individual sevelamer treatments sug-
gest that reductions in serum CPP-1 levels at week 24
were observed only in those randomly assigned to
receive SC. Reductions in both IL-6 and IL-8 levels also
appeared more robust in the SC arm compared with the
SH arm. Indeed, in exploratory analyses, changes in
bicarbonate levels, in addition to those of magnesium
and IL-8, were the only variables associated with the
changes in the CPP-1 level that remained significant
Kidney International Reports (2020) 5, 1432–1447
after adjustment for phosphate. Given the potential role
of metabolic acidosis in the development of bone dis-
ease in CKD,53 the effect of changes in acid-base status
on CPP metabolism warrants further investigation.
Differences in the effects of SH and SC also argue
against withdrawal of calcium as the only mechanism
driving the divergent trajectories of serum CPP levels
in our patients, but again, a control group is needed to
provide conclusive evidence of such effects.

A novel aspect of this report is the concurrent
measurement of native CPP levels in serum by flow
cytometry and serum calcification propensity (T50 test)
by turbidimetry: 2 contemporary measures of “mineral
stress.” Although both notionally involve measurement
of CPP, it is important to emphasize the fundamental
distinctions between the 2 methods. Whereas nano
flow cytometry enumerates and discriminates major
subsets of native mineral-containing nanoparticles
(e.g., CPP-1, CPP-2, membrane-bound mineral-con-
taining particles) in biological fluids,29 the T50 test
monitors the crystallization of CPP synthesized in
serum after addition of supersaturating amounts of
calcium and phosphate.36 The kinetic parameter T50 is
the time taken for half-maximal conversion of CPP-1 to
CPP-2 and depends on the balance of various promot-
ing and inhibitory substances present in serum.54 The
faster this transformation occurs, the lower the T50

value, denoting enhanced calcification propensity.
Within the T50 test environment CPPs are generated de
novo to levels >1014/ml depending on the exact con-
ditions used. In contrast, native CPP levels are w105 to
107/ml and sedimentation of native CPP from serum has
minimal impact on the T50 test readout.36 Although
they are measured in serum or plasma, it is also
important to appreciate that native CPPs are unlikely to
be formed there in appreciable amounts because of
various kinetic constraints and, instead, originate from
extravascular sites of high mineral ion flux (bone,
kidney, and intestine).29,55 Thus, CPP made in serum
ex vivo in the T50 test and those present endogenously
differ in their composition.56 We found that neither
serum CPP-1 nor CPP-2 levels were associated T50

measurements at baseline or over time. Although the
small sample size might account for these null findings,
the evidence presented in our study is consistent with
the view that these 2 measures capture different aspects
of mineral homeostasis and hence risk. Interestingly,
unlike native CPP levels, which appear convincingly
associated with ambient calcium levels,31,57 calcium has
relatively weak effects on T50 and thus is relatively
insensitive to the chronic effects of calcium
loading,36,58 which may explain the lack of observed
differences in response to CC and sevelamer treatment
we found.
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Strengths of our study include accurate measure-
ment of CPP, and discrimination of CPP-1 from CPP-2
and other mineral-containing debris in serum using a
novel flow cytometry–based assay. High rates of
adherence to study medications, stringent control of
other medications that may impact mineral metabolism
(e.g., calcitriol, magnesium supplementation), and a
long active run-in to render the patients as similar as
possible at baseline are also strengths.

The major limitation of this study is the small sample
size owing to low recruitment (34% of target), rendering
it underpowered to detect the prespecified primary
endpoint: a 35% difference in CPP-1 and CPP-2 levels at
24 weeks. Fortuitously, the observed treatment effect
with respect to CPP-1 levels was approximately double
this predetermined level (70%), but we are unable to
exclude more modest effects on CPP-2. Although the
overall comorbidity burden appears similar across
treatment arms, the small sample size limited the effec-
tiveness of the randomization procedure, which resulted
in imbalances between treatment groups in certain
characteristics that could potentially confound some of
the comparisons. Although our modeling strategy and
post hoc adjustments account for some of these factors,
we cannot exclude the possibility that a degree of un-
controlled confounding remains. We also acknowledge
that the open-label (unblinded) design is suboptimal and
the relatively short duration of the trial may have biased
the results. Because of the nature of the study design, we
can provide limited mechanistic insight into the factors
driving the clearly divergent trajectories of CPP-1 in
those receiving sevelamer compared with CC. In
particular, we cannot conclusively differentiate effects
related to withdrawal of CC therapy in those subse-
quently randomly assigned to receive sevelamer from
direct anti-inflammatory actions of this binder. Regret-
tably, the perceived lack of equipoise in this setting
prevents us from addressing these questions explicitly
with a placebo-controlled trial. Indeed, the need for
washout and run-in with CC was a reason for physician
disinclination and exclusion from the trial. Finally, it is
also uncertain to what extent our reported findings are
representative of the wider HD population, given the
selection of mostly stable well-functioning HD patients
without biochemical evidence of severe secondary hy-
perparathyroidism or bone disease. The predominance
of elderly white men enrolled in the trial also potentially
limits generalizability to other patient groups given
possible racial and sex-related differences in mineral and
bone metabolism.59,60

In conclusion, 24-week treatment with sevelamer
resulted in a reduction in levels of serum CPP-1 compared
to treatmentwith CC,with effectsmost robustly observed
in those randomly assigned to receive SC. Treatment with
1444
sevelamer was associated with a concomitant decrease in
IL-8 and aPWV, suggesting that it may help reduce sys-
temic inflammation and improve vascular function. We
speculate that the potentially beneficial effects of seve-
lamer may, in part, work through direct suppressive ef-
fects on CPP-1 as well as avoidance of calcium-loading
associated with calcium-based binders. Given the
encouraging results of this study, we hope that it may
prompt larger trials in this setting to validate these
findings and to ascertain whether lowering CPP levels in
HD patients may improve patient outcomes.
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