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ABSTRACT

Background Researchers have yet to determine the optimal care of patients with advanced CKD. Evi-

dence suggests that anemia and CKD–related disordered mineral metabolism (including abnormalities in

phosphate and fibroblast growth factor 23 [FGF23]) contribute to adverse outcomes in this population.

Methods To investigate whether fixed-dose ferric citrate coordination complex favorably affects multiple

biochemical parameters in patients with advanced CKD, we randomly assigned 203 patients with

eGFR#20ml/min per 1.73m2 2:1 to receive a fixed dose of ferric citrate coordination complex (two tablets

per meal, 210 mg ferric iron per tablet) or usual care for 9 months or until 3 months after starting dialysis.

No single biochemical end point was designated as primary; sample size was determined empirically.

Results The two groups had generally similar baseline characteristics, although diabetes and peripheral

vascular disease were more common in the usual-care group. Ferric citrate coordination complex signif-

icantly increased hemoglobin, transferrin saturation, and serum ferritin, and it significantly reduced serum

phosphate and intact FGF23 (P,0.001 for all). Of the 133 patients randomized to ferric citrate coordina-

tion complex, 31 (23%) initiated dialysis during the study period, as did 32 of 66 (48%) patients randomized

to usual care (P=0.001). Compared with usual care, ferric citrate coordination complex treatment resulted

in significantly fewer annualized hospital admissions, fewer days in hospital, and a lower incidence of the

composite end point of death, provision of dialysis, or transplantation (P=0.002).

Conclusions The beneficial effects of fixed-dose ferric citrate coordination complex on biochemical param-

eters, as well as the exploratory results regarding the composite end point and hospitalization, suggest that

fixed-dose ferric citrate coordination complex has an excellent safety profile in an unselected populationwith

advanced CKD and merits further study.
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Patientswith advancedCKD(aCKD)are at high risk

of multiple adverse events including progressive

loss of kidney function leading to a need for RRT

(dialysis or kidney transplantation), cardiovascular

(CV) events, and mortality.1 Although traditional

risk factors including diabetes mellitus, hyperten-

sion, and atherosclerotic vascular disease contrib-

ute substantially to these risks, they do not fully
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explain event rates 5–10-fold higher relative to age-matched

peers without CKD.1

Epidemiologic data suggest that anemia and CKD–mineral

bone disorder (CKD-MBD) contribute to adverse outcomes in

this population.2,3 Numerous reports have described a direct re-

lation between the severity of anemia and CVevents and provided

the scientific rationale for randomized clinical trials (RCTs) testing

the effects of erythropoiesis-stimulating agents (ESAs) targeting a

normal or near-normal hemoglobin concentration. Unexpectedly,

multiple RCTs demonstrated that the use of ESAs in this manner

does not reduceCVevents andmay lead to harm,with higher rates

of stroke, venous thromboembolic disease, and vascular ac-

cess thrombosis observed in some studies.4–6 However,

there remains clinical equipoise as to whether anemia, per se, in-

creases CV risk and reduces quality of life; it has been suggested

that the risk observed in clinical trials using ESAs to normalize

hemoglobinmay be related to adverse drug effects, possibly related

to excessive dosing of ESAs in treatment-resistant patients, rather

than to the correction of anemia itself.7 Clinical trials with stabi-

lizers of hypoxia-inducible factor are ongoing and will be the first

to test the hypothesis that treatment of CKD-related anemia with

agents other than ESAs reduces CVor other clinical event rates.

Disordered mineral metabolism encompasses abnormali-

ties in calcium, phosphate (P), parathyroid hormone (PTH),

and fibroblast growth factor 23 (FGF23). Preclinical and epi-

demiologic data suggest that elevations in P and FGF23 are

associated with progression of CKD, CVevents, and mortality,

yet no RCT has tested the ability of P- or FGF23-lowering

therapy to reduce these events.8,9

We hypothesized that treatment with ferric citrate coordina-

tion complex (FCCC)would favorably affect patientswith aCKD

irrespective of whether iron deficiency or overt hyperphospha-

temia were present. To inform the design of a multicenter, pla-

cebo-controlledRCT,wedesigned and conducted anopen-label,

pilot, single-center RCT of fixed-dose FCCC in patients with

eGFR#20 ml/min per 1.73 m2 without restriction to patients

with or without hyperphosphatemia and/or iron deficiency.

METHODS

Study Setting

Patients were recruited from a large nephrology practice (32

physicians, six Advanced Practitioners, Denver Nephrologists,

Denver, CO) fromMarch of 2015 throughMarch of 2017 with

the last patient follow-up visit in March of 2018. Active drug

(ferric citrate coordination complex, 1-g tablets containing 210

mg ferric iron)was supplied byKeryxBiopharmaceuticals, Inc.

The studywas funded byKeryxBiopharmaceuticals, Inc.; how-

ever, the Principal Investigator (GAB) and coinvestigators were

responsible for the design, conduct, and analysis of the study

with no input from Keryx Biopharmaceuticals, Inc. The study

was approved by the Shulman Institutional Review Board

(Cincinnati, OH) and registered at ClinicalTrials.gov (NCT

02492620).

Study Population

We obtained written informed, consent from all patients.

We considered for participation all patients with eGFR

(Modification of Diet in Renal Disease four-variable

eGFR)#20 ml/min per 1.73 m2. We stratified enrollment by

eGFR above or below 15 ml/min per 1.73 m2 with a goal of

enrolling 50% of participants within the lower eGFR stratum.

The only inclusion criteria were age$18 years, serum P $3.0

mg/dl, eGFR#20 ml/min per 1.73 m2, hemoglobin.8.0 g/dl,

transferrin saturation ,55%, and anticipated to have at

least 8 weeks before the need for dialysis. Exclusion criteria in-

cluded use of intravenous iron, ESAs, or receipt of blood trans-

fusion within 2 weeks before day 1; lack of evidence for CKD

(i.e., only AKI); scheduled kidney transplant within 24 weeks;

life expectancy,6 months; a confirmed conviction that the pa-

tient would not accept RRT; active drug or alcohol abuse; and a

contra-indication to FCCC such as hemochromatosis.

Study Design

An independent statistician performed randomization using

SAS software version 9.4 (SAS Institute, Cary, NC). Patients

were block randomized into one of two arms, FCCC or usual

care, in a 2:1 fashion with varying block sizes. Sealed enve-

lopes stratified by eGFR above or below 15 ml/min per 1.73 m2

were provided by the statistician to the site before study start and

opened sequentially. Patients randomized to FCCC were in-

structed to begin with one tablet per meal for 2 weeks and

then increase to a fixed dose of two tablets per meal. On the

basis of demonstrated tolerability, the protocolwas subsequently

amended to start patients on two tablets with each meal up to a

maximum of six tablets per day. There was no titration of FCCC

unless the patient developed persistent low P (,3.0 mg/dl) or

high P (.5.0 mg/dl) or persistently high transferrin saturation

(.60%). Patients randomized to usual care could be treated

with any medication, including P binders other than FCCC

ESAs, red blood cell transfusion, active vitamin D, and oral or

intravenous iron were permitted at the discretion of the treating

nephrologist.

Significance Statement

Evidence suggests that anemia and disorderedmineral metabolism
(including abnormalities in phosphate and fibroblast growth factor
23 [FGF23]) contribute to adverse outcomes in patients with ad-
vanced CKD. To investigate the effects of fixed-dose ferric citrate
coordination complex in such patients, the authors randomly as-
signed 199 patients with eGFR,20 ml/min per 1.73 m2 2:1 to ferric
citrate coordination complex or usual care. Treatment with ferric
citrate coordination complex significantly increased hemoglobin,
ferritin, and transferrin saturation and significantly reduced FGF23,
while maintaining serum phosphate in the normal range in the
majority of patients. It also significantly reduced use of erythro-
poiesis-stimulating agents and intravenous iron, hospital admis-
sions, hospital days, and time to the composite end point of death,
provision of dialysis, or kidney transplantation. These findings
support the conduct of a placebo-controlled trial using ferric citrate
coordination complex in advanced CKD.
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Study visits were conducted at day 1, week 2, week 4, and

monthly thereafter until month 9. If patients initiated dialysis at

any time during the 9-month study period, they were instructed

to contact the study center before starting dialysis. We assessed

adherencewithpillcountsateachstudyvisitandcalculatedonthe

basis of the expected number of pills taken/meal times the num-

berofmealseatenperday.Weascertaineddataonhospitalization,

transplant, and death through direct patient contact, review of a

practice-wide electronicmedical record, andhospital records.All

decisions regarding initiation of dialysis were at the discretion of

the treating nephrologist without involvement of the study team.

Study Assessments

Laboratory Assessments
All clinical chemistry analyses were performed by Quest

Diagnostics (Denver,CO).Sampleswereobtained inanonfasting

state, generally at the same time of day. Serum for biomarker

analysis was frozen at 270°C and assays were performed in a

single batch at study completion. Assays of 25-vitamin D and

1,25 dihydroxy-vitaminDwere performed using a commercially

available chemiluminescent immunoassay (LIAISON, LIAISON

XL; Diasorin Inc., Stillwater,MN). Intact and C-terminal FGF23

concentrations were measured in plasma at the Diabetes

Research Institute Biomarker Core Laboratory (University of

Miami School of Medicine, Miami, FL) using commercially

available second-generation ELISA kits (Quidel, San Diego,

CA). For FGF23, approximately 11% of randomly selected sam-

ples were analyzed in duplicate to establish the intra-assay var-

iability. Samples with values greater than the highest standard in

either assay were quantified after dilution. For intact FGF23, the

average intra-assay coefficient of variation was 3.7% and the

interassay coefficient of variation (determined using a common

control in all runs) was 5.0%. Corresponding values for C-

terminal FGF23 were 3.3% and 5.5%.

Laboratory Parameters and Clinical End Points
The primary hypothesis was that treatment with FCCC at fixed

doses would result in improved parameters of anemia (higher

hemoglobin and transferrin saturation) and bone andmineral

metabolism (reduced serum P, FGF23, and PTH) as compared

with usual care from baseline to initiation of RRT or end of

study (9 months). No single statistical biochemical end point

was designated as primary. Safety end points included progres-

sion of CKD to RRT, adverse events, and cumulative exposure

to ESA and intravenous iron.

Although the sample sizewas empirically determined, it was

anticipated that treatment with FCCC would reduce serum P

by 0.661.4 mg/dl as compared with an anticipated 0.561.4

mg/dl increase in those assigned to usual care; thus, a sample

of 200 patients would have.80% power to detect this differ-

ence at a two-sided a of 0.05.

Statistical Analysis

We analyzed all data (efficacy) in accordance with a modified

intent-to-treat principle wherein we included any randomized

participantwho attended at least one postrandomization follow-

up visit. We summarized data by treatment and by visit. We

summarized continuous laboratory parameters using

N, mean, SD, or median, and either 25th–75th or 10th–90th

percentile ranges. We summarized categoric variables using

numbers and percentages.We compared baseline characteristics

between the two treatment arms using t test, theWilcoxon rank-

sum test, or chi-squared test, as appropriate. For biochemical

parameters we performed mixed-effects models with treatment

group as a fixed effect to assess on-study main effect, and exam-

ined differences by treatment group over time using a group by

time interaction term to determine difference in slope over time.

We log-transformed FGF23 due to non-normal distribution. To

assess time to death, provision of dialysis or transplantation, and

time to first hospitalization, we calculated Kaplan–Meier prod-

uct limit estimates and compared survival curves with the log-

rank test. We performed proportional hazards (Cox) regression,

and calculated hazard ratios (HRs) and 95%confidence intervals

(95%CIs) with adjustments for age, sex, race/ethnicity, diabetes,

congestive heart failure, coronary artery disease, hypertension,

coronary revascularization, peripheral vascular disease, hyper-

lipidemia, and baseline eGFR, P, and bicarbonate. Proportion-

ality was assessed graphically and confirmed by examining the

log time by group interaction. Change in slope of eGFR over

time between the two treatments was tested using a mixed-

effects model with patient as a random effect and baseline

eGFR as a covariate. For patients starting dialysis or transplanted

before week 36, an eGFRof 10ml/min per 1.73m2was imputed.

We only considered biochemical data obtained before RRT; no

other missing laboratory data were imputed. Annualized hospi-

tal admissions and hospital days were compared using the Wil-

coxon rank-sum. No adjustment for multiple comparisons was

performed.We considered two-tailed P values,0.05 statistically

significant. We performed all statistical analyses using SAS soft-

ware version 9.4 (SAS Institute, Cary, NC).

RESULTS

Enrollment, Baseline Characteristics, and Study

Conduct

Figure 1 shows patient disposition. Two-hundred twenty

patients were screened and 203 were enrolled and random-

ized. Two patients in each treatment group did not return

for any postbaseline visit, yielding 199 patients in the modified

intention-to-treat (MITT) data set (133 FCCC and 66 usual

care). Baseline characteristics (Table 1) were generally similar,

although diabetes and peripheral vascular disease were more

common in the group randomized to usual care. There were

no differences between treatment arms in baseline albumin-

creatinine ratio (P=0.85) or baseline risk of kidney failure using

the six-variable Tangri10 risk equation model (P=0.54). In the

FCCC arm, the average dose was 5.061.4 tablets/d and mean

adherence was 90%. Thirty-seven percent of patients in the

usual-care arm received P binders during the nondialysis period.
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In patients randomized to FCCC, six (5%)withdrew early due to

adverse events or intolerance of study medication and five (4%)

withdrew due to poor or nonadherence with study medication.

Anemia-Related Parameters

As shown in Figure 2, there were significant effects of FCCC on

hemoglobin, transferrin saturation (TSAT), and serum ferritin

(between-group difference,P,0.001 for each).Hemoglobin sig-

nificantly increased with FCCC (within-group difference,

P,0.001), whereas it decreased with usual care (within-group

difference, P=0.02). TSAT and ferritin increased with FCCC

(within-group difference, P,0.001 for each), whereas they re-

mained unchanged with usual care.

Use of Erythropoiesis-Stimulating Agents and

Intravenous Iron

Eight (6%) patients randomized to FCCC received supple-

mental epoetin alfa at amean dose of 445064870U/wk during

the study as compared with ten (15%) randomized to usual

care at a mean dose of 7521613,312 U/wk (between-group

difference, P=0.03 for any use).

Four (3%) patients randomized to the FCCC arm received

intravenous iron at a mean dose of 113673 mg/wk during the

study as compared with 11 (17%) randomized to usual care

at amean dose of 1136171mg/wk (between-group difference,

P=0.001 for any use).

CKD-MBD Parameters

There was no significant effect of FCCC on the slope of

change in serum P (Figure 3A); however, patients randomized

to FCCC had significantly lower least squares mean serum

P (4.1760.04 mg/dl) as compared with usual care

(4.6360.06 mg/dl, P,0.001). At month 9, 70% of patients

randomized to FCCC and 45% of patients randomized to

usual care had a serum P within the population reference

range (2.7–4.5 mg/dl, P=0.03).

Intact FGF23 concentrations were significantly different

over the duration of the trial (P,0.001), remaining stable

in patients randomized to FCCC while increasing in patients

randomized to usual care (Figure 3B). Similar results were ob-

served with serum concentrations of C-terminal FGF23.

Mean serum PTH and 1,25-dihydroxy vitamin D3 concen-

trations were not significantly altered by treatment with FCCC

(Figure 3, C and D).

Safety

As expected for patients with aCKD, adverse events were com-

mon in both treatment arms, as shown in Table 2. Gastrointes-

tinal (GI) was the only system organ class in which related

adverse events occurred in $5% of patients (relatedness of

events could not be assessed in the usual-care arm due to

the open-label design of the trial). The most common related

GI adverse events were discolored feces (28%), constipation

(12%), and diarrhea (9%.) No related serious adverse events

occurred. Two deaths occurred in patients randomized to

FCCC and one death occurred in those randomized to usual care.

Hospital admission rateswere significantly lower in patients

randomized to FCCC relative to those randomized to usual

care (mean6SD, 0.863.2 versus 1.7163.48; and median,

10%–90% range, 0, 0–1.9 versus 0, 0–5.2 hospitalization

events per year; Wilcoxon rank-sum P=0.001). The number

ITT

N=203

15 early term

7 transplant

2 death

4 early term

1 transplant

4 early term

1 death

3 early term

1 transplant

1 death

4 NO Follow Up Visit

(2 each arm)

Completed 9 mos

N=78

Completed 3 mos post

N=26

Completed 9 mos

N=29

Completed 3 mos post

N=27

No Dialysis

N=102

HD/PD

N=31

No Dialysis

N=34

HD/PD

N=32

MITT

Ferric Citrate N=133

MITT

Usual Care N=66

Figure 1. Patient disposition. Two-hundred twenty patients were screened, 203 patients randomized (17 screen failures). All analyses were
conducted using MITT population (patients who attended at least one postbaseline follow-up visit). Patients could be pre-emptively
transplanted before dialysis or receive transplant after initiating dialysis. HD, hemodialysis; ITT, intent to treat; PD, peritoneal dialysis.
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of annualized hospital days was significantly lower in patients

randomized to FCCC relative to usual care (mean6SD,

3.50614.3 versus 10.6621.8; and median, 10%–90%

range, 0, 0–10.2 versus 0, 0–26 days; Wilcoxon rank-sum

P=0.001). Kaplan–Meier analysis of the MITT population

demonstrated a significant difference in time to first hospital-

ization (log-rank P=0.001) (Figure 4A). Multivariable ad-

justed proportional hazards regression (Cox) models

showed a significant benefit on hospitalization in patients ran-

domized to FCCC relative to patients randomized to usual

care (HR, 0.44; 95% CI, 0.23 to 0.82; P=0.01).

Thirty-one (23%) patients randomized to FCCC and 32

(48%) patients randomized to usual care initiated dialysis

during the study period. eGFR declined in both groups al-

though the decline was significantly attenuated in patients

randomized to FCCC P=0.03. In a

mixed-effects model with imputation of

an eGFR of 10 ml/min per 1.73 m2 for pa-

tients initiating dialysis, the overall change

in slope of eGFR was 20.20 ml/min per

month in patients randomized to FCCC

and 20.28 ml/min per month in patients

randomized to usual care (P,0.001).

Kaplan–Meier analysis of the MITT

population demonstrated a significant

difference in time to death, dialysis, or

transplant with FCCC relative to usual

care (log-rank P=0.003) (Figure 4B). Mul-

tivariable adjusted Cox models showed

that patients randomized to FCCC

experienced a significant reduction in the

risk of the composite end point of death, pro-

vision of dialysis, or kidney transplantation

(HR, 0.42; 95% CI, 0.25 to 0.74; P=0.002).

Given the imbalance in theproportionof

patients with diabetes randomized to both

groups, we conducted companion analy-

ses stratified by baseline diabetes status.

Supplemental Figure 1 shows changes in

hemoglobin, TSAT, ferritin, P, and FGF23

among patients with and without diabetes.

Supplemental Figure 2, A and B, shows the

composite end point (time to death, pro-

vision of dialysis, or kidney transplanta-

tion) in patients with and without diabetes.

Events were more frequent in patients with

diabetes, as expected.

DISCUSSION

Our results demonstrate several important

findings that relate to the care of patients

with aCKD. When compared with usual

care, the prescription of fixed-dose FCCC

to patients with eGFR,20 ml/min per 1.73 m2 results in sig-

nificant improvements in anemia-related end points (in-

creases in hemoglobin, TSAT, and ferritin) and significant

reductions in serum P and FGF23. These beneficial effects

on biochemical end points were achieved despite enrolling

patients without regard to any threshold definition for either

serum hemoglobin or P and in patients who were generally

not iron deficient or hyperphosphatemic. Additionally, these

effects were achieved while reducing the need for exogenous

ESAs and intravenous iron. Ferric citrate coordination com-

plex was rarely discontinued due to intolerability and adverse

events were essentially limited to the GI organ system, as has

been previously reported.11

Globally, nearly 70% of patients with eGFR,20 ml/min

per 1.73 m2 are anemic, largely the result of relative

Table 1. Baseline characteristics

Characteristic
Ferric Citrate

(n=133)
SOC (n=66) Significance

eGFR,15, % 55 58 NS

eGFR 15–20, % 45 42 NS

Mean age6SD, yr 63.1613 61.1612 NS

Race, %

White 79 70

Black 15 27

Male sex, % 62 62 NS

Hispanic ethnicity, % 14 18 NS

Primary cause, %

Diabetes 35 64

HTN 16 9

Comorbidity, %

Congestive heart failure 21 30 NS

Diabetes mellitus 47 77 0.001

Coronary artery disease 27 24 NS

Hypertension 96 92 NS

Myocardial infarction 15 12 NS

Peripheral vascular disease 9 27 0.001

Cerebrovascular disease 13 11 NS

Fracture 8 9 NS

Secondary hyperparathyroidism 88 86 NS

Dyslipidemia 83 82 NS

Anemia 95 94 NS

Transplant status, % NS

Active on list 20 11

Referred to transplant 35 44

Not candidate 20 24

Laboratory (mean6SD)

eGFR, ml/min per 1.73 m2 14.263.9 14.564.1 NS

Ferritin, ng/ml 2026173 1706169 0.04

Hemoglobin, g/dl 11.361.6 1161.6 NS

Transferrin saturation, % 2569 2369 0.04

P, mg/dl 4.560.9 4.460.7 NS

25D, ng/ml 30611 29612 NS

1,25D, pg/ml 28613 2469 NS

PTH, pg/ml 2076152 2136178 NS

Median intact FGF23 (25–75), pg/ml 352 (222–552) 331 (229–704) NS

25–75, 25th–75th percentile; HTN, hypertension.

JASN 30: 1495–1504, 2019 Ferric Citrate for Advanced CKD 1499

www.jasn.org CLINICAL RESEARCH

http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2018101016/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2018101016/-/DCSupplemental


erythropoietin deficiency, inflammation, and iron defi-

ciency.12 The optimal management of anemia in patients

with CKD is unclear and the role of oral versus intravenous

iron remains controversial. The FIND-CKD investigators

randomized 626 patients with non–dialysis-dependent CKD

(eGFR,60 ml/min per 1.73 m2) and presumed iron deficiency

(TSAT,20%, ferritin,100 ng/ml) to two different intrave-

nous iron strategies (high or low ferritin) versus oral iron (fer-

rous sulfate 100 mg twice daily) and showed that the low-dose

intravenous iron and oral iron strategies were equivalent in

raising hemoglobin (mean increase 0.9–1.0 g/dl).13 These

same investigators recently addressed safety concerns with

intravenous iron, reporting that after 1 year of follow-up

there were no significant differences in serious adverse

events, cardiac disorders, or infections between groups.14

The effects on anemia and mineral metabolism that we ob-

served here among patients with late stage 4 and stage 5

CKD (eGFR#20 ml/min per 1.73 m2) are consistent with

previously published results from placebo- or active-con-

trolled RCTs in patients with generally higher eGFR,
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presumed iron deficiency, and/or elevated serum P

concentrations. In aggregate, these results suggest that use

of FCCC would be consistent with the recommendation of

the Kidney Disease: Improving Global Outcomes Clinical

Practice Guideline for Anemia in CKD to use iron therapy

in patients with a serum ferritin,500 mg/L or a TSAT#30%

if it is desired to increase hemoglobin or reduce the use of

ESAs.2 Perhaps as a result of concerns about the safety of

ESAs, recent observations report a progressive decline in

hemoglobin in the 12 months before renal replacement

and that this decline is associated with an increased risk of

hospitalization.15,16 Our results in this high-risk population

suggest that a simple, fixed-dose intervention may attenuate

the decline in hemoglobin before initiation of dialysis and

may reduce the need for “rescue” with ESAs, intravenous

iron, or blood transfusion.

The effects of FCCC on serum P and FGF23 are also en-

couraging. Advances in our understanding of P physiology

suggest that determinants of serum P concentrations are

complex and are likely related to alterations in tissue-specific

Table 2. Adverse events

Organ System Class
All Adverse Events Serious Adverse Events

Ferric Citrate n (%) Standard of Care n (%) Ferric Citrate n (%) Standard of Care n (%)

Blood and lymphatic system 7 (5) 2 (3)

Cardiac disorders 13 (10) 8 (12) 5 (4) 3 (4)

Endocrine disorders 1 (1)

Eye disorders 4 (3)

GI disorders 63 (47) 9 (13) 1 (1) 3 (4)

General 13 (10) 7 (10) 1 (1) 1 (2)

Hepatobiliary 3 (4) 1 (2)

Immune system 1 (1)

Infections and infestations 40 (30) 26 (38) 3 (2) 6 (9)

Injury, poisoning 9 (7) 7 (10) 1 (1)

Investigations 2 (2) 2 (3)

Metabolism 13 (10) 6 (9) 1 (1) 2 (3)

Musculoskeletal 8 (6) 8 (12) 2 (2) 1 (2)

Neoplasms 7 (5) 1 (2)

Nervous system 7 (5) 4 (6) 1 (1) 3 (4)

Psychiatric 1 (1) 3 (4)

Renal and urinary 10 (7) 7 (10) 4 (3) 6 (9)

Reproductive 2 (2)

Respiratory 17 (13) 7 (10) 3 (2) 2 (3)

Skin 4 (3) 2 (3)

Vascular 9 (7) 6 (9) 2 (2) 3 (4)
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Figure 4. Kaplan–Meier survival function curve for time to first hospitalization (A) and time to the composite end point of death, di-
alysis, or transplant in all patients (B).
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concentration of nicotinamide phosphoribosyltransferase

(Nampt)/NAD+ effecting expression of sodium P transporters

and transcellular P flux in active/nonactive periods.17,18

Nonetheless, serum P concentrations above or near the up-

per end of the population reference range have been associ-

ated with mortality, CV disease, vascular calcification, and

incidence and progression of CKD in diverse populations.19–22

Ameta-analysis of 12 cohort studies including 25,546 patients

with non–dialysis-dependent CKD observed a 20% (95% CI,

5% to 37%) increase in mortality and a 36% (95% CI, 20% to

55%) increase in the risk of progressive CKD, defined as a

doubling of serum creatinine, 50% decline in eGFR, or ESRD

with each 1 mg/dl increase in serum P.23 Serum P was iden-

tified in the Chronic Renal Insufficiency Cohort (CRIC) study

as the strongest CKD-specific risk factor for the development

of coronary artery calcification in patients without coronary

artery calcification at baseline.24 Dietary P loading has re-

cently been implicated in the development of hypertension,

acting via increased metanephrine and normetanephrine, an

effect that resolved with discontinuation of P loading.25 There

are no approved therapeutic agents for reducing P load in

patients with CKD. Clinical trials examining the effects of P

binders in non–dialysis-dependent CKD have yielded mixed

results. Most studies, including those using FCCC have

shown very modest effects on serum P11,26–29; effects on

PTH and FGF23 have been mixed and agent-dependent, al-

though FCCC has consistently resulted in relative reductions

in FGF23. Our results demonstrate that fixed-dose FCCC

maintained serum P concentrations within, or just above,

the population reference range and abrogated the rise in

FGF23 in the large majority of patients, despite very low

eGFR.

Serum FGF23 concentration, independent of serum

P, contributes to cardiomyocyte hypertrophy and systemic

inflammation in patients with CKD and has been consistently

associated with CVevents (primarily congestive heart failure)

and mortality.8,30–32 Data from CRIC suggest that the trajec-

tory of change in FGF23 over time tracks with outcomes.33

Compared with patients with stable FGF23, those with rap-

idly rising FGF23 were at a 15-fold increased risk of death in

fully adjusted analyses. In our pilot RCT, intact FGF23 rose

sharply over a 9-month period in patients randomized to

usual care, whereas fixed-dose FCCC abrogated this rise.

FGF23 synthesis and secretion are stimulated by iron defi-

ciency and it is likely that our findings vis-à-vis FGF23 may

be due to the combined result of effects of ferric citrate

on P load, serum P concentration, and correction of iron de-

ficiency.34

We designed the trial to assess the feasibility and accep-

tance of an open-label intervention in a diverse populationof

patients nearing the need for dialysis; adverse events were

consistent with previously published reports from placebo-

and active-controlled trials of FCCC. Adherence to the

prescribed dose was excellent overall, suggesting that GI

tolerability was not a treatment-limiting event—a relevant

consideration if such a strategy were to be adopted more

broadly.

In light of the imbalance in baseline characteristics, we

note with caution our exploratory finding that treatment

with FCCC resulted in lower rates of death or the provision

of dialysis, lower rates of hospitalization, and fewer hospital

days. These effects strongly suggest that a therapeu-

tic strategy including FCCC in patients with aCKD

is likely to be safe. Observational studies have consistently

linked hemoglobin, P, and FGF23 with clinically rele-

vant outcomes. This pilot trial was not designed to deter-

mine the mechanism or mediators of a therapeutic effect of

FCCC, but, rather, to determine whether the aggre-

gate effects of FCCC might effectuate improved health in

patients with aCKD.

Our results have implications for the design of a subsequent

placebo-controlled trial by providing event rates for clinical

end points in a population of patients selected solely by

eGFR#20 ml/min per 1.73 m2 demonstrating feasibility of

enrollment, adherence, and safety. However, there are several

important limitations to this pilot trial. First, the trial was

single-center, of modest size, of relatively short duration,

and was not designed or powered to detect effects on hard

clinical end points. Because of the challenges of creating

matching placebowith iron-based therapy, we did not address

the feasibility of maintaining a placebo control over an ex-

tended duration. We would not have anticipated a 60% re-

duction in the occurrence of death, provision of dialysis, or

kidney transplantation. Therefore, taking a Bayesian perspec-

tive, there is a strong possibility that the observed effect on the

composite end point was overestimated, and possibly a “false

positive.” As such, the results of our exploratory, event-driven

analyses should be interpreted with caution. Because the

decision to initiate dialysis was not protocol-driven, the

lack of blinding may have influenced these events, further

prompting caution in the interpretation of the results. Be-

cause decisions regarding hospitalization were generally

made by emergency medicine or hospital medicine staff,

it is unlikely that the difference in hospitalization could

be attributed to lack of blinding (of treating physician or

patient). Moreover, lack of blinding would be unlikely to

influence results of objective laboratory tests including he-

moglobin, serum P, and FGF23, which were well balanced at

baseline.

In summary, treatment with fixed-dose FCCC in patients

with eGFR#20 ml/min per 1.73 m2 corrects anemia (with-

out the routine use of intravenous iron or ESA) and favor-

ably affects parameters of CKD-MBD. Effects of FCCC on

death, provision of dialysis, and hospitalization suggest that

this strategy is safe and potentially beneficial. These find-

ings strongly support the conduct of an event-driven, mul-

ticenter, placebo-controlled RCT examining the effects of

ferric citrate coordination complex on death, the provision

of dialysis, or kidney transplantation in patients with

aCKD.
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