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ABSTRACT
Patients on dialysis require phosphorus binders to prevent hyperphosphatemia and are iron deﬁcient. We
studied ferric citrate as a phosphorus binder and iron source. In this sequential, randomized trial, 441
subjects on dialysis were randomized to ferric citrate or active control in a 52-week active control period
followed by a 4-week placebo control period, in which subjects on ferric citrate who completed the active
control period were rerandomized to ferric citrate or placebo. The primary analysis compared the mean
change in phosphorus between ferric citrate and placebo during the placebo control period. A sequential
gatekeeping strategy controlled study-wise type 1 error for serum ferritin, transferrin saturation, and
intravenous iron and erythropoietin-stimulating agent usage as prespeciﬁed secondary outcomes in the
active control period. Ferric citrate controlled phosphorus compared with placebo, with a mean treatment
difference of 22.260.2 mg/dl (mean6SEM) (P,0.001). Active control period phosphorus was similar
between ferric citrate and active control, with comparable safety proﬁles. Subjects on ferric citrate achieved
higher mean iron parameters (ferritin=8996488 ng/ml [mean6SD]; transferrin saturation=39%617%)
versus subjects on active control (ferritin=6286367 ng/ml [mean6SD]; transferrin saturation=30%612%;
P,0.001 for both). Subjects on ferric citrate received less intravenous elemental iron (median=12.95 mg/wk
ferric citrate; 26.88 mg/wk active control; P,0.001) and less erythropoietin-stimulating agent (median
epoetin-equivalent units per week: 5306 units/wk ferric citrate; 6951 units/wk active control; P=0.04).
Hemoglobin levels were statistically higher on ferric citrate. Thus, ferric citrate is an efﬁcacious and safe
phosphate binder that increases iron stores and reduces intravenous iron and erythropoietin-stimulating
agent use while maintaining hemoglobin.
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Phosphorus is ubiquitous in food and excreted by the kidney.
Phosphorus control is a universal problem in well nourished
patients on dialysis. Hyperphosphatemia is associated with
metabolic bone disease, hyperparathyroidism, and increased
morbidity and mortality.1,2 Several agents currently available
are capable of binding phosphorus in the gastrointestinal (GI)
tract and preventing its absorption, but all have limitations.
We performed a sequential randomized clinical trial with two
randomized periods to determine the safety and efﬁcacy of
ferric citrate as a phosphate binder as well as evaluate the
capacity of ferric citrate to supplement iron stores and reduce
intravenous (iv) iron and erythropoietin-stimulating agent
(ESA) use.

RESULTS

Figure 1 shows the disposition of subjects through the trial. In
total, 1072 subjects were screened, and 441 subjects were randomized in the 52-week active control period, with 192 subjects rerandomized in the ﬁnal 4-week placebo control period.
In total, 448 (42%) of 1072 enrolled subjects failed to be randomized because of increased iron stores at screening or inability to develop hyperphosphatemia during washout. Table 1
shows the baseline characteristics of the subjects according to
treatment assignment and study period. Subjects entering the
52-week active control period were well balanced between
both groups and reﬂected the United States dialysis population. After randomization, more subjects on ferric citrate discontinued the study drug compared with the active control,
notably in the ﬁrst weeks of the study, most commonly because of GI nonserious adverse events (AEs) (Supplemental
Appendix). Tolerability to active control was an entry criterion; 21% of subjects receiving ferric citrate and 15% of subjects receiving active control discontinued use because of an
AE (includes AE, death, and kidney transplant in Figure 1).
In the ﬁnal 4-week placebo control period, baseline mean
serum phosphorus was similar in the ferric citrate and placebo
groups (Table 2). At the end of the placebo control period, the
mean serum phosphorus was lower in the ferric citrate group
versus the placebo group, with a mean treatment difference of
22.260.2 mg/dl (mean6SEM) (P,0.001). After adjustment
for the three baseline factors that exhibited imbalance between the treatment groups at the start of the placebo control
period (sex, ferritin, and hemoglobin), the mean treatment
difference persisted: 22.260.2 mg/dl (mean6SEM). The results were unchanged in sensitivity analyses that excluded the
four subjects who entered the placebo control period but
were ineligible or excluded the four hypercalcemic subjects
noted in Figure 1 (Supplemental Appendix). In the placebo
control period, 21 subjects on placebo and 1 subject on ferric
citrate reached a serum phosphorus level$9 mg/dl and were
considered treatment failures.
Over 52 weeks, the mean serum phosphorus was not
signiﬁcantly different between the randomized ferric citrate
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and active control groups (Figure 2). In the active control
group, 73 subjects were on sevelamer, 36 subjects were on
calcium acetate, and 40 subjects were on both. The median
daily dose (pill count) of ferric citrate was 8.0 tablets/d versus
7.7 tablets/d for subjects on active control taking calcium acetate and 9.0 tablets/d for subjects on active control taking
sevelamer carbonate (ferric citrate versus sevelamer carbonate,
P=0.01; ferric citrate versus calcium acetate, P=0.28; calcium
acetate versus sevelamer carbonate, P=0.02). Mean serum phosphorus at the end of 52 weeks was 5.461.6 mg/dl (mean6SD) in
the ferric citrate group and 5.461.7 and 5.361.4 mg/dl
(mean6SD) for subjects in the active control group taking
sevelamer carbonate (P=0.94 compared with ferric citrate) and
calcium acetate (P=0.84 compared with ferric citrate), respectively. Values are expressed as mean6SD unless otherwise stated.
Under the gatekeeping procedure, the trial showed that ferric
citrate increased serum ferritin (P,0.001) and transferrin saturation (TSAT; P,0.001) compared with active control and decreased iv iron (P,0.001) and ESA (P=0.04) usage (Table 3).
The relative difference in mean TSAT between ferric citrate and
active control plateaued at 12 weeks, and the mean ferritin increased at slower rates after week 24 (Figure 3); 19.1% of subjects
on ferric citrate and 10.1% of subjects on active control had at
least one measurement of serum ferritin.1500 ng/ml. Most
of these values were adjudicated to be caused by the administration of iv iron and/or SAEs, and they resolved.3 In the last
6 and 9 months of the active control period, only 43.8% and
47.7% of subjects on ferric citrate received any iv iron compared with 63.0% and 80.1% of subjects on active control
(P,0.001), respectively. Over 52 weeks, mean hemoglobin
increased in subjects treated with ferric citrate compared
with active control (P=0.02) (Table 3). Red blood cell mean
cell volume increased with ferric citrate compared with active
control (P,0.001). There were no signiﬁcant differences in
serum bicarbonate, serum aluminum, liver function tests, or
platelet count between ferric citrate and active control.
Through 1 month after drug discontinuation in the 52-week
active control period, 4.5% (13 of 292 subjects; 0.054 per
patient-year) of subjects in the ferric citrate group and 5.4% (8
of 149 subjects; 0.057 per patient-year) of subjects in the active
control group died (Supplemental Appendix). No deaths were
attributed to the study drug. The sum of serious AEs and
non-serious AEs was similar between the two groups (ferric
citrate=90.3%; active control=89.3%). However, 39.1% of
subjects receiving ferric citrate and 49.0% of subjects on active
control experienced an SAE. The percentages of subjects with
GI SAEs in the ferric citrate and active control groups were
6.9% and 12.8%, respectively. The corresponding percentages
of subjects in the ferric citrate and active control groups with
infection SAEs were 12.5% and 18.1% and cardiac SAEs were
7.3% and 12.1%, respectively (Supplemental Appendix). The
proportions of patients with recorded AEs in the noted categories were increased slightly by adding patients who had their
ﬁrst recorded AEs in those categories after discontinuation of
the study drug (Supplemental Appendix). Subjects who
J Am Soc Nephrol 26: 493–503, 2015

www.jasn.org

CLINICAL RESEARCH

Figure 1. Disposition of subjects in the trial. AP, active control period; PP, placebo control period. *Four subjects on calcium acetate
stopped calcium acetate and switched to ferric citrate because of persistent hypercalcemia. **Four subjects entered the ﬁnal 4-week
placebo control period who were ineligible, because they did not complete the 52-week active control period on ferric citrate.

stopped the study drug were followed in the study, if able, with
all study procedures. Available evidence does not support the
hypothetical concern that the lower overall rates of SAEs and
J Am Soc Nephrol 26: 493–503, 2015

SAEs in GI, cardiac, and infection categories were caused by
censoring of subjects who stopped study drug (Supplemental
Appendix).
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Table 1. Demographics and baseline characteristics among randomized subjects

Parameter

Age (yr), median (Q1–Q3)
Men, n (%)
Race, n (%)
Black or African American
White/Caucasian
Other/unknown
Ethnicity, n (%)
Hispanic or Latino
Not Hispanic or Latino
Cause of ESRD, n (%)b
Diabetic nephropathy
Hypertensive nephrosclerosis
Glomerular disease
Polycystic kidney disease
Other
Prior parathyroidectomy, n (%)
Congestive heart failure, n (%)
Prior MI/CAD, n (%)
Other heart disease, n (%)
CVA/TIA, n (%)
Previous binder sevelamer, n (%)
Previous binder calcium acetate, n (%)
Previous binder lanthanum, n (%)
Previous binder other, n (%)
On ESA, n (%)
On iv iron, n (%)
On vitamin D (or its analogs), n (%)
Phosphorus (mg/dl), median (Q1–Q3)
Calcium (mg/dl), median (Q1–Q3)
Ferritin (mg/dl), median (Q1–Q3)
TSAT (%), median (Q1–Q3)
Hemoglobin (g/dl), median (Q1–Q3)
iPTH (pg/ml), median (Q1–Q3)

Placebo 4-Wk
Ferric Citrate 4-Wk
Placebo Control P Valuea
Placebo Control
Period Start (N=96) Period Start (N=96)
54.0 (45.0–62.5)
70 (72.9)

56.0 (48.5–62.0)
47 (49.0)

62 (64.6)
30 (31.3)
4 (4.2)

51 (53.1)
41 (42.7)
4 (4.1)

10 (10.4)
86 (89.6)

14 (14.6)
82 (85.4)

0.66
0.001
0.27

Ferric Citrate
52-Wk Active
Control Period
Start (N=292)
56.0 (45.0–63.0)
183 (62.7)

Active Control
52-Wk Active
Control Period
Start (N=149)
54.0 (45.0–63.0)
87 (58.4)

154 (52.7)
124 (42.5)
14 (4.8)

78 (52.4)
62 (41.6)
9 (6.0)

43 (14.8)
248 (85.2)

23 (15.4)
126 (84.6)

120 (41.1)
89 (30.5)
25 (8.6)
10 (3.4)
48 (16.4)
19 (6.5)
93 (31.8)
103 (35.3)
53 (18.2)
38 (13.0)
170 (58.2)
104 (35.6)
28 (9.6)
20 (6.8)
238 (81.5)
177 (60.6)
223 (76.4)
7.20 (6.30–8.30)
9.00 (8.40–9.45)
582 (380–778)
29 (24–37)
11.4 (10.7–12.2)
515 (331–801)

65 (43.6)
45 (30.2)
13 (8.7)
10 (6.7)
16 (10.7)
4 (2.7)
50 (33.6)
46 (30.9)
38 (25.5)
17 (11.4)
96 (64.4)
57 (38.3)
12 (8.1)
14 (9.4)
123 (82.6)
90 (60.4)
126 (84.6)
7.40 (6.20–8.50)
9.00 (8.50–9.58)
568 (374–780)
29 (23–35)
11.7 (10.9–12.4)
480 (278–754)

0.38

29 (30.2)
33 (34.4)
13 (13.5)
4 (4.2)
17 (17.7)
5 (5.2)
33 (34.4)
36 (37.5)
21 (21.9)
11 (11.5)
NAc
NA
NA
NA
58 (60.4)
15 (15.6)
82 (85.4)
5.10 (4.30–6.00)
9.23 (8.63–9.63)
858 (520–1096)
36 (30–47)
11.4 (10.5–12.3)
354 (197–622)

42 (43.8)
30 (31.3)
7 (7.3)
4 (4.2)
13 (13.5)
7 (7.3)
32 (33.3)
29 (30.2)
16 (16.7)
17 (17.7)
NA
NA
NA
NA
63 (65.6)
21 (21.9)
78 (81.2)
5.30 (4.50–5.90)
9.20 (8.75–9.70)
932 (650–1236)
34 (28–46)
10.9 (10.4–11.6)
343 (206–559)

0.30

0.55
0.88
0.29
0.36
0.22

0.46
0.27
0.44
0.20
0.89
0.06
0.54
0.01
0.80

P Valuea

0.41
0.38
0.30

0.86

0.32

0.09
0.72
0.36
0.07
0.63
0.21
0.59
0.60
0.34
0.79
0.97
0.05
0.42
0.41
0.87
0.73
0.20
0.28

In the 52-week active control period, one patient has missing ethnicity. Q1, 25th percentile; Q3, 75th percentile; MI/CAD, myocardial infarction/coronary artery
disease; CVA, cerebrovascular accident; TIA, transient ischemic attach; NA, not applicable; iPTH, intact parathyroid hormone.
a
Chi-squared tests were used to compare treatment percentages, and t tests were used to compare treatment means.
b
ESRD cause by precedence polycystic kidney disease, glomerular disease, diabetic nephropathy, hypertensive nephrosclerosis, and all others.
c
All subjects entering the 4-week placebo control period completed the 52-week active control period on ferric citrate.

DISCUSSION

Most patients on dialysis require phosphate binding and the
repletion of iron stores. Our study, on the basis of a prospectively designated sequential gatekeeping strategy, achieved
all of the ﬁve predesignated outcomes: ferric citrate is an
efﬁcacious phosphate binder, raises iron stores, which was
evidenced by signiﬁcantly increasing serum ferritin and TSAT,
and decreases iv iron and ESA usage. No other approved
phosphate binder increases iron stores and decreases iv iron
and ESA usage. The gatekeeping strategy assured that the
overall type 1 error for all ﬁve of the designated outcomes did
not exceed 5% by evaluating the statistical signiﬁcance of each
496
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outcome only if all previous outcomes in the sequence were
statistically signiﬁcant at the 5% level.
Oral ferric citrate had been studied as a phosphate binder in
several preliminary studies.4–11 Earlier studies suggested that
ferric iron binds phosphorus in a dose-dependent fashion. In
the 4-week placebo control period, ferric citrate was shown to
effectively reduce serum phosphorus compared with placebo,
with a compelling P value (,0.001). All previous phosphate
binders were deemed to be efﬁcacious in comparisons with
placebo. The trial design that we selected shows the efﬁcacy of
ferric citrate in lowering serum phosphorus compared with
placebo in subjects who had been maintained on ferric citrate
for 52 weeks in the active control period. This trial also shows
J Am Soc Nephrol 26: 493–503, 2015

95% CI

P Value
J Am Soc Nephrol 26: 493–503, 2015

A last follow-up observation with carried forward imputation was used to impute missing values for all laboratory outcomes; 91 patients were analyzed for both the ferric citrate and placebo control groups in the
4-week placebo control period. Q1, 25th percentile; Q3, 75th percentile; ANCOVA, analysis of covariance; 95% CI, 95% conﬁdence interval.

22.18

Adjusted Mean Difference
Placebo
Ferric Citrate
Placebo

7.21 (0.19) 4.60 (4.20–5.90) 7.20 (5.80–8.80)
4.86 (0.13)

Ferric Citrate
Placebo

5.44 (0.15)
Phosphorus (mg/dl)

5.12 (0.12)
1

Outcome

Ferric Citrate

ANCOVA Results
(Ferric Citrate
Versus Placebo)
End of Placebo
Control Period
Median (Q1–Q3)
End of Placebo
Control Period
Mean (SEM)
Baseline
Mean
(SEM)

Position in
Gatekeeping
Procedure

Table 2. Primary outcome in the 4-week placebo control period

22.59 to 21.77 ,0.001
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that ferric citrate provides similar control of phosphorus
compared with active control over 52 weeks. Our sequential trial design, with the placebo period following the yearlong active control period, more closely replicates efﬁcacy
in a real patient care setting, in which patients only achieve
phosphorus control if they are maintained on the binder
over a longer time than could be achieved in a short
placebo trial. Also, ferric citrate had a lower average pill
burden compared with sevelamer carbonate, with comparable phosphorus control. The few currently available
phosphate binders have limitations, including aluminum
toxicity,12 diarrhea,13–17 hypercalcemia,14 and patient tolerability issues.14–18 There were more discontinuations for
all causes, including renal transplantation, in the ferric
citrate versus active control groups (33% ferric citrate versus 23% active control). This result was largely because of
more GI non-serious AEs, such as diarrhea and bloating,
early in the study in subjects receiving ferric citrate (Supplemental Appendix). Of note, a study entry criterion was
tolerability to calcium acetate or sevelamer carbonate, and
therefore, patients who had GI intolerance to these active
control drugs were excluded from the study. Enrolling
subjects with known intolerance to these drugs could
have led to their immediate withdrawal if randomized to
active control in many cases. Studies have reported discontinuations, including intolerance and all other causes (including
renal transplantation), of up to 39% with sevelamer15 and
up to 71% with lanthanum.16,19 Given that patients on
dialysis take a relatively high number of these pills a day,
it may be that a high discontinuation rate is a phosphate
binder class effect. Patients on dialysis would beneﬁt from
another binder choice independent of the other attributes
of ferric citrate.
The 52-week active control period was a randomized,
standalone clinical trial, and it showed that ferric citrate
administration over 52 weeks increased iron stores, which
was shown by increased serum ferritin, serum iron, and
transferrin saturation, despite signiﬁcantly reducing administration of iv iron and ESA usage. Patients on dialysis
lose blood, are commonly iron deﬁcient, and require
sufﬁcient iron stores for ESA responsiveness.20–23 Historically, oral supplementation with ferrous salts in the absence of food failed to meet the erythropoietic demands of
absolute and functional iron deﬁciencies in patients with
ESRD, largely because of GI intolerance that limited dosing
to approximately 200 mg elemental iron per day.23–25 This
inefﬁciency of oral iron supplementation led to the widespread use of iv iron in patients on dialysis, with the
Dialysis Outcomes and Practice Patterns Study Practice
Monitor reporting over 70% of patients on dialysis receiving iv iron at any given time in 2011.26 Ferric citrate delivered much larger doses of elemental iron with food (up
to 2520 mg/d) compared with previous oral preparations,
and hence, it reduced or eliminated the need for iv iron.
Although other factors may have allowed our subjects to
Ferric Citrate for Hyperphosphatemia
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,0.001
,0.001
,0.001
0.04
0.02
,0.001
0.95
0.16
0.90
197 to 366
6.4 to 12.6
217.2 to 27.9b
22632 to 0b
0.06 to 0.60
10.0 to 25.8
20.30 to 0.32
20.28 to 0.04
262 to 70
282
9.5
212.5b
21191b
0.33
17.91
0.01
20.12
4
576 (333–883)
28.0 (21.0–34.5)
26.8 (13.4–47.6)
6954 (2664–12,375)
11.00 (10.25–12.30)
65.5 (51.5–81.5)
5.10 (4.40–6.20)
9.30 (8.70–9.80)
330 (215–519)
858 (568–1105)
36.0 (27.5–47.0)
12.9 (1.0–28.9)
5303 (2023–9695)
11.20 (10.50–12.10)
82.5 (58.0–102.5)
5.20 (4.40–6.10)
9.15 (8.65–9.60)
350 (206–611)
628 (31)
29.7 (1.0)
—
—
11.14 (0.12)
69.6 (2.6)
5.38 (0.13)
9.27 (0.08)
432 (29)
899 (31)
39.3 (1.1)
—
—
11.42 (0.10)
88.4 (2.7)
5.36 (0.10)
9.12 (0.05)
453 (23)
609 (26)
30.9 (1.0)
—
—
11.71 (0.11)
69.2 (2.1)
7.56 (0.14)
8.96 (0.07)
578 (38)
593 (18)
31.3 (0.7)
—
—
11.61 (0.08)
72.6 (1.8)
7.41 (0.10)
8.90 (0.05)
621 (27)
2
3
4
5

A last follow-up observation with carried forward imputation was used to impute missing values for all laboratory outcomes. Sample sizes for the 52-week active control period ranged from 247 to 281 patients for
the different outcomes in the ferric citrate group and from 132 to 146 patients in the active control group. Q1, 25th percentile; Q3, 75th percentile; ANCOVA, analysis of covariance; 95% CI, 95% conﬁdence
interval; iPTH, intact parathyroid hormone.
a
Week 52 levels are summarized for all outcomes during the 52-week active control period with the exception of iv iron and ESA dose, which are summarized over the entire follow-up period.
b
Hodges–Leman estimate of location shift and 95% conﬁdence limit.

Outcome
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Ferritin (ng/ml)
TSAT (%)
Iv Iron (mg/wk)a
ESA dose (units/wk)a
Hemoglobin (g/dl)
Iron (mg/dl)
Phosphorus (mg/dl)
Calcium (mg/dl)
iPTH (pg/ml)

P Value
95% CI
Adjusted Mean
Difference
Active Control
Ferric Citrate
Active
Control
Ferric
Citrate
Active
Control
Ferric
Citrate

Week 52
Mean
(SEM)
Baseline
Mean
(SEM)

Position in
Gatekeeping
Procedure

Table 3. Comparisons of main secondary outcomes in the 52-week active control period

Week 52 Median or
Cumulative Median
(Q1–Q3)a

ANCOVA or Wilcoxon
Test Results (Ferric Citrate
Versus Active Control)
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Journal of the American Society of Nephrology

tolerate much higher daily doses of oral iron compared with
subjects of previous trials with other oral iron preparations
(2520 mg/d versus approximately 200 mg/d), the delivery of
the ferric iron preparation with food rather than ferrous iron
in the fasting state plausibly accounts for the difference in
tolerability.
At the discretion of the treating physicians, iv iron was allowed
in all groups as long as the serum ferritin was #1000 ng/ml or
TSAT was #30%. Although subjects receiving ferric citrate
achieved higher iron stores than those receiving active control,
they received signiﬁcantly less iv iron, with the majority no longer requiring iv iron in the last 6 months of the 52-week active
control period. This result is presumably secondary to the GI
absorption of iron from ferric citrate. It is unlikely that the increases in serum ferritin were related to inﬂammation, because
TSAT also increased, and subjects on ferric citrate had evidence
of less inﬂammation, such as fewer infection-associated SAEs,
than subjects on active control.27 We did not compare the ferric
citrate group with a control group with no iv iron administration
and hence, cannot comment on its performance as a standalone
iron therapy.
Ferric citrate in this study reduced ESA usage, whereas
slightly higher hemoglobin values were achieved compared
with active control. Studies, including the Dialysis Patients’
Response to IV Iron with Elevated Ferritin Study, suggest
that giving iv iron to subjects with serum ferritin up to 1200
ng/ml and TSAT up to 50% will increase hemoglobin levels
and ultimately, decrease ESA usage.28,29 Current standard of
care, as opposed to many current guidelines, includes protocols to continue iv iron, irrespective of hemoglobin levels, until these iron goals are exceeded. Indeed, our study showed that
subjects on ferric citrate have higher iron stores and decreased
iv iron and ESA use. A pharmacoeconomic analysis on the
basis of these results found that the decrease in ESA and iv
iron usage seen with ferric citrate would save $2101 per patient
per year.30 In addition, one could postulate that decreased iv
iron and ESA usage could result in decreased nursing time to
administer iv medications, which could be redirected to other
aspects of patient care, and decreased risk of infections because of fewer iv injections.31 The above noted annual per
patient cost savings projected for using ferric citrate as a phosphate binder is welcome, because currently, patients with
ESRD represent 1.4% of Medicare patients but use 7.2% of
Medicare spending.32
The potential for iron overload by oral absorption is
extremely low, except in cases of hemochromatosis. Unlike
iv iron currently administered in dialysis units, oral iron
absorption is tightly regulated in the GI tract. Soluble iron is
transported into the duodenal enterocyte, but ferric iron (Fe3+)
must ﬁrst be reduced to ferrous iron (Fe2+) before transport.
This process and subsequent iron passage into the plasma are
tightly regulated by iron regulatory proteins and hepcidin, respectively. As result of this regulation, iron absorption is restricted when iron stores are sufﬁcient and increased when
iron stores are deﬁcient.33 Our results showing the plateau
J Am Soc Nephrol 26: 493–503, 2015
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Figure 2. Serum phosphorus levels (milligrams per deciliter) by study time point during the 52-week active control period, with missing
values imputed using the last follow-up observation carried forward. Box plots display 5th, 25th, 50th, 75th, and 95th percentiles. Under
the repeated measures mixed effects model, the mean difference in serum phosphorus between the ferric citrate and active control
groups over weeks 12, 24, 36, 48, and 52 was 20.0127 mg/dl (95% conﬁdence interval, 20.056 to 0.030 mg/dl). AC, active control; FC,
ferric citrate.

Figure 3. Iron parameters by study time point during the 52-week active control period. (A) Serum ferritin and (B) serum TSAT, with
missing values imputed using the last follow-up observation carried forward. Box plots display 5th, 25th, 50th, 75th, and 95th percentiles.
AC, active control; FC, ferric citrate.

of TSAT over 52 weeks and the decrease in the rate of rise of
ferritin among subjects on ferric citrate suggest that the GI
iron absorption from ferric citrate was regulated. In the absence of hemochromatosis, iron overload is not deﬁned by
arbitrary cutpoints in serum ferritin or TSAT or increased
iron staining in end organs but rather, end organ dysfunction.
Because there were fewer SAEs in organ systems usually
J Am Soc Nephrol 26: 493–503, 2015

associated with iron overload in ferric citrate subjects, our
data do not support iron overload, despite higher serum ferritin levels and TSAT. Currently, the guidelines from different
organizations, the protocols used by major dialysis companies,
and the available literature have varying recommendations for
serum ferritin and TSAT upper limits. On the basis of any
physician’s assessment of the ideal iron stores for a given
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patient, the use of ferric citrate could be adjusted in a manner
analogous to the adjustments made in the use of calcium acetate when hypercalcemia occurs. Because all dialysis units
currently monitor iron parameters routinely, ferric citrate
use will require no new directives, and physicians could modulate its use as needed to achieve a target iron store status.
Supporting the safety of ferric citrate are the similar rates of
death, all SAEs, and non-SAEs over 52 weeks compared with
active control. Indeed, subjects on ferric citrate experienced
fewer SAEs (39.1% versus 49%) compared with subjects on
active control. Subjects who stopped study drug were followed
in the study, if able, with all study procedures, and the lower
overall rates of SAEs and SAEs in GI, cardiac, and infection
categories were not caused by censoring of subjects who
stopped the study drug.
By necessity, randomization was limited to those patients on
dialysis for whom participation was deemed safe. This limits
the generalizability of our results to patients who share the
characteristics of the subjects in this trial. However, of note, the
most common reasons that patients were excluded from entry
into our study were baseline ferritin.1000 ng/ml and/or
TSAT.50% or inability to achieve a phosphorus.6.0 mg/dl in
washout. They were not excluded by clinical characteristics, such
as cardiac status, cause of ESRD, or other clinical features that
represent the general health of the ESRD population. Another
limitation of this study was that, although the study drug bottles
were not labeled, the discoloration of the stool by oral iron necessitated an open-label design, which can introduce investigator
or subject bias. This design is unlikely to affect the actual measurement of serum phosphorus, the primary outcome, or the
iron parameters but could inﬂuence the reporting of AEs. Our
study does not address the long-term safety of this compound.
This study showed that ferric citrate is an efﬁcacious and safe
oral phosphate binder. In addition, iron absorbed from ferric
citrate increases iron stores and reduces iv iron and ESA use
while sustaining hemoglobin.

CONCISE METHODS
This phase 3, sequential, randomized, open-label trial was conducted
at 60 sites in the United States and Israel. Members (J.B.L., M.S., M.J.K.,
and J.P.D.) of the Collaborative Study Group (CSG) wrote the protocol,
and the independent CSG statistician (T.G.) had full access to the clinical
trial database and performed or supervised the analyses of the designee
for this manuscript. The rationale and study design of this trial have been
published previously.9
Recruitment began in December of 2010, and the study was
completed in November of 2012. The Institutional Review Board at the
Clinical Coordinating Center (CCC) and each site approved this trial.
All subjects gave written informed consent before any investigational
procedures, and the trial was conducted in accordance with the
Declaration of Helsinki and Good Clinical Practice. This trial is
registered with ClinicalTrials.gov (NCT01191255). All laboratory
analyses were performed at the central laboratory, with the exception
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of serum bicarbonate, which was measured locally. All authors
contributed to the ﬁnal manuscript. This trial was conducted under a
Special Protocol Assessment agreement with the US Food and Drug
Administration (FDA).

Subject Population
Eligible subjects were adult patients with ESRD on three times per
week hemodialysis or peritoneal dialysis for at least 3 months before
the screening visit who were prescribed 3–18 doses of commercially
available phosphate binder and had serum ferritin,1000 ng/ml, serum TSAT,50%, and serum phosphorus$2.5 and #8.0 mg/dl at the
screening visit. Major exclusion criteria included parathyroidectomy
within 6 months before the screening visit, an absolute requirement
for oral iron or vitamin C therapy, or intolerance to calcium acetate
and sevelamer.

Study Design
This trial had three periods. A 2-week washout period was followed
by a 52-week randomized, open-label, active control period to
determine the safety of ferric citrate as well as its capacity to
supplement iron stores and reduce iv iron and ESA usage. This period
was followed by a 4-week, randomized, open-label, placebo control
period to determine the efﬁcacy of ferric citrate to control phosphorus
compared with placebo.
Eligible subjects entering the washout period had all phosphate
binders stopped and were randomized only if the serum phosphorus
was $6.0 mg/dl after a maximum of 2 weeks. Subjects who maintained eligibility were randomized in a 2:1 ratio to ferric citrate or
active control. Ferric citrate was supplied as 1-g tablets containing
210 mg ferric iron. Dose adjustments of ferric citrate were determined by a protocol-supplied titration schedule (Supplemental Appendix).4,8 The study provided active control study drugs (calcium
acetate: 667-mg capsules; sevelamer carbonate: 800-mg tablets) titrated
according to the FDA-approved package inserts14,15 that could be
used alone or combined. Central laboratory phosphorus levels
guided dosing in both treatment groups and were performed
monthly after the ﬁrst 12 weeks of the trial. Subjects were instructed
to take study drug with or within 1 hour of meals or snacks. Compliance was assessed by pill counts. Subjects were considered treatment failures if they were $80% compliant with 12 doses/d of either
ferric citrate or active control and had two consecutive visits with a
serum phosphorus.8.0 mg/dl. These subjects discontinued the
study drug but completed all study visits. Subjects assigned to calcium acetate with adjusted serum calcium.10.5 mg/dl unresponsive to
conservative management were also considered treatment failures. Per
the protocol, these subjects were switched to ferric citrate and allowed to
enter the ﬁnal 4-week placebo control period.
Those subjects who were on ferric citrate after 52 weeks were
rerandomized to either continue on ferric citrate or receive placebo for
the 4-week placebo control period. Serum phosphorus levels were
checked weekly, and any subject who developed a phosphorus
level$9.0 mg/dl was considered a treatment failure.
AEs were recorded from the screening visit to the ﬁnal visit. A CSG
medical monitoring committee (M.J.K. and J.P.D.) reviewed and
adjudicated all SAEs within 24 hours of reporting to the CCC.
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Concomitant Therapies
Vitamin D, its analogs, cinacalcet, fasting calcium supplements,
variations in dialysate calcium concentration, and ESAs were
permitted during the study at the discretion of the treating physician; iv iron therapy was prohibited if the subject had serum
ferritin.1000 ng/ml or TSAT.30%, and iv iron was permitted, at the
discretion of the site, if ferritin was #1000 ng/ml and TSAT was#30%.

Randomization
Randomization was implemented using random permuted blocks,
with stratiﬁcation for clinical site by an interactive web randomization
system.

Outcomes

Change in serum phosphorus during the ﬁnal 4-week placebo control
period was the primary outcome for determining the efﬁcacy of ferric
citrate to control serum phosphorus. Changes over 52 weeks in ferritin
and TSAT were designated as main secondary outcomes to characterize the effect of ferric citrate on iron stores, and cumulative doses of
iv iron and ESA were designated as the main secondary outcomes to
determine the effect of ferric citrate on iv iron and ESA usage. A
sequential gatekeeping strategy,34 using two-sided a=0.05 at each
step, was used to protect the study-wise a-level for the treatment
comparisons of the primary outcome and the four prespeciﬁed
main secondary outcomes in the following sequence: (1) change in
serum phosphorus during the ﬁnal 4-week placebo control period,
changes in (2) ferritin and (3) TSAT from baseline to week 52 in the
52-week active control period, and ﬁnally, the cumulative use of (4) iv
iron and (5) ESA over the 52-week active control period. All other
hypothesis tests were performed at the two-sided a=0.05 level without adjustment for multiple comparisons.

Statistical Analyses
Approximately 350 subjects were planned to be randomized in a 2:1
ratio to either ferric citrate or active control. Approximately 163
subjects from the ferric citrate group would then enter the ﬁnal 4-week
placebo control period assuming a 30% dropout rate in the 52-week
active control period. The ﬁnal sample size of 192 subjects for the
placebo control period provided at least 95% power at a two-sided
signiﬁcance level of 5% to detect a mean difference between ferric
citrate and placebo of 1.2 mg/dl on the basis of the assumption of a
common SD for the two groups of 2 mg/dl.
Continuous datawere summarized using means with SDs or medians
and 10th to 90th percentile intervals as appropriate. Frequencies and
percentages were used to summarize categorical data. The primary
analysis was performed using analysis of covariance (ANCOVA) to
compare the mean change in serum phosphorus from baseline (week 52)
withweek 56of the ﬁnal 4-weekplacebo controlperiod between the ferric
citrate and placebo groups, controlling for baseline phosphorus. In a
sensitivity analysis, the primary ANCOVAwas repeated after adjustment
for the three additional baseline factors (sex, ferritin, and hemoglobin)
exhibiting imbalances between treatment groups. Separate ANCOVA
models were applied during the 52-week active control period to
compare the mean changes in ferritin, TSAT, hemoglobin, phosphorus,
and other laboratory parameters from baseline with each follow-up
J Am Soc Nephrol 26: 493–503, 2015
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assessment (Supplemental Appendix) between the ferric citrate and
active control groups, controlling for the baseline value of the outcome.
Wilcoxon rank-sum tests were used to compare the cumulative average
iv iron use and ESA dose between the treatment groups. Wilcoxon ranksum tests were also used to conﬁrm the ANCOVA results for serum
ferritin, TSAT, and intact parathyroid hormone, because these outcomes
exhibited moderate departures from normality.
After ﬁrst deﬁning outcome measurements after study drug
discontinuation as missing, all missing values were imputed for
each end point using separate last follow-up value carried forward
algorithms within the sequential 52-week active control period and
the ﬁnal 4-week placebo control period. The analyses of laboratory
parameters using last follow-up value carried forward were conﬁrmed
using corresponding ANCOVAs on the basis of longitudinal mixed
effect models with unstructured covariance matrices to account for
repeated measurements. The longitudinal mixed model for serum
phosphorus during the 52-week active control period was used to
obtain a 95% conﬁdence interval for the mean difference between the
ferric citrate and active control groups over the visits on weeks 12, 24,
36, 48, and 52 to characterize the maximum difference compatible
with the data. Additional mixed effect analyses using two-slope linear
splines with post hoc selection of knot points were used to compare
the relative rates of increase in TSAT and ferritin during the early and
later portions of follow-up, with separate mean slopes estimated for
TSAT before and after 12 weeks and ferritin before and after 24 weeks.
Frequencies and proportions of subjects reaching AEs are tabulated
for the safety population, which included subjects who received at
least one dose of study medication. Numbers of subjects with AEs
were tabulated until the time of discontinuation of study drug for
non-serious AEs and until 30 days after discontinuation of study drug
for SAEs.
Statistical analyses were performed using SAS, versions 9.3 and 9.4
(Cary, NC).
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