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Introduction: In hemodialysis patients on ferric citrate hydrate, the increase in ferritin level is mainly due to

the administration of the compound. We investigated possible other factors associated with ferritin level

and how erythropoietin resistance index and erythropoiesis in those patients were affected. We looked at

ferritin-elevating factors using data from a Japanese phase III long-term clinical trial of ferric citrate

hydrate.

Methods: The factors with a strong association with ferritin levels at week 28 were selected by the process

of variable selection. In addition, selected factors were analyzed by Mixed Model for Repeated

Measurement. Subjects were divided into 3 groups by quantiles (<Q1, Q1–Q3, Q3<) of the most strongly

correlated factors. Then the least-squares means of change of ferritin at each time point for each group

were calculated. Finally, the differences of the least-squares means were examined. Changes of both

erythropoiesis-stimulating agent dose and erythropoietin resistance index for each group were investi-

gated. The differences in mean erythropoietin resistance index between groups at baseline, week 28, and

week 52 were analyzed using t tests.

Results: Dose of ferric citrate hydrate showed the strongest correlation with change of ferritin and the

second strongest was the reduction of erythropoiesis-stimulating agents. The mean erythropoietin

resistance index was lowered in group <Q1. Group <Q1 showed significantly lower levels of ferritin at

baseline.

Discussion: It is suggested that not only iron load but also the erythropoiesis-stimulating agent dose

reduction may be involved in ferritin elevation during ferric citrate hydrate treatment, resulting in a

decrease of erythropoietin resistance index.
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H
yperphosphatemia is associated with vascular
calcification and mortality in patients on chronic

hemodialysis.1 In patients with chronic kidney disease
(CKD), control of hyperphosphatemia with phosphate
binders is expected to improve prognosis.2,3 There are
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2 types of phosphate binders currently available: those
containing calcium and those that are calcium free.
Calcium-free phosphate binders such as sevelamer
hydrochloride (or carbonate) and lanthanum carbonate
may be beneficial for avoiding calcium loading.

Ferric citrate hydrate was developed as a calcium-
free phosphate binder.4,5 It was launched in 2014 in
Japan ahead of other countries, and later in the USA
and Taiwan. Because patients with CKD have high
levels of hepcidin that downregulates intestinal iron
absorption, oral administration of iron is supposedly
less likely to cause elevation of serum ferritin levels
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than i.v. administration.6 Orally administered trivalent
iron is reduced to bivalent iron in the digestive tract
and is then absorbed via the divalent metal transporter
1 in the intestinal epithelium.7 Thus, ferric citrate
hydrate, a trivalent iron, might be considered not to
have a significant effect on serum ferritin levels. In
addition, it was reported that phosphorus in the
intestine attenuates iron reduction and inhibits iron
absorption in the intestine.4,7

However, both phase III long-term clinical trials of
ferric citrate hydrate in hemodialysis patients that were
conducted in Japan and the USA showed increases in
serum ferritin, as well as dose reduction of erythropoiesis-
stimulating agent (ESA) and i.v. iron preparations by
administration of ferric citrate hydrate.5,8 It has
been confirmed in the clinical trials that iron from
administered ferric citrate hydrate is partially absorbed
and increases serum ferritin and hemoglobin levels.5,8

There are factors other than simply iron absorption
that can cause serum ferritin concentrations to rise
during iron therapy. Because ferric citrate hydrate’s
primary role is as a phosphate binder, it would be
important to better understand factors that lead to the
increase in serum ferritin found with its use. This
would also aid further understanding of the pathology
of iron-deficiency anemia in CKD. In this study, we
investigated serum ferritin-elevating factors using data
from the Japanese phase III long-term trial conducted
in hemodialysis patients with hyperphosphatemia.5

Because ferric citrate hydrate administration enables
the dose reduction of ESA and elevates serum hemo-
globin levels, we also examined the erythropoietin
resistance index (ERI) and investigated erythropoiesis.

METHODS

Data from the Japanese long-term trial were used to
identify the factors causing the elevation of serum
ferritin and to investigate changes in ERI and the asso-
ciation between administration of ferric citrate hydrate
and erythrocyte indices (mean corpuscular volume
[MCV] and mean corpuscular hemoglobin [MCH]). The
trial recruits were Japanese patients with hyper-
phosphatemia, and who were undergoing hemodialysis.
The methods used in this study were as follows.

Identification of Serum Ferritin-Elevating

Factors in Patients on Ferric Citrate Hydrate

In the Japanese long-term trial, serum ferritin levels had
risen for 28 weeks after the start of ferric citrate hydrate
administration (baseline; 0 wk). Afterweek 28, the levels
stabilized until week 52. Therefore, the factors with a
strong association with serum ferritin levels (change of
ferritin level from baseline) at week 28 were selected
from the obtained data by the process of variable
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selection (stepwise method). The selected candidate
variables were factors for which it is considered clini-
cally plausible for there to be an association with a
change of ferritin: age, gender, body weight, and serum
phosphorus level (P[0 wk]), serum ferritin level (Ferritin
[0 wk]), serum hemoglobin level (Hb [0 wk]), MCV
[0 wk], MCH [0 wk], and transferrin saturation
(TSAT [0 wk]), plus change in ESA dose at week 28
from baseline (change of ESA), average dose of ferric
citrate hydrate over 28 weeks (dose of ferric citrate hy-
drate), and change of ERI at week 28 from baseline
(change of ERI).

To avoid multicollinearity problems at variable
selection by inclusion of factors that are strongly
related to each other in the model, one factor was
excluded using correlation analysis and single regres-
sion analysis. In addition, to investigate the correlation
between the most strongly related factors and change
of ferritin at each time point, selected factors were
analyzed by Mixed Model for Repeated Measurement
using the model described here. The exception to this
was the dose of ferric citrate hydrate. We divided
subjects based on their ESA dose administered by
using quantiles. The calculated quantiles were that Q1
(lower 25% points) was �2500 IU/wk, median was
0 IU/wk, and Q3 (upper 25% points) was also 0 IU/wk.
It was shown that the median equaled Q3 by chance.
Therefore we combined a group (Q1 through to less
than median) and another group (median through to
less than Q3), and accordingly subjects (N ¼ 146) were
divided into 3 groups (group <Q1: n ¼ 36, group
Q1–Q3: n ¼ 74, group Q3<: n ¼ 36) by quantiles
(<Q1, Q1–Q3, Q3<) of the most strongly correlated
factors based on the change of ESA dose administered.
Then the least-squares means of change of ferritin at
each time point for each group were calculated, and the
differences of the least-squares means were examined.

Model

The response variable was the change of ferritin level.
The fixed effect was the factor with the lowest P
value among selected factors by variable selection
(except dose of ferric citrate hydrate). The covariates
were selected factors as chosen by variable selection,
time point, and time point � fixed effect except fixed
effect.

Investigation of the Correlation Between

Administration of Ferric Citrate Hydrate and

Erythrocyte Indices

Subjects were divided into 3 groups by using quantiles
of fixed effect. The dose of ESA and change of ERI for
each group were investigated. The dose of ESA was
calculated using the following equation:
Kidney International Reports (2017) 2, 359–365



Dose of ESA ðIU=wkÞ ¼ epoetinðIU=wkÞ þ darbepoetin alphaðmg=wkÞ � 200þ epoetin beta pegolðmg=wkÞ� 200
week
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The differences in mean ERI between groups at base-
line, week 28, and week 52 were analyzed using t tests.

Multiplicity was not considered. ERI was calculated
using the following equation:

ERI ¼ dose of ESAðIU=wkÞ
Hb

� g
dl

�� body weightðkgÞ
In addition, the change of serum hemoglobin, MCV,
and MCH of each group were examined.

RESULTS

Analysis of Serum Ferritin-Elevating Factors in

Patients on Ferric Citrate Hydrate

The correlation of Pearson analysis for factors that were
clinically considered to be potentially associated with a
change of ferritin showed thatMCV andMCH (r¼ 0.84),
and also the change of ESA dose and change of ERI
(r ¼ 0.96) were strongly correlated. Gender and body
weight (r¼�0.47) were also correlated (Table 1). Single
regression analysis showed that bodyweight, MCH, and
change of ESA were more strongly associated with
change of ferritin than gender, MCV, and change of ERI,
respectively. Therefore, gender, MCV, and change of
ERI were removed from candidate factors (Table 2).
Secondly, age, Ferritin (0wk), change of ESA, anddose of
ferric citrate hydrate were selected as factors strongly
correlated to change of ferritin from the candidate factors
(age, body weight, serum P [0 wk], Ferritin [0 wk], Hb
[0 wk], MCH [0 wk], TSAT [0 wk], change of ESA dose
and dose of ferric citrate hydrate) by variable selection
Table 1. Correlation analysis for candidate factors that may relate to a c
Ferritin
(0 wk)

Hb
(0 wk)

MCH
(0 wk) Gender

ESA change
(28--0 wk)

Fer
dos

Age �0.03 0.04 0.16 �0.04 �0.06

Ferritin (0 wk) �0.10 0.05 0.05 0.15

Hb (0 wk) 0.07 �0.04 �0.02

MCH (0 wk) �0.09 0.21a

Gender �0.01

ESA change (28–0 wk)

Ferric citrate hydrate dose
(28-wk mean)

TSAT (0 wk)

Body weight

MCV (0 wk)

P (0 wk)

The correlation analysis for factors that were clinically considered to be potentially associate
ERI, erythropoietin resistance index; ESA, erythropoietin-stimulating agents; Hb, hemoglobin; MC
serum ferritin and transferrin saturation.
aCorrelation coefficient (r): |r| $ 0.6.
bCorrelation coefficient (r): 0.2 # |r| < 0.4.
cCorrelation coefficient (r): 0.4 # |r| < 0.6.
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(Table 3). Change of ESA showed the second strongest
correlation with change of ferritin, following dose of
ferric citrate hydrate. Thus, subjects were divided into 3
groups by using quantiles of change of ESA dose
(Q1 ¼ �2500 IU/wk [lower 25% points], Q3 ¼ 0 IU/wk
[upper 25% points]), and Mixed Model for Repeated
Measurement analysis was performed. As a result, the
factor of the increase in ferritin was associated with not
only ferric citrate hydrate dose but also the degree of
decrease in ESA dose (Figure 1). The serum ferritin level
tended to increase more in group<Q1 than other groups.
The analysis of the difference of least mean square values
revealed that the change of ferritin level had significantly
increased from week 16 to 52 in the group <Q1, than in
other groups (P < 0.05).
Investigation of the Correlation Between

Administration of Ferric Citrate Hydrate and

Erythrocyte Indices

The identification of serum ferritin-increasing factors
showed that the change of ESA dose was the factor
second most strongly related to the change of ferritin
level, following dose of ferric citrate hydrate. The
subjects were divided into groups by quantiles on the
basis of the change of ESA dose, and this factor was
investigated by time point for each group. As a result,
we found that the baseline dose of ESA was signifi-
cantly greater in group <Q1 than in the other groups.
However, later in the trial the ESA dose of each group
became more similar (Figure 2).
hange of ferritin
ric citrate hydrate
e (28-wk mean)

TSAT
(0 wk) Body weight

MCV
(0 wk)

P
(0 wk)

ERI change
(28--0 wk)

�0.06 �0.07 �0.23a 0.25a �0.09 �0.05

0.02 0.16 �0.08 0.05 �0.02 0.17

0.10 0.05 0.08 0.10 0.08 0.03

0.08 0.23a �0.06 0.84b 0.00 0.22a

�0.05 �0.08 �0.47c 0.09 �0.02 �0.06

�0.22a 0.28a �0.10 0.13 0.09 0.96b

0.00 0.07 0.12 0.33a �0.20a

�0.13 0.19 0.10 0.26a

�0.22a 0.10 �0.02

0.01 0.14

0.06

d with a change of ferritin was performed.
H, mean corpuscular hemoglobin; MCV, mean corpuscular volume; P, phosphate; TSAT,
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Table 2. Single regression analysis for factors with a correlation
coefficient $0.4

Variable Estimate P value
Lower 95%

confidence interval
Upper 95%

confidence interval

MCH (0 wk) �4.84 0.49 �18.79 9.11

Gender 6.91 0.77 �38.83 52.64

Body weight 0.57 0.51 �1.12 2.26

MCV (0 wk) 0.58 0.80 �3.99 5.15

ESA change (28–0 wk) �0.02 <0.0001 �0.03 �0.01

ERI change (28–0 wk) �9.18 0.0003 �14.11 �4.25

Single regression analysis showed that body weight, MCH, and change of ESA were
more strongly associated with change of ferritin than gender, MCV, and change of ERI
respectively. Therefore, gender, MCV, and change of ERI were removed from candidate
factors.
ERI, erythropoietin resistance index; ESA, erythropoietin-stimulating agents; MCH, mean
corpuscular hemoglobin; MCV, mean corpuscular volume.

Figure 1. Adjusted mean of change of ferritin levels of 3 groups
divided by using quantiles of change of erythropoiesis-stimulating
agent (ESA) dose. Subjects were divided into 3 groups
(group <Q1: n ¼ 36, group Q1–Q3: n ¼ 74, group Q3<: n ¼ 36) by
using quantiles of change of ESA dose (Q1 ¼ �2500 IU/wk, Q3 ¼
0 IU/wk) and Mixed Model for Repeated Measurement analysis was
performed. Then the least-squares means of change of ferritin at
each time point for each group were calculated, and the differences
of the least-squares means were examined. #P < 0.05: group <Q1
versus group Q1–Q3, *P < 0.05: group <Q1 versus group Q3<.
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At the same time, the ERI values at baseline, week
28, and week 52 of each group were investigated. The
ERI at baseline was higher in group <Q1, whereas ERI
values at weeks 28 and 52 were not different between
groups (Figure 3). Mean ERI at baseline was signifi-
cantly different between groups by a t test, although
there was no significant difference between groups at
week 52 (Table 4).

Serum hemoglobin levels were almost similar in each
group at baseline, although they fluctuated after week
2 in all groups. MCV in group <Q1 was lower than that
in group Q3< at baseline, but increased within the
reference range (80–98 fl) later in the trial. MCH in
group <Q1 was lower than that in other groups at
baseline, but increased within the reference range
(28–32 pg) later in the trial (data not shown).

The serum ferritin level, TSAT, and hemoglobin
level of each group were compared at baseline. There
was no difference in hemoglobin, whereas group <Q1
showed significantly lower levels of serum ferritin and
TSAT than group Q3< (Figure 4).

DISCUSSION

Oral administration of iron preparations has been
considered less likely to cause oxidative stress than i.v.
administration.9,10 Accordingly, ferric citrate hydrate
could reduce oxidative stress by reducing the neces-
sary dose of i.v. iron preparations. However, there is
still some concern that ferric citrate hydrate may affect
Table 3. Selected variables by using variable selection

Variable Estimate P value

Lower 95%
confidence
interval

Upper 95%
confidence
interval

Ferric citrate hydrate dose
(28-wk mean)

60.58 <0.001 45.37 75.79

ESA change (28–0 wk) �0.01 0.001 �0.02 �0.01

Age 2.08 0.009 0.54 3.62

Ferritin (0 wk) 0.16 0.15 �0.06 0.37

ESA, erythropoietin-stimulating agent.
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iron metabolism even when orally administered. We
investigated serum ferritin-elevating factors using data
from the Japanese phase III long-term clinical trial of
ferric citrate hydrate. The factors with a strong associa-
tion with serum ferritin levels at week 28 were selected
Figure 2. Change of erythropoiesis-stimulating agent (ESA) dose in
groups divided by using quantiles of change of ESA dose. The
vertical axis shows dose of ESA. The subjects were divided into
groups (group <Q1: n ¼ 36, group Q1–Q3: n ¼ 74, group Q3<: n ¼
36) by quantiles on the basis of change of ESA dose (Q1 ¼ �2500 IU/
wk, Q3 ¼ 0 IU/wk), and this factor was investigated by time point for
each group.

Kidney International Reports (2017) 2, 359–365



Figure 3. Box plot of erythropoietin resistance index (ERI) in groups
divided by using quantiles of the change of the ESA dose. The sub-
jects were divided into 3 groups (group <Q1: n ¼ 36, group Q1–Q3:
n¼ 74, group Q3<: n¼ 36) by quantiles on the basis of change of ESA
dose (Q1 ¼ �2500 IU/wk, Q3 ¼ 0 IU/wk), and the ERI values were
investigated at baseline, week 28, and week 52 of each group.
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by the process of variable selection. In addition,
selected factors were analyzed by Mixed Model for
Repeated Measurement. Dose of i.v. iron preparations
was not included into the factor because an increase in
serum ferritin level was found despite that the dose
was remarkably reduced in course of the trial.5 This
study showed that change of ESA dose, age, and
baseline serum ferritin levels, as well as the dose of
ferric citrate hydrate, were factors strongly associated
with the change of serum ferritin level during ferric
citrate hydrate therapy. Also, the strongest serum
ferritin-elevating factor, second only to the dose of
ferric citrate hydrate, was shown to be the dose
reduction of ESA. This is supported by a report of
Karaboyas et al.11 In the USA, serum ferritin levels
have increased despite the fact that usage of ESA
preparations has decreased and usage of i.v. iron
preparations has not increased since changes in the
Table 4. t test for mean of ERI in groups divided by using quantiles
of change of ESA dose

P value

Week 0 Week 28 Week 52

<Q1 versus Q1–Q3 <0.001 0.05 0.68

<Q1 versus Q3< <0.001 <0.001 0.40

Q1–Q3 versus Q3< 0.03 0.01 0.19

Quantiles of change of ESA dose: Q1 ¼ �2500 IU/wk, Q3 ¼ 0 IU/wk.
ESA, erythropoiesis-stimulating agent; ERI, erythropoietin resistance index.
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medical system in 2011. Thus, it is suggested that less
use of ESA preparations might be associated with an
increase in serum ferritin levels.12

Analysis of correlations between administration of
ferric citrate hydrate and erythrocyte indices (MCV
and MCH) was performed by dividing subjects into
groups by quantiles on the basis of the change of ESA
dose. Whereas hemoglobin levels were similar in all
groups at baseline, MCV and MCH increased within
reference ranges in accordance with a decrease of ERI
in the group that showed a greater reduction of ESA
dose. In addition, despite serum ferritin levels at
baseline in group <Q1 being significantly lower than
in other groups, they had markedly increased by ferric
citrate hydrate administration. With regard to the dose
of i.v. iron preparations administered, it was dramati-
cally reduced similarly in each group in the course of
the Japanese long-term trial (data not shown). This
result suggests that ferric citrate hydrate can improve
iron deficiency by the iron component being partly
absorbed.

Orally administered iron is reduced from the triva-
lent to bivalent form in the digestive tract and then
absorbed via divalent metal transporter 1 in the
intestinal epithelium.7 However, intestinal iron
absorption is suggested to be suppressed and serum
ferritin levels tend not to be increased in patients with
CKD, whose levels of hepcidin—which regulates iron
absorption in the intestine—are high.6 Therefore, ferric
citrate hydrate had been thought not to have much
effect on serum ferritin levels.

On the contrary, it was observed that serum ferritin
levels rise during ferric citrate hydrate treatment. In
previous studies, serum ferritin levels showed an
elevation up to week 24 to week 28, after which they
increased only slowly or plateaued by week 52.5,8 The
stabilization of serum ferritin elevation in the later
stages was observed in both phase III long-term clinical
trials conducted in Japan and the USA, respectively,
but the mechanism for this still remains to be studied.
The results of this study suggest that patients with
CKD may have subclinical iron deficiency. A change in
the behavior of duodenal cytochrome B, which is
involved with the reduction of iron, may be involved
in the mechanism. In addition, one study has reported
that the tight junctions of the intestinal epithelium
were damaged in CKD model rats.13 Therefore, there
may be other routes of intestinal iron absorption that
do not involve divalent metal transporter 1. Sucroferric
oxyhydroxide, which also contains trivalent iron, has
been reported to elevate serum ferritin levels to a
smaller extent than ferric citrate hydrate.14 Thus,
intestinal iron absorption in patients with CKD is not
fully understood.
363



Figure 4. (a) Serum ferritin, (b) TSAT, and (c) serum Hb in groups divided by using quantiles of change of ESA dose. The subjects were divided
into 3 groups (group <Q1: n ¼ 36, group Q1–Q3: n ¼ 74, group Q3<: n ¼ 36) by quantiles on the basis of the change of the ESA dose
(Q1 ¼ �2500 IU/wk, Q3 ¼ 0 IU/wk). The serum ferritin level, TSAT, and hemoglobin level of each group were compared at baseline. P < 0.02:
multiplicity of comparisons was taken into consideration using the Bonferroni method. ESA, erythropoiesis-stimulating agent; Hb, hemoglobin;
TSAT, serum ferritin and transferrin saturation.
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In the Japanese long-term trial, hemoglobin levels and
serum ferritin levels were elevated by ferric citrate hy-
drate and then plateaued according to the dose reduc-
tion of ESA.5 The results suggest that the iron supplied
from ferric citrate hydrate was employed for hemato-
poiesis. Shoji et al.15 reported that serum ferritin levels
were lowered without a change in hemoglobin levels by
swapping recombinant erythropoietin for darbepoetin, a
long-acting ESA preparation.15 They postulated that
serum ferritin levels may have decreased because the
stored iron was used as a result of the ESA preparation
being administered. Long-acting ESA preparations had
also been used in the Japanese long-term trial of ferric
citrate hydrate. Therefore, it is considered that sub-
clinical iron deficiency exists in hemodialysis patients as
shown by low levels of serum ferritin (Figure 4a). The
effect on iron usage and storage in the body by different
types of ESA should be clarified in the future.

As a mechanism for the elevation of serum ferritin
levels, it has been reported that acute loss of erythro-
poietin caused apoptosis of immature erythrocytes and
that iron contained in the apoptotic cells was stored as
serum ferritin.16 Thus, erythrocyte breakdown might
exceed its production because of the ESA dose reduc-
tion caused by ferric citrate hydrate administration; in
addition, the iron from the erythrocytes that was
stored as serum ferritin might have contributed to the
elevation of serum ferritin levels.

In this study, serum ferritin-elevating factors were
investigated using data from the Japanese long-term
trial. It is suggested that not only iron load but also
364
the ESA dose reduction may be involved in serum
ferritin elevation, resulting in a decrease of ERI. Iron
supplements are suggested to improve erythropoiesis.

Limitations

This study was a retrospective study. The original
primary endpoint of the Japanese long-term trial was
the effect of ferric citrate hydrate on serum phosphate
levels, not on serum ferritin levels. In addition,
although the serum ferritin level is used to evaluate
iron metabolism, it also could be affected by various
factors including inflammation and ESA preparation,
not just by iron administration.11,17,18 Further evalua-
tion comparing serum ferritin concentration among
each type of ESA preparation would be needed to
determine if the ferritin elevation is different depend-
ing on individual ESA preparation. Therefore, the
clinical significance of serum ferritin is not yet fully
understood. Because postdialysis body weight was not
obtained in the Japanese long-term trial, we used
predialysis body weight to calculate ERI.
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