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Abstract

Background: Studies on the association between iron supplementation and
mortality in dialysis patients are rare and conflicting.

Methods: In our observational single-center cohort study (INVOR study) we
prospectively studied 235 incident dialysis patients. Time-dependent Cox
proportional hazards models using all measured laboratory values for up to 7.6
years were applied to study the association between iron supplementation and all-
cause mortality, cardiovascular and sepsis-related mortality. Furthermore, the time-
dependent association of ferritin levels with mortality in patients with normal C-
reactive protein (CRP) levels (<0.5 mg/dL) and elevated CRP levels (>0.5 mg/dL)
was evaluated by using non-linear P-splines to allow flexible modeling of the
association.

Results: One hundred and ninety-one (81.3%) patients received intravenous iron,
13 (5.5%) patients oral iron, whereas 31 (13.2%) patients were never
supplemented with iron throughout the observation period. Eighty-two (35%)
patients died during a median follow-up of 34 months, 38 patients due to
cardiovascular events and 21 patients from sepsis. Baseline CRP levels were not
different between patients with and without iron supplementation. However,
baseline serum ferritin levels were lower in patients receiving iron during follow up
(median 93 vs 251 ng/mL, p<0.001). Iron supplementation was associated with a
significantly reduced all-cause mortality [HR (95%CI): 0.22 (0.08-0.58); p=0.002]
and a reduced cardiovascular and sepsis-related mortality [HR (95%Cl): 0.31
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(0.09-1.04); p=0.06]. Increasing ferritin concentrations in patients with normal CRP
were associated with a decreasing mortality, whereas in patients with elevated CRP
values ferritin levels>800 ng/mL were linked with increased mortality.
Conclusions: Iron supplementation is associated with reduced all-cause mortality
in incident dialysis patients. While serum ferritin levels up to 800 ng/mL appear to
be safe, higher ferritin levels are associated with increased mortality in the setting of
concomitant inflammation.

Introduction

Imbalances of iron homeostasis are a frequent finding in dialysis patients. These
are due to true iron deficiency caused by gastrointestinal bleeding [1], blood loss
with every hemodialysis session [2], decreased duodenal iron absorption [3] and
by iron demand from the use of erythropoiesis-stimulating agents (ESA) [4].
Chronic inflammation of multiple causes in these patients results in impaired
duodenal iron absorption and stimulates macrophage iron retention through the
combined activities of the acute-phase protein hepcidin and cytokines [5]. All
these mechanisms lead to iron-restricted erythropoiesis, which aggravates anemia
due to the lack of erythropoietin found in association with chronic kidney disease.
Intravenous iron supplementation and ESA have been used to increase
hemoglobin levels in dialysis patients, decrease the need for red blood cell
transfusions and improve patients’ general quality of life [6—8]. Specifically, iron
supplementation is necessary to correct true iron deficiency, prevent its
development in ESA-treated patients [9], increase responsiveness to ESA, and
reduce ESA dosages [10].

Studies investigating the effect of iron supplementation on mortality of dialysis
patients have produced conflicting results. Whereas two studies found a higher
mortality rate in patients treated with high iron dosages [11,12], another study
could not confirm these observations [13]. No prospective randomized controlled
trials of iron supplementation evaluating solid clinical end-points are available so
far. Iron supplementation has been linked to infection, increased oxidative stress
and atherosclerosis, thereby limiting its uncritical use [14—18]. Unfortunately,
long-term safety data on the effect of iron supplementation on such important
clinical endpoints are lacking.

This study aimed to investigate the association between iron supplementation
and all-cause mortality, cardiovascular and sepsis-related mortality in a well-
characterized inception cohort of incident dialysis patients who were followed for
up to more than seven years.

PLOS ONE | DOI:10.1371/journal.pone.0114144 December 2, 2014 2/19



@'PLOS | ONE

Iron Supplementation in Dialysis Patients

Table 1. Clinical characteristics of patients at baseline and during follow-up stratified for iron supplementation during follow-up.

All patients

Iron supplementation

No iron supplementation

I N T T

Sex
Male, n (%)

Female, n (%)

Age (years)

Body Mass Index (kg/m?)

Start of dialysis with
Hemodialysis, n (%)
Peritoneal dialysis, n (%)

Year of start of dialysis
2000-2003
2004-2006

Diabetes mellitus, n (%)

Systolic blood pressure (mmHg)

Diastolic blood pressure (mmHg)

Medication at baseline

ESA, n (%)

Iron supplements, n (%)

ESA and iron supplements, n (%)

Laboratory parameters at baseline

Ferritin (ng/mL)

Iron (pg/dl)

Transferrin (mg/dL)
Transferrin saturation (%)

Hemoglobin (g/dL)
C-reactive protein (mg/dL)

Creatinine (mg/dL)

Albumin (g/dL)
Calcium (mg/dL)
Phosphorus (mg/dL)
iPTH (pg/mL)

Bicarbonate (mEg/L)
Erythrocytes (T/L)
Leukocytes (G/L)

Total cholesterol (mg/dL)
Comorbidities at baseline

146 (62.1%)
89 (37.9%)
61.7+14.0
26.1+4.5

197 (83.8%)
38 (16.2%)

122 (51.9%)

113 (48.1%)

82 (34.9%)
154.04+22.7
83.0+12.3
[78.0; 84.0; 90.0]

183 (77.9%)
53 (22.6%)
51 (21.7%)

174+207
[44; 111; 234]
5144315
[30.0; 44.0; 61.0]
202.5+44.5
18.6+11.3

[10.9; 16.0; 22.8]
1M11A7+1.72
3.24+5.34
[0.30; 0.98; 3.00]
7.28+2.64
[5.50; 6.80; 8.60]
3.71+0.65
8.5+1.1
6.1+1.9
350.5+264.9
[156.5; 287.2; 468.7]
21.00+3.59
3.73+0.62
8.18+3.29
[6.10; 7.40; 9.90]
189.8+51.0

126 (61.8%)
78 (38.2%)
61.7+13.7
26.2+4.6

181 (88.7%)
23 (11.3%)

106 (52.0%)

98 (48.0%)

77 (37.7%)
153.9+22.6
82.7+12.6
[77.0; 83.0; 90.0]

164 (80.4%)
53 (26.0%)
51 (25.0%)

155+ 192
[42; 93; 195]
50.0+30.8
[30.0; 41.0; 61.0]
204.4+44.0
17.8+10.7
[10.0; 15.0; 22.0]
11.17+1.67
3.21+5.50
[0.30; 0.89; 2.79]
7.23+2.65
[5.50; 6.70; 8.35]
3.724+0.65
8.3+1.1
6.0+1.9
360.5+273.6
[159.4; 292.7; 468.7]
20.93+3.44
3.75+0.62
8.27+3.26
[6.20; 7.50; 9.95]
189.7+50.7

20 (64.5%)
11 (35.5%)
62.0+16.0
252438

16 (51.6%) ¢
15 (48.4%) ¢

16 (51.6%)

15 (48.4%)

5 (16.1%) @
154.6+23.5
82.9+11.9
[78.0; 85.0; 91.0]

19 (61.3%) @
0 (0.0%) °
0 (0.0%) °

320+251 ¢
[188; 251; 416]
62.4+34.8 2
[42.8; 53.5; 79.0]
188.3+46.5
24.1+13.8°
[14.6; 21.7; 28.0]
11.12+1.99
3.45+4.20
[0.57; 1.52; 4.81]
7.67+2.54
[5.60; 8.20; 8.70]
3.65+0.69
8.7+1.0
56+1.9
279.9+180.2
[147.9; 222.9; 397.0]
21.75+4.98
3.61+0.65
7.64+3.43
[5.43; 7.05; 8.83]
190.3+54.7
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Table 1. Cont.
All patients Iron supplementation No iron supplementation
 em  lewn e
CAD *, n (%) 40 (17.0%) 36 (17.6%) 4 (12.9%)
CVD **, n (%) 70 (29.8%) 63 (30.9%) 7 (22.6%)
PAD ***, n (%) 40 (17.0%) 35 (17.2%) 5 (16.1%)
Follow-up
ESA, n (%) 234 (99.6%) 204 (100.0%) 29 (93.5%)
Follow-up time (months) 38.2+23.2 40.4+22.6 24.0+22.4 ¢
Transplantation, n (%) 58 (24.7%) 49 (24.0%) 9 (29.0%)
All-cause mortality, n (%) 82 (34.9%) 66 (32.4%) 16 (51.6%) @
CV mortality #, n (%) 38 (16.2%) 32 (15.7%) 6 (19.4%)
Sepsis mortality, n (%) 21 (8.9%) 16 (7.8%) 5(16.1%)
CV and/or sepsis mortality, n (%) 59 (25.1%) 48 (23.5%) 11 (35.5%)
Mean +SD [25", 50" and 75" percentile for cases of non-normal distribution] or number (%).
2p<0.05;
p<0.01;
°p<0.005;

99<0.001, comparison between patients who ever received iron supplementation and patients who never received iron supplementation during the
observation period.

* Coronary artery disease (CAD): myocardial infarction (MI), percutaneous transluminal coronary angioplasty (PTCA), aortocoronary bypass (ACBP).
** Cardiovascular disease (CVD): myocardial infarction (M), percutaneous transluminal coronary angioplasty (PTCA), aortocoronary bypass (ACBP),
coronary artery stenosis =50%, ischemic cerebral infarction, transient ischemic attack (TIA)/PRIND.

*** Peripheral arterial disease (PAD): vascular stenosis, percutaneous transluminal angioplasty (PTA), peripheral bypass, amputation.

Follow-up time was calculated as the time from the start of dialysis until the patient died or the end of the observation period was reached.
#Cardiovascular mortality: myocardial infarction (MI), heart failure, sudden death, ischemic stroke, hemorrhagic stroke.

doi:10.1371/journal.pone.0114144.t001

Subjects and Methods

Patient population

The INVOR Study [19, 20] (Study of Incident Dialysis Patients in Vorarlberg) is a
single-centre, prospective, observational cohort study of incident dialysis patients
in Vorarlberg, Austria’s westernmost state with approximately 400,000
inhabitants. All incident dialysis patients starting chronic dialysis treatment
between May 1, 2000 and April 30, 2006 were enrolled. Patients with a malignant
tumor at initiation of dialysis were excluded. A total of 235 patients were included
and followed up for a maximum of 7.6 years until December 31, 2007 or until
death. Four patients were lost to follow-up, three of whom regained renal function
and one who moved away. Type of and change in renal replacement therapy (HD
or PD, transplantation) were recorded and considered as time-dependent
treatment status for data analysis. Patients were treated according to the European
Best Practice Guidelines in place at the time of treatment. Ferric gluconate was
routinely used as intravenous iron supplement. Intravenous iron (ferric
gluconate) was given as continuous maintenance therapy generally once per week
in varying doses (range: 12.5 mg (minimum dose) to 62.5 mg (maximum dose).
With increasing ferritin concentrations (>500 ng/mL) physicians usually halted
the iron application and re-started it again after a significant ferritin drop. In
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Figure 1. Survival curves for a) all-cause mortality and b) cardiovascular or sepsis-related mortality
stratified for iron supplementation. Adjusted for age, sex, time-dependent type of renal replacement
therapy, diabetes, time-dependent C-reactive protein, albumin and hemoglobin. The number of patients at risk
for each year of observation is given with the last observation time at 91 months. “% surv” indicates the
percentage of survivors for each 12-month interval.

doi:10.1371/journal.pone.0114144.9001

peritoneal dialysis patients or kidney transplant recipients either ferrous sulfate or
ferric gluconate was used as oral iron supplementation. ESAs used included
epoetin alfa, epoetin beta or darbepoetin.

The study was approved by the ethic committee of the Innsbruck Medical
University and by the ethical review committee of the State of Vorarlberg. All
patients enrolled in the study provided written informed consent.

Data description

As described recently [19,20] clinical, laboratory and medication data were
collected prospectively, starting at initiation of dialysis. All-cause mortality data
including causes of death (autopsy-proven in 33%) were evaluated. Laboratory
parameters were measured in a central laboratory and continuously recorded
during the study period. Full blood count, phosphorus, creatinine and calcium
were measured monthly, and albumin, C-reactive protein (CRP), ferritin, and
iPTH every three months. All available measurements of ferritin, CRP, albumin
and hemoglobin were used in the time-dependent Cox regression modeling
described below.

Study outcomes

The outcomes of interest were all-cause mortality as well as cardiovascular or
sepsis-related mortality.

Statistical Methods

At baseline, categorical data were compared using the > test, and continuous
variables were analyzed using an unpaired T-test or the nonparametric Mann-
Whitney U test. Data are presented as mean + SD and as median and 25" and 75™
percentiles for skewed variables, where appropriate.

To investigate the influence of iron supplementation on mortality, a time-
dependent Cox proportional hazards model was used allowing all variables to vary
over different measurements during the whole observation period for each
patient. Thus, each time interval between two successive measurements enters the
model independently. Each covariate that entered the model was updated at the
time it was measured and modeled in a time-dependent fashion. If not all
variables were measured at a particular date, the value measured at the last
observation of the variable was used in its place (“last observation carried
forward”). The proportional hazards assumption was analyzed for each model by
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testing for zero slopes of scaled Schoenfeld residuals. The Cox models were
adjusted for age, sex, diabetes mellitus and the time-dependent variables type of
renal replacement therapy, CRP, albumin and hemoglobin. An additional analysis
was conducted in patients with and without diabetes mellitus with the same
adjustments except for diabetes. Adjusted survival curves were plotted for iron
supplementation, holding all covariates fixed at their mean level.

The influence of ferritin levels on mortality was investigated in all patients and
also in subjects with CRP levels <0.5 mg/dL indicating normal CRP versus those
>0.5 mg/dL indicating elevated CRP during follow-up. Additional sensitivity
analyses were performed with higher CRP cut-offs (<1 or >1 mg/dL, <5 or
>5 mg/dL). In order to evaluate the effects of ferritin levels on clinical outcome
parameters, non-linear P-splines of degree 3 were estimated. A spline of degree 3
is a linear combination of cubic functions that can fit virtually any smooth curve
to the data. Therefore, the analysis was not restricted to a potential linear
relationship between ferritin and mortality. The spline term can be split into its
linear and non-linear components, which can each be tested separately. For the
linear term, a HR can be estimated, whereas the non-linear component can be
depicted in a plot of the log(HR). Cox models were calculated univariately
including the time-dependent ferritin measurements linearly with calculation of
hazard ratios (HR) for a ferritin increment of 100 ng/mL and additionally
adjusted for age and sex. An extended model was also used, additionally adjusting
for diabetes mellitus and the time-dependent serum concentrations of albumin
and hemoglobin.

All analyses were conducted with the IBM SPSS Statistics version 20 (IBM
Corp., NY, USA) and R using the “survival” package.

Results
Patient baseline characteristics

Table 1 presents the baseline demographic and laboratory characteristics as well as
medication and comorbidities of the 235 incident dialysis patients at the start of
dialysis treatment and during follow-up. Median follow-up time was 2.8 years. Of
the entire cohort 204 (86.8%) patients received iron supplementation throughout
the observation period. Intravenous ferric gluconate was administered at a mean
monthly dose of 209 mg in 191 (81.3%) patients during a mean observation
period of 44.6 +22.6 months. During a mean follow-up of 37.5+21.6 months 13
(5.5%) patients received ferrous sulfate or ferric gluconate orally at a mean
monthly dose of 1455 mg. During follow-up 58 patients (24.7%) received a
kidney transplant, 49 of them had previously received intravenous iron therapy
during hemodialysis. Mean (+SD) duration between initiation of dialysis and
kidney transplantation in these patients was 33 +18.6 months. Most of the
baseline laboratory parameters did not differ between patients with and without
iron supplementation during follow-up. Compared to the group of patients with
iron supplementation, the group without iron therapy included a greater
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Table 2. Association between iron supplementation and all-cause mortality and cardiovascular or sepsis-related mortality using time-dependent Cox

proportional hazards models*.

i Jewa [ |[m®|ewa)

Age (years)
Sex
Female
Male
Type of renal replacement therapy
Hemodialysis
Peritoneal dialysis
Transplantation
Diabetes mellitus
No
Yes
Iron supplementation
No
Yes
C-reactive protein (mg/dL)
Albumin (g/dL)
Hemaoglobin (g/dL)

1.05 (1.03-1.08) <0.001 1.04 (1.02-1.07) <0.001
Ref. Ref.

1.14 (0.68-1.90) 0.6 1.38 (0.73-2.60) 0.3
Ref. Ref.

0.28 (0.07-1.03) 0.06 0.55 (0.14-2.12) 0.4
0.47 (0.14-1.54) 0.2 0.38 (0.08-1.72) 0.2
Ref. Ref.

1.31 (0.81-2.12) 0.3 1.54 (0.87-2.73) 0.1
Ref. Ref.

0.22 (0.08-0.58) 0.002 0.31 (0.09-1.04) 0.06
1.13 (1.10-1.17) <0.001 1.1 (1.07-1.15) <0.001
0.33 (0.21-0.50) <0.001 0.31 (0.18-0.53) <0.001
0.95 (0.81-1.12) 0.5 0.90 (0.75-1.08) 0.3

* Adjusted for age, sex, diabetes mellitus and the time-dependent variables type of renal replacement therapy, C-reactive protein, albumin and hemoglobin.
** Cardiovascular or sepsis mortality: myocardial infarction (MI), heart failure, sudden death, ischemic stroke, hemorrhagic stroke, sepsis.

doi:10.1371/journal.pone.0114144.t002

proportion of peritoneal dialysis patients (48.4 vs 11.3%, p<<0.001) and fewer
patients with diabetes (16.1 vs 37.7%, p<<0.05). At initiation of dialysis 191
(81.3%) patients already received ESA. During follow-up, patients with iron
supplementation received higher weekly ESA doses compared to patients without
iron supplementation (median (25t 75th percentile): 7349 (4660, 10562) epoetin
units/week vs 4008 (1192, 8047) epoetin units/week, p=0.01). Baseline CRP levels
did not differ between patients with and without iron supplementation (median
0.89 vs 1.52 mg/dL, p=0.1), whereas baseline serum ferritin levels (median 93 vs
251 ng/mL, p<0.001) and transferrin saturation (15% vs 22%, p<<0.01) were
lower in patients receiving iron during follow up (Table 1).

Association between iron supplementation and mortality

During a median follow-up of 34 months 82 (34.9%) patients died, 38 from
cardiovascular diseases and 21 from sepsis. Adjusted survival curves showed
significantly better survival in patients receiving iron supplementation along with
a lower cardiovascular and sepsis-related mortality as compared to subjects not
receiving iron (Figure 1).

Table 2 presents results from time-dependent Cox proportional hazard models
according to absence/presence of iron supplementation for all-cause mortality and
cardiovascular or sepsis-related mortality. A significantly lower all-cause mortality
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Table 3. Association between iron supplementation and all-cause mortality in patients with diabetes mellitus and without diabetes mellitus using time-
dependent Cox proportional hazards models™.

All-cause mortality

R o) [ [ Jewec) [ Paane

Age (years) 1.03 (0.99-1.07) 0.2 1.07 (1.03-1.10) <0.001
Sex

Female Ref. Ref.

Male 0.98 (0.45-2.11) 0.9 1.08 (0.51-2.31) 0.8
Type of renal replacement therapy

Hemodialysis Ref. Ref.

Peritoneal dialysis 0.76 (0.07-8.73) 0.8 0.30 (0.08-1.15) 0.08

Transplantation - - - 0.63 (0.14-2.82) 0.5
Iron supplementation

No Ref. Ref.

Yes 0.51 (0.02-1.59) 0.7 0.19 (0.06-0.56) 0.002
C-reactive protein (mg/dL) 1.09 (1.04-1.14) 0.001 1.17 (1.12-1.22) <0.001
Albumin (g/dL) 0.24 (0.11-0.49) <0.001 0.40 (0.22-0.71) 0.002
Hemoglobin (g/dL) 0.79 (0.63-0.97) 0.03 1.09 (0.89-1.35) 0.4

* Adjusted for age, sex and the time-dependent variables type of renal replacement therapy, C-reactive protein, albumin and hemoglobin.

doi:10.1371/journal.pone.0114144.t003

Table 4. Association between time-dependent ferritin and all-cause mortality and cardiovascular or sepsis-related mortality in patients with C-reactive protein
<0.5 mg/dL and >0.5 mg/dL during follow-up using time-dependent Cox proportional hazards models.

CRP<0.5 mg/dL CRP >0.5 mg/dL

CV or sepsis CV or sepsis
Ferritin per 100 ng/mL increase All-cause mortality mortality** All-cause mortality mortality**

(n events =9) (n events =4) (n events =71) (n events =54)

P- P- P- P-
o e e P P L P P L P e

Non-linear effect modeling using P-splines

Adjustment: None Linear part 0.68 (0.62— <0.001 0.77 (0.67— <0.001 1.15 (1.08- <0.001 1.05 (0.97— 0.2
0.74) 0.88) 1.23) 1.14)
Non-linear 0.07 0.05 <0.001 <0.00-
part 1
Age, sex Linear part 0.68 (0.59— <0.001 0.84 (0.70- 0.07 1.15 (1.06— <0.001 1.05 (0.96— 0.3
0.78) 1.01) 1.25) 1.15)
Non-linear 0.05 0.05 0.001 0.001
part
Extended* Linear part 0.67 (0.59- <0.001 0.85 (0.68— 0.1 1.08 (1.00— 0.06 0.99 (0.90- 0.8
0.77) 1.05) 1.18) 1.08)
Non-linear 0.04 0.06 0.001 <0.00-
part 1

Shown for each model are estimated HRs for the linear component of the non-linear P-spline and HRs for ferritin measurements per 100 ng/mL increase.
* Adjusted for age, sex, diabetes mellitus and time-dependent albumin and hemoglobin.
** Cardiovascular or sepsis mortality: myocardial infarction (MI), heart failure, sudden death, ischemic stroke, hemorrhagic stroke, sepsis.

doi:10.1371/journal.pone.0114144.t004
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a) All-cause mortality b) All-cause mortality
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Figure 2. Cox regression results. P-splines to explore the functional form of the effect of ferritin values (ng/mL) on the log hazard ratio for the risk of all-
cause mortality and cardiovascular or sepsis-related mortality in patients with C-reactive protein <0.5 mg/dL and =0.5 mg/dL during follow-up, adjusted for
age, sex, diabetes mellitus and time-dependent albumin and hemoglobin. Dashed lines are the pointwise 95% CI. The rugplot at the bottom of the figures
displays the number of measurements.

doi:10.1371/journal.pone.0114144.9002

was found in patients receiving iron supplementation [HR (95% CI): 0.22
(0.08-0.58); p=0.002]. The association between iron supplementation and
decreased risk of cardiovascular or sepsis-related mortality was of borderline
significance [HR (95% CI): 0.31 (0.09-1.04); p=0.06] (Table 2). We additionally
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evaluated the association between iron supplementation and all-cause mortality
stratified for the presence of diabetes mellitus. Whereas a significant risk reduction
[HR (95% CI): 0.19 (0.06-0.56); p=0.002] was found in non-diabetic patients
with iron supplementation (n=127) as compared to not iron supplemented non-
diabetic patients (n=26), this effect was not observed in diabetic patients (n=77
with iron supplementation vs n=5 without iron therapy [HR (95% CI): 0.51
(0.02-1.59); p=0.7]). However, due to the low number of subjects in the latter
group (n=>5) with only one event occurring in this subgroup the significance of
this analysis is limited (Table 3).

Association between ferritin and mortality as a function of time-
dependent CRP levels

Adjusted non-linear P-splines demonstrated an association between time-
dependent ferritin values and all-cause mortality as well as cardiovascular or sepsis-
related mortality (Table 4). When studying patients with a time-dependent normal
CRP level (<0.5 mg/dL) during follow-up a significant linear inverse relationship
was found between increasing ferritin values and decreasing all-cause mortality (
Figure 2a). In contrast, in patients with time-dependent increased CRP concen-
trations (>0.5 mg/dL) during follow-up all-cause mortality increased with
increasing ferritin levels (Figure 2b). The linear component of the non-linear spline
was highly significant in patients with normal CRP concentrations (p<<0.001). In
the group of patients with elevated CRP levels the linear component was of
borderline overall significance (p=0.06), with a significantly increased risk of death
in subjects with ferritin levels>>800 ng/mL (HR: 2.57, p=0.047). The non-linear
component was significant in both groups (p=0.04 and p=0.001, respectively).
Figure 2c shows a trend toward a decreasing risk for cardiovascular or sepsis-
associated mortality in patients with higher ferritin values and normal CRP during
follow-up, but neither the linear nor the non-linear component of the P-spline was
significant. In patients with CRP levels >0.5 mg/dL during follow-up a significant
non-linear inverse relationship (p<<0.001) was observed between decreasing
cardiovascular or sepsis-related mortality and ferritin values up to 600 ng/mL (
Figure 2d). Sensitivity analyses with higher CRP cut-offs (<or >1 mg/dL, <or
>5 mg/dL) supported our findings of a significantly increased mortality risk with
increasing ferritin levels in patients with higher CRP values (Tables S1 and S2,
Figures S1 and S2).

In patients with iron supplementation a total of 4556 CRP measurements were
collected. The median CRP levels did not differ between periods with (2053 CRP
measurements, 0.76 mg/dL) and without iron supplementation (2503 CRP
measurements, 0.73 mg/dL, p=0.8).
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Discussion

In our prospective long-term observational study we found a significant and
independent association between iron supplementation and reduced all-cause
mortality in incident dialysis patients during a follow-up period of up to seven
years. Time-dependent Cox regression analyses were used including all
information on adjusted laboratory parameters available from the entire
observation period.

Studies investigating the effect of iron supplementation on solid clinical
outcome data including survival over a long observation period are scarce. An
earlier report using a retrospective database from a historical dialysis cohort found
improved survival with intravenous iron at dosages of up to 400 mg/month,
whereas doses >400 mg/month were associated with slightly increased mortality
rates over a period of two years [12]. A recent analysis of the international Dialysis
Outcomes and Practice Patterns Study (DOPPS) found an increased mortality in
dialysis patients given intravenous iron doses of >300 mg/month over four
months compared to patients receiving lower doses [21]. Another retrospective
study found an increased mortality risk with cumulative iron doses 0f>1000 mg
during a two year follow-up. After using time-dependent models adjusting for
varying iron dosing and changing morbidity during the study the increased
mortality risk could no longer be found, not even for cumulative iron doses of
>1800 mg per six month [13]. Our data generated in a cohort of incident dialysis
patients over a much longer follow-up period support these earlier findings. We
found that the survival benefit in the patients with iron supplementation was
independent from changes in hemoglobin levels. When adjusting for time-
dependent alterations of CRP and albumin concentrations as surrogates of
inflammation and malnutrition, we confirmed the independent association
between lower mortality and iron supplementation. Using the entire data we
gained an informative depth of data over a very long observation period. The
time-dependent modelling we applied has several advantages since it does not
consider only one or a few data points but the full spectrum of data in each
patient. It furthermore avoids censoring of data in case of change of renal
replacement status since this new phase of treatment can be considered as time-
dependent covariate. Censoring of the data has major disadvantages such as loss
of power due to loss of follow-up time and informative bias due to the health
status influencing the choice of renal replacement therapy and probability of
transplantation.

The group without iron supplementation included a significantly higher
proportion of PD patients. Possible explanations for this finding could be the
reduced blood loss, better residual renal function and less chronic inflammation
as compared to hemodialysis patients [22]. However, we adjusted for the time-
dependent type of renal replacement therapy, which was of borderline significance
for all-cause mortality (Table 2 and Figure 1). As most of our patients received
iron intravenously (94% of all patients receiving iron), our results mainly
demonstrate the effect of intravenous iron supplementation in incident dialysis
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patients. The mean monthly iron dose used in our study is very well in line with
the reported monthly doses in DOPPS Phase 3, indicating general practice pattern
[23].

Anemia correction trials have shown a significant association between higher
ESA doses and increased all-cause mortality [24,25]. Usually, patients without
iron supplementation require higher ESA doses. In our cohort, patients without
iron supplementation received lower ESA doses compared to the group with iron
supplementation. Therefore, the higher mortality risk in our patients without iron
supplementation is not caused by the applied ESA dose.

It was recently suggested, that low dose continuous iron maintenance therapy
might be preferred over high-dose bolus application due to a lower infection-
related hospitalization and death risk [26]. In our study a continuous
maintenance therapy was uniformly used, therefore we cannot exclude differences
in all-cause and cardiovascular mortality depending on the iron dosing regimen.
However, the same group found no association between higher iron doses or
bolus application and short-term cardiovascular morbidity and mortality in the
same cohort [27]. Ferric gluconate was applied exclusively as intravenous iron
supplement over the complete observation period in our cohort. This could be
regarded as an advantage excluding varying effects caused by different iron
preparations. On the other hand, it also limits the applicability of our findings to
ferric gluconate only. Recently, new physicochemically more stable iron
preparations have been introduced into clinical practice. All intravenous iron
supplements have proved to be effective compared to oral or no iron
supplementation [28]. Prospective randomized head-to-head comparisons with
clinically relevant end-points between these different iron preparations are
missing. Recently published observational DOPPS data showed an increased
mortality with monthly intravenous iron doses>300 mg irrespective of the
applied iron preparation [26]. Experimental in vitro and ex vivo data found
monocytic iron accumulation as a function of circulating hepcidin levels and
inflammation following intravenous iron administration and in addition an
impaired monocytic immune function, cytokine expression and cell
differentiation and an increased formation of reactive oxygen species with the less
stable iron preparations ferric gluconate and iron sucrose, which was not observed
with the more stable ferric carboxymaltose, iron isomaltoside 100 and
ferumoxytol [29-31]. Therefore, substance-specific biological side-effects and
toxicity may theoretically differ in vivo as a function of the iron preparation and
backbone used with potential effects on patients’ morbidity [32]. This hypothesis
could only be tested in a randomized controlled trial comparing different
intravenous iron preparations [33]. Due to the paucity of prospective controlled
data, such trials exploring the effect of intravenous iron supplementation on
morbidity and mortality of dialysis patients and in addition by comparing
different iron preparations are urgently needed to improve the scientific evidence
for our clinical work. Recently, such a study has been started, called PIVOTAL,
which is currently recruiting a target of 2080 patients from over 50 sites in the UK,
and which is comparing the effects of a proactive high-dose, with a reactive
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low-dose regimen of intravenous iron sucrose in ESA-treated hemodialysis
patients (https://www.clinicaltrialsregister.eu/ctr-search/trial/2013-002267-25/
GB#E).

Is there a reasonable explanation for a survival benefit upon iron
supplementation in dialysis patients, although iron may be harmful by impairing
the immune response to microorganisms and promoting free radical production?
Iron blocks the stimulatory effect of interferon-y on monocytes, thereby reducing
secretion of the pro-inflammatory cytokine TNF-o [34]. In a small study in
hemodialysis patients with baseline ferritin levels of 300 ng/mL weekly application
of 100 mg intravenous iron over 12 weeks indeed caused a progressive decrease in
TNEF-a and an increase in the anti-inflammatory cytokine interleukin-4 [35]. In
addition, endogenous peroxides decreased, possibly as a consequence of reduction
of TNF-a, which is a potent inducer of radical formation. Therefore, iron
supplementation may ameliorate both inflammation and oxidative stress, which
are considered central factors in the dismal prognosis of dialysis patients.

Another important question is whether an upper threshold level for iron
loading in dialysis patients can be identified, above which detrimental effects of
iron may become apparent. Iron supplementation and a subsequent increase in
ferritin levels to up to 600-800 ng/mL appeared to be safe in our study cohort. We
found decreased all-cause mortality and a trend to decreased cardiovascular and
sepsis-related mortality in patients with normal CRP levels. In patients with
concomitantly elevated CRP we observed a trend toward a higher mortality rate in
subjects with ferritin levels above 800 ng/mL. However, the significance of this
observation is limited by the small number of measurements. The upper threshold
for ferritin levels as an indicator of iron-mediated toxicity in dialysis patients is
not yet defined. Studies comparing the effect of iron supplementation with
different ferritin targets on clinical outcomes are lacking. The recently published
KDIGO anemia guidelines recommend iron supplementation in patients with a
transferrin saturation <30% and a serum ferritin concentration <500 ng/mL
[36]. Of note, clinical data indicate a linear relationship between increased serum
ferritin levels and tissue iron deposition [37-39]. Nevertheless, the clinical
sequelae of these findings are not clear at present specifically in patients with
inflammation.

Ferritin levels in the setting of inflammation are difficult to interpret, because
ferritin is not only an iron storage protein but also an acute phase reactant
[5,40—41]. In an attempt to differentiate between these functions of time-
dependent ferritin we stratified our analyses according to time-dependent normal
or increased CRP levels during follow-up. We found a decreased mortality with
higher ferritin concentrations in patients with normal CRP although this finding
might be limited by a small sample size in this stratum of patients without
inflammation. In contrast, in patients with elevated CRP as a surrogate marker of
inflammation very high ferritin levels (>800 ng/ml) were associated with a
slightly increased mortality risk. This relationship between high serum ferritin
levels and mortality could instead be interpreted as a likely indication of more
advanced inflammation and not as a consequence of iron loading because
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inflammation is associated with a poor outcome per se [42]. However,
administration of iron under these conditions may increase radical formation as
immune activation induces oxygen radical production, which is augmented by the
presence of iron [14,17,32,43].

A recent meta-analysis [18] as well as in vitro data and results from different
animal models demonstrated an association between excess iron and a higher risk
of infection, increased microbial virulence and growth [44-45] along with an
prospective studies are rare and produced conflicting results on the association
between iron and risk for infection [16,26,50-56]. However, in our study we
found a lower risk for cardiovascular or sepsis-related mortality with borderline
significance in iron-treated patients.

Strengths and limitations

The prospective recruitment of all patients starting dialysis treatment over a
period of six years in a clearly circumscribed region allowed evaluation and
follow-up over a long observation period without significant loss of data.
Therefore, the most important bias of cross-sectional studies with a mix of
prevalent and incident cases and the resulting survival bias can be excluded. A
limitation of this study is the relatively small number of patients and events, which
limit the number of variables for which the analysis can be adjusted. However,
there were no differences between the age- and sex-adjusted models and the
models with extended adjustment. Even if our sample size of more than 200
patients is small, our study might be a stimulus for larger studies employing data
with this depth (duration of observation and granularity of data points).

Although biologically sound, this observation is limited by the comparably
small number of patients not receiving iron supplementation. Nowadays however,
almost all dialysis patients receive some sort of iron supplementation and studies
with a group of patients not receiving iron therapy for years are unlikely to be
conducted in the future. We also had a smaller number of diabetic patients in the
group without iron supplementation. A diet low in iron, reduced gastrointestinal
absorption and increased gastrointestinal blood loss may result in a higher rate of
iron deficiency in patients with diabetes mellitus [57]. Assuming that patients not
needing iron supplementation were probably healthier than their counterparts,
our results are even more surprising. Finally, we have no definite information,
why patients were selected not to receive iron supplementation. Comparable CRP
values during the follow-up between patients with and without iron supple-
mentation (median 0.74 vs 0.60 mg/dL, p=0.4) argue against a higher prevalence
of inflammatory or infectious diseases in patients not receiving iron supple-
mentation. However, some kind of selection bias cannot be excluded with
certainty.
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Conclusion

Iron supplementation is associated with a decreased all-cause mortality risk in
incident dialysis patients. Our findings provide cautious support for the safety and
benefit of judicious iron supplementation to achieve serum ferritin levels of up to
approximately 600-800 ng/mL. Additional studies are needed to determine the
influence of various iron dosing regimens and ferritin threshold targets on clinical
outcomes such as cardiovascular disease, infection and mortality.

Supporting Information

Figure S1. Cox regression results. P-splines to explore the functional form of the
effect of ferritin values (ng/mL) on the log hazard ratio for the risk of all-cause

mortality (a, b) and cardiovascular or sepsis-related mortality (c, d) in patients

with C-reactive protein <1 mg/dL and >1 mg/dL during follow-up, adjusted for
age, sex, diabetes mellitus and time-dependent albumin and hemoglobin. Dashed
lines are the pointwise 95% CI. The rugplot at the bottom of the figures displays
the number of measurements.

doi:10.1371/journal.pone.0114144.s001 (DOCX)

Figure S2. Cox regression results. P-splines to explore the functional form of the
effect of ferritin values (ng/mL) on the log hazard ratio for the risk of all-cause

mortality (a, b) and cardiovascular or sepsis-related mortality (c, d) in patients

with C-reactive protein <5 mg/dL and >5 mg/dL during follow-up, adjusted for
age, sex, diabetes mellitus and time-dependent albumin and hemoglobin. Dashed
lines are the pointwise 95% CI. The rugplot at the bottom of the figures displays
the number of measurements.

d0i:10.1371/journal.pone.0114144.s002 (DOCX)

Table S1. Association between time-dependent ferritin and all-cause mortality
and cardiovascular or sepsis-related mortality in patients with C-reactive
protein <1 mg/dL and >1 mg/dL during follow-up using time-dependent Cox
proportional hazards models.

doi:10.1371/journal.pone.0114144.s003 (DOCX)

Table S2. Association between time-dependent ferritin and all-cause mortality
and cardiovascular or sepsis-related mortality in patients with C-reactive
protein <5 mg/dL and >5 mg/dL during follow-up using time-dependent Cox
proportional hazards models.

doi:10.1371/journal.pone.0114144.s004 (DOCX)
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