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Abstract

Background: Anemia occurring as a result of inflammatory processes (anemia of inflammation, Al) has a high preva-
lence in critically ill patients. Knowledge on changes in iron metabolism during the course of Al is limited, hampering
the development of strategies to counteract Al. This case control study aimed to investigate iron metabolism during
the development of Al in critically ill patients.

Methods: Iron metabolism in 30 patients who developed Al during ICU stay was compared with 30 septic patients
with a high Hb and 30 non-septic patients with a high Hb. Patients were matched on age and sex. Longitudinally col-
lected plasma samples were analyzed for levels of parameters of iron metabolism. A linear mixed model was used to
assess the predictive values of the parameters.

Results: In patients with Al, levels of iron, transferrin and transferrin saturation showed an early decrease com-
pared to controls with a high Hb, already prior to the development of anemia. Ferritin, hepcidin and IL-6 levels were
increased in Al compared to controls. During Al development, erythroferrone decreased. Differences in iron metabo-

erythroferrone.

lism between groups were not influenced by APACHE IV score.

Conclusions: The results show that in critically ill patients with Al, iron metabolism is already altered prior to the
development of anemia. Levels of iron regulators in Al differ from septic controls with a high Hb, irrespective of
disease severity. Al is characterized by high levels of hepcidin, ferritin and IL-6 and low levels of iron, transferrin and
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Background

Anemia is a hallmark of critical illness, occurring in up
to 95% of critically ill patients [1, 2]. The cause of anemia
in these patients is often multifactorial including blood
loss, low nutrient intake and iatrogenic factors, such as
hemodilution and frequent blood sampling. Another
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and indicate if changes were made.

major cause of anemia in critically ill patients is anemia of
inflammation (AI) [3]. Although distinguishing AI from
anemia due to iron deficiency is a diagnostic challenge,
the contribution of inflammation to the development
of anemia is thought to play a role in up to 75% of criti-
cally ill patients [4, 5]. Al is characterized by a decreased
production of red blood cells, a shortened red blood cell
life span and alterations in iron metabolism, which will
impact erythropoiesis [4, 6].

Levels of transferrin, the iron transporter in the cir-
culation, are low in Al, as well as levels of iron [7]. The
main regulator of iron levels in the circulation is hep-
cidin. Hepcidin inhibits iron uptake and transport by
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internalization of the iron export channel ferroportin
on enterocytes, hepatocytes and macrophages, result-
ing in low levels of iron available for erythropoiesis [8, 9].
Hepcidin production in the liver increases in response
to cytokines, such as interleukin 6 (IL-6), whereas both
low plasma iron levels and anemia suppress hepcidin.
Hepcidin is also regulated by erythroferrone (ERFE), a
hormone produced by erythroblasts in response to eryth-
ropoietin, which suppresses hepcidin production [10, 11].
During inflammation, cytokines such as IFN-y inhibit
erythropoiesis, resulting in a reduction of the number of
erythroblasts [12] and as a result a low ERFE level. Taken
together, in Al, due to the high levels of hepcidin, there
is not an absolute iron deficiency but rather a decreased
iron availability. Consequently, both oral and intravenous
supplementation of iron to support erythropoiesis in
critically ill patients with anemia has not been unequivo-
cally successful [13-15]. As other means to treat anemia
in critically ill, such as supplementation of recombinant
erythropoietin, have shown benefit [16], but also harm [6,
17], correction of anemia is usually done by blood trans-
fusions. However, as transfusion is associated with lung
injury, infections and increased mortality [2], other strat-
egies to increase iron availability for erythropoiesis are
warranted. These may include reducing hepcidin activity,
which has been suggested to be beneficial in experimen-
tal models [18, 19].

Currently, knowledge on changes in iron metabolism
during the course of critical illness is limited, which ham-
pers the development of new strategies to correct Al In
this case control study, we investigated several parame-
ters of iron metabolism in critically ill septic patients who
developed anemia during their stay on the ICU. These
patients are classified as Al and compared to critically ill
control patients with sepsis and without sepsis who have
a high hemoglobin level (Hb).

Methods

Study design

This is a sub-study of the Molecular Diagnosis and Risk
Stratification of Sepsis (MARS) project, which was a
prospective observational cohort study on molecular
diagnostics of sepsis, conducted in the ICU of 2 tertiary
hospitals (ClinicalTrials.gov NCT01905033). All patients
admitted to the ICUs between January 2011 and July
2013 older than 18 years and with an expected stay longer
than 24 h were included. Trained ICU research physi-
cians prospectively collected demographic data, includ-
ing Acute Physiology and Chronic Health Evaluation,
(APACHE 1V score), admission type, daily disease sever-
ity scores (Sequential Organ Failure Assessment, SOFA)
and outcome. For this study, an opt-out consent method
was approved by the Medical Ethical Committees of both

Page 2 of 8

centers (IRB No. 10-056C). Participants were informed
about the study by a brochure provided at ICU admission
attached with an opt-out card that could be completed by
the patient or legal representative in case of unwilling-
ness to participate.

Patient selection

For the current study, three groups of critically ill patients
were identified. Patients were classified as developing Al
when anemia (Hb <6 mmol/L) occurred during their ICU
stay while complying to the diagnosis of sepsis (termed:
Al group). Sepsis was used as criterion for inflammation
to be able to identify patients with severe inflammation
from the database. Patients with Al were compared to
sepsis patients who had a high Hb (Hb level > 7 mmol/L)
(termed: septic controls, high Hb) and to patients with-
out sepsis who had a high Hb (termed: non-septic con-
trols, high Hb, n=30 per group) (Additional file 1: Table
S1). Hb levels of Al patients and controls were chosen
in order to create a clear distinction between patient
groups. Anemia was defined as Hb<6 mmol/L, because
these patients near the transfusion trigger and are there-
fore the clinically relevant anemic patients. The con-
trol patients were used to determine the influence of
the presence of sepsis on iron metabolism as well as the
“background” influence of being critically ill. Sample size
of 30 patients per group was chosen based on a previous
study that shows statistically significant results with simi-
lar patient numbers [20].

For all groups, the following patients were excluded:
patients who received red blood cell transfusions prior to
or during the inclusion period, patients with conditions
which may induce or alter chronic anemia (chronic renal
failure, hematological disease, chemotherapy, acquired
immunodeficiency syndrome), patients receiving iron
or erythropoietin therapy and postoperative patients (in
order to avoid patients who became anemic due to blood
loss due to invasive procedures). Daily patient files were
screened on blood loss, due to surgery or other invasive
procedures or gastrointestinal bleeding. Patients with
reported blood loss due to invasive procedures or gas-
trointestinal bleeding directly prior to ICU admission or
during the sampling period on the ICU were excluded.

Patients with Al were matched to controls for age
and sex using the Optimal Matching method from the
Matchlt package of R statistics [21]. Longitudinal blood
samples were taken from the biobank of collected sam-
ples. Infection was scored and classified using a four
point scale (none, possible probable or definite) accord-
ing to the Center for Disease Control and Prevention [22]
and International Sepsis Forum Consensus Conference
definitions [23, 24]. Sepsis was defined as a definite or
probable infection accompanied by at least one additional
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parameter as described in the 2001 International Sep-
sis Definitions Conference [25] (Additional file 2: Table
S2). All included sepsis patients had a SOFA >2 at ICU
admission, approximating the new sepsis-3 criteria [26].
To determine whether patients were suffering from iron
deficiency, the algorithm of Weiss was used [3].

Sample selection and analysis

The first blood sampling moment in all groups was on
ICU admission. The second sampling moment for Al
patients was on the day they developed anemia, the third
sampling moment was 2 days later. Control patients were
sampled on the first and third day of complying to their
classification (Additional file 1: Table S1).

Samples were centrifuged at 1500 g for 15 min at room
temperature and plasma was stored at —80 °C. Meas-
urements were done in heparin anti-coagulated plasma.
Serum iron, transferrin, ferritin and haptoglobin were
measured by immunoturbidimetric methods (Roche
Cobas ¢702). Transferrin saturation was calculated by the
formula serum iron/(25.2 x transferrin). Hepcidin (R&D),
soluble transferrin receptor (sTfR) (Biovendor), erythro-
ferrone (MyBioSource) and IL-6 levels (R&D) were meas-
ured by enzyme-linked immunosorbent assay kits.

Statistical analysis

One-way ANOVA was used, or in case of non-normally
distributed data, the Kruskal-Wallis. Categorical vari-
ables were compared with the Chi-square test or Fisher’s
exact tests.

First, it was investigated whether there were differ-
ences in iron metabolism between groups. Therefore,
the predictive value of the explanatory groups for the
iron metabolism variables was assessed. Since the obser-
vations over time are nested within patients, analysis
was done by a linear mixed model, using the three dif-
ferent groups of ICU patients (Al, septic controls, non-
septic controls) as a fixed effect. Patients, which include
the repeated measures, were used as random effect.
APACHE 1V score and proton pump inhibitor (PPI) use
were included in the model as potential confounders. The
dependent variables in the model showed skewed dis-
tributions. The best data transformation from the Box—
Cox family of power transformations [27] resulted in log
transformations for all iron metabolism variables. The
best model fit was investigated with the Linear and Non-
linear Mixed Effects Models package [28]. The modeling
process is described in the supplement. Estimates from
the log-transformed response scale predictions (levels of
iron metabolism variables) were back-transformed and
reported. Contrasts among predicted values for groups
were tested by the Least-Square Means package [29]. Sec-
ond, it was investigated whether there were significant
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differences in levels of iron parameters between sam-
ple days using the Friedman test. Mean imputation was
used to replace missing data (6 out of 270 data points
were missing). Statistical significance was considered to
be at p=0.05. All tests were corrected by the Bonferroni
method [29, 30]. When appropriate, statistical uncer-
tainty is expressed by the 95% confidence levels. All anal-
yses were performed in R statistics [31].

Results

Patient selection algorithm is shown in Additional file 3:
Fig. S1. Patients in the AI group did not differ from those
in the control groups in age and sex, due to matching on
these factors (Table 1). Patients with Al, however, tended
to be sicker compared to septic and non-septic control
groups, exemplified by higher Acute Physiology and
Chronic Health Evaluation (APACHE) IV score (p=0.08)
and Sequential Organ Failure Assessment (SOFA) scores
at admission (p=0.05). However, SOFA scores did not
differ between groups in follow-up sampling.

Hemoglobin level

The course of Hb levels in the different groups is shown
in Fig. 1. As per inclusion criteria, the patients in the Al
group became anemic over time during the ICU course,
but were not anemic when admitted to the ICU. The
median time to become anemic in this group was 8 (4-11
interquartile range (IQR)) days. Also per inclusion crite-
rion, the comparative groups (septic controls and non-
septic controls) kept a high Hb level during the course
of the study. The median sample days for these control
groups were similar; admission day 3 (3—-3 IQR) and day
5 (5-5IQR). At admission, the mean Hb levels of the sep-
tic and the non-septic control groups were higher than
the Hb level of Al patients (p <0.001).

Iron metabolism in patients with Al

In patients in the Al group, the levels of different regu-
lators of iron metabolism were already largely deviat-
ing from reference values at ICU admission, even when
anemia had not yet developed, and did not change fur-
ther over time. Iron, transferrin and transferrin satura-
tion were low in Al and did not decrease further over
time (Fig. 2). Ferritin levels were increased in AI com-
pared to the reference value and also hepcidin, and IL-6
levels were high, but did not increase further over time
(Fig. 2). ERFE levels decreased over time in Al (Fig. 2).
Haptoglobin levels were increased at admission com-
pared to reference values and further increased over
time (Fig. 2). Taken together, these parameters comply
with the diagnosis of Al, characterized by high levels of
hepcidin and ferritin and decreased levels of iron and
transferrin. Of interest, in Al, iron metabolism was
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Table 1 Patient characteristics
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Characteristics Al (n=30) Septic controls, high Hb (n=30) Non-septic controls, high Hb (n=30) p value
Male, n (%) 19 (63) 19 (63) 19 (63) 1.00
Age, years median (range) 64.5 (20-85) 65.5 (22-81) 64 (21-79) 0.99
APACHE IV score median (range) 82.5 (45-155) 72 (45-128) 71 (17-104) 0.08
Admission type, n (%)
Surgical ward 7 (23) 4(13) 7 (23) 0.66
Medical ward 17 (57) 16 (53) 13 (43) 0.75
Neurological ward 6 (20) 10 (33) 10 (33) 0.72
SOFA score median (range)
Sampling moment 1 7 (3-16) (3-10) 5(0-15) 0.05
Sampling moment 2 6(3-17) 6(1-15) 5(2-12) 0.09
Sampling moment 3 5(2-14) 5(1-15) 4(1-12) 0.21
Hemoglobin in mmol/L, mean SD
ICU admission 72(£0.7) 8.6 (+0.8) 84 (£0.7) <0.01
Second sample 56(£03) 8.1(£0.8) 8.1(+£06) <0.01
Third sample 53(£03) 8.1(£0.7) 8.0 (£0.6) <0.01
ICU mortality, n (%) 4(13) 2(7) 3(10) 0.69
Hospital mortality, n (%) 10 (33) 6 (20) 9(30) 049
(Table 2). The haptoglobin concentration was signifi-
107 cantly higher in Al patients compared to septic controls
with a high Hb level. Hepcidin, ferritin, sTfR and ERFE
levels were similar. The time course of iron parameters
in AI shows a similar pattern as in septic patients with
g d a high Hb level. The haptoglobin level increased over
£ L time in both groups and ERFE levels decreased over
£ SOt time, with an earlier decrease in Al compared to septic
g o controls (Fig. 2). This comparison between Al patients
and non-septic controls with a high Hb level is similar to
+ the comparison of Al to septic controls with a high Hb
level. However, the differences between Al and non-sep-
4- tic controls were more pronounced than the differences
Admission Day'1 Al Day'3 Al between Al and septic controls, suggesting that sepsis
Fig. 1 Mean hemoglobin levels over time. Time course of the influences iron metabolism in Al. However, in the multi-
hemoglobin levels of the three longitudinal sampled groups; anemia variate model, APACHE IV score as a measure of disease
of inflammation (Al), septic, high Hb controls and non-septic, high Hb .
controls. Data are expressed as mean with standard deviation severity was not a confounder of results, except for the

already altered at ICU admission, when Hb levels were
still normal.

Iron metabolism in patients with Al compared to septic
and non-septic controls with high Hb level

Table 2 shows the mean estimates derived from the lin-
ear mixed model of different parameters of iron metabo-
lism for all patients per group at all time points. Patients
in the AI group had a significantly lower iron level com-
pared to septic controls with a high Hb level, as well as a
lower transferrin level and a lower transferrin saturation

IL-6 model. Of note, proton pump inhibitors affect intes-
tinal iron intake and are frequently administered to ICU
patients [32]. However, the use of proton pump inhibitors
was not a confounder of results either (see Additional
file 4: Supplement).

Contribution of iron deficiency to the development

of anemia in patients on the ICU

To determine whether iron deficiency may have con-
tributed to the development of anemia, the algorithm of
Weiss [3] was applied to all anemic patients. According
to this algorithm, none of the patients with Al were iron
deficient.
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Discussion

The current study measured key players of iron metabo-
lism over time in several critically ill patient populations.
We show that iron metabolism is altered in ICU patients
[20], regardless of the presence of anemia. However,
alterations in iron metabolism are more pronounced in
Al patients than in non-anemic controls. As patients with
Al tended to be more severely ill, we investigated whether
these changes could be related to disease severity. The

APACHE IV score did not influence outcome of the mod-
els, suggesting that not only disease severity drives the
development of Al Hepcidin, which is thought to be the
main regulator of Al, was not different between Al and
septic controls. ERFE, which regulates hepcidin, showed
a rapid decrease in Al patients when compared to sep-
tic controls. Therefore, a decrease in ERFE levels may
contribute to the development of Al Haptoglobin levels
increased over time in Al, suggesting that intravascular



Boshuizen et al. Ann. Intensive Care (2018) 8:56

Page 6 of 8

Table 2 Mean estimates of iron parameters derived from the linear mixed model

Iron parameter Al Septic controls, high Hb Non-septic controls, high Hb
Iron (umol/L) 3.8 (3.2-4.5)*" 56 (4.8-6.6) 6.3(54-7.3)

Transferrin (g/L) 13(1.2-1.5)* 1.6(1.5-1.8) 1.9(1.7-2)

Transferrin saturation (%) 10 (8-12)* 14 (11-16) 13(11-15)

Ferritin (ug/L) 1134 (548-2346)" 473 (229-976) 314 (152-648)

Haptoglobin (g/L) 35(3.2-39)* 27(24-3) 25(22-28)

Hepcidin (pg/ml) 20.7 (15.1-28.5)t 129 (9.4-17.9) 7.3(54-9.8)

Erythroferrone (pg/ml) 15.5(9.3-26) 9.6 (5.8-16) 18.7 (11.2-31)

STIR (ug/ml) 0.83 (0.68-1.01) 0.7 (0.55-0.87) 0.70 (0.57-0.86)

IL-6 (pg/ml) 144 (5.1-40.9)" 8.0 (1.5-43.0) 2.0(04-10.9)

Data are expressed as (back-transformed) mean estimates of iron parameters for all patients per group at all time points, with 95% confidence interval

Differences between mean estimates are tested by contrasts. * p<0.05 Al compared to septic controls, T p <0.05 Al compared to non-septic controls

hemolysis does not contribute to the development of
anemia during sepsis. However, hemolysis could not be
excluded, since increased haptoglobin levels can reflect
inflammation, although IL-6 did not increase during Al
development. Taken together, iron parameters are altered
already at ICU admission. In those patients going on to
develop A, these disturbances are more pronounced
compared to septic and non-septic controls, which is not
solely due to disease severity.

Our finding that iron metabolism is already altered in
Al prior to the development of anemia suggests a win-
dow of opportunity to prevent Al Iron supplementa-
tion is an appealing approach. However, in our study,
iron deficiency could not be detected in patients with
Al Although the algorithm used to detect iron defi-
ciency has not been validated for ICU patients, Al
may account for a large proportion of anemia in ICU
patients. Therefore, it may not be surprising that stud-
ies on efficacy of iron therapy in critically ill patients
showed conflicting results [13—15, 33-35]. Heteroge-
neity of causes of anemia in patients included in these
studies could have contributed to conflicting outcomes.
A possible exception is the recent IRONMAN study,
which showed that iron supplementation resulted in
an increased Hb level at hospital discharge compared
to placebo [15]. In this study, patients with a low likeli-
hood of iron deficiency (high ferritin, high transferrin
saturation) were excluded, which may have yielded a
more homogenous patient population. Given that our
study indicates that absolute iron deficiency may not
be present in a large proportion of the ICU patients
that suffer from anemia, other treatment options may
be to increase the amount of iron available for eryth-
ropoiesis, e.g. by inhibiting hepcidin activity. An anti-
hepcidin antibody reduced the development of Al

in monkeys [18] and prevented a fall in iron levels in
human endotoxemia [19]. However, the advantages of
potential therapies to increase iron availability must be
weighed against the risk of adverse events. Iron may
promote bacterial growth [36] and increase the risk
of infections in several patient populations [37-39].
In ICU patients, high levels of transferrin saturation,
which reflects iron availability, has even shown to be a
predictor of mortality in septic patients [40]. It is not
known whether this association is due to a real patho-
genic effect of abundant iron or only reflects a higher
katabolic state. Notably, studies on iron therapy in ICU
patients did not show an increased rate of in-hospital
infections or mortality [13-15, 33, 34].

This study has limitations, the first of which is the
small number of patients included. The finding that hep-
cidin levels were consistently higher in AI compared
to septic controls without reaching statistical signifi-
cance may reflect limited power. Secondly, to define Al
patients, sepsis was used as inclusion criterion instead of
inflammation, which hampers extrapolation of results to
patients with inflammation due to other causes. Thirdly,
as a result of the inclusion criteria, iron parameters were
not measured at similar timepoints between groups.
Finally, patients with liver cirrhosis and occult blood loss
were not excluded. Strengths of our study are the case
control design and the longitudinal sampling of ICU
patients, using control groups which allow to determine
the influence of the presence of sepsis on iron metabo-
lism as well as the “background” influence of being criti-
cally ill. Also, strict exclusion criteria to limit external
factors that influence iron metabolism were applied and
strict definitions were used. Further, data and sample col-
lection were performed by dedicated researchers leading
to a complete follow-up.
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Conclusions

In conclusion, we have shown that iron metabolism is
already changed in AI before anemia occurs, suggesting
a window of opportunity for therapy to modulate iron
metabolism. Levels of iron, transferrin and transferrin
saturation are low in Al patients compared to septic con-
trols, irrespective of disease severity, suggesting that Al is
not solely determined by severity of inflammation. ERFE
may play a role in the development of Al
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