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Purpose: To evaluate the safety (risk of infection) and efficacy (transfusion requirements, changes in haemoglobin
(Hb)) of iron therapy in adult intensive care unit (ICU) patients.

Materials and methods: We systematically searched seven databases for all relevant studies until January 2018
and included randomized (RCT) studies comparing iron, by any route, with placebo/no iron.

Results: 805 participants from 6 RCTs were included. Iron therapy, by any route, did not decrease the risk of
requirement for a red blood cell (RBC) transfusion (Risk ratio (RR) 0.91, 95% CI 0.80 to 1.04, p = 0.15) or mean
number of RBCs transfused per participant (mean difference (MD) -0.30, 95% CI -0.68 to 0.07, p = 0.15). Iron
therapy did increase mean Hb concentration (MD 0.31 g/dL, 95% CI 0.04 to 0.59, p = 0.03). There was no differ-
ence in infection (RR 0.95, 95% C10.79 to 1.19, p = 0.44). Trial Sequential Analysis suggests that the required par-
ticipant numbers to detect or reject a clinically important effect of iron therapy on transfusion requirements or
infection in ICU patients has not yet been reached.

Conclusion: Iron therapy results in a modest increase in Hb. The current evidence is inadequate to exclude an im-
portant effect on transfusion requirements or infection.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Anaemia is highly prevalent in intensive care unit (ICU) patients;
approximately 60% have a haemoglobin (Hb) concentration < 12 g/L
on ICU admission and after 7 days, 80% of patients will have an Hb
<90 g/L [1,2]. At present, allogeneic red blood cell (RBC) transfusion is
the mainstay for treatment for anaemia in ICU patients. Depending on
the case mix, approximately 30-50% of ICU patients receive an RBC
transfusion and ICU patients can account for up to 20% of all hospital
transfusions [1,3,4]. The majority of transfusions are used to treat anae-
mia with only 10-20% being used to treat haemorrhage [5]. This
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resource burden combined with the well recognized risks of allogeneic
RBC transfusion means that there is an unmet need for safe and effective
alternative interventions that will treat anaemia and also reduce trans-
fusion requirements.

Iron therapy has been shown to improve Hb and decrease RBC trans-
fusion requirements in a variety of clinical settings with varying effect
sizes [6-8]. On the basis of this evidence, recent consensus statements
and patient blood management initiatives (as part of optimising eryth-
ropoiesis) advocate the use of iron. In particular, intravenous (i.v.) iron,
has been recommended as being safe and efficacious even in the set-
tings of co-existing inflammation such as functional iron deficiency
(FID) and/or iron sequestration (defined as ferritin >100 pg/L, transfer-
rin saturation index (TSAT) <20% and/or CRP >5 mg/L) [9-11]. Itis highly
plausible that both the benefits and risks, particularly the risk of infec-
tion, associated with i.v. iron is dependent on the clinical context and
baseline risk. Specifically, the erythropoetic response may be blunted
due to co-existing inflammation and the potential for adverse events
such as developing infection may be increased in the context of iron
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oversaturation, such as may occur in iron sequestration [12]. This is of
concern in ICU patients who display the hallmarks of anaemia of inflam-
mation with iron parameters in keeping with those of FID/iron seques-
tration mentioned above and are also at a higher baseline risk of
developing infection. Therefore a better understanding of the benefits
and risks of iron therapy in this cohort is needed.

A previous systematic review of iron supplementation in critically ill
patients found no evidence of an effect of iron therapy, by any route, on
efficacy and safety outcomes [13]. Current consensus recommends
updating systematic reviews when new evidence is available and
when newer, relevant synthesis methods can be applied [14]. With
the publication of a recent multicenter trial [15], we conducted an up-
date of our previous systematic review to investigate if this would
alter the findings our previous review on clinically important efficacy
(risk of transfusion, differences in Hb concentration and safety (mortal-
ity, risk of infection) outcomes. In addition, we also applied Trial Se-
quential Analysis (TSA) and assessed the quality of evidence using the
grading of recommendations assessment, development, and evaluation
(GRADE) guidelines to improve the quality of our analysis and clarity of
our findings.

2. Methods

This systematic review was conducting according to a predefined
study protocol registered on PROSPERO (CRD42015016627). We
followed the recommendation by the Cochrane Collaboration [16], the
preferred reporting items for systematic reviews and meta-analysis
(PRISMA) statement [17] and the GRADE guidelines [18].

2.1. Eligibility criteria

To be included in this meta-analysis, the following criteria had to be
met: (i) randomized controlled trials (RCT); (ii) patients admitted to
any adult ICU or high-dependency unit (HDU); (iii) iron supplementa-
tion by any route (oral, intravenous, intramuscular) versus placebo or
no iron therapy. Co-interventions were only included if they were pres-
ent in both/all arms.

2.2. Study identification

The last search date was 15th January 2018. One review contributor
(CD) searched the following databases: CENTRAL (Cochrane Central
Register of Controlled Trials) in The Cochrane Library, MEDLINE, Embase,
CINAHL, PubMed (e-publications ahead of print only), Web of Science
(1990 onwards) and the Transfusion Evidence Library (1950 onwards).
Ongoing trials were sought from trial registration websites. The full
search strategy is available in Appendix 1 (Supplemental digital content,
Appendix 1).

2.3. Study selection and data extraction

Two review authors (AS, HW) independently screened citations
from the systematic search. All trials that fulfilled the inclusion criteria
were investigated in full text. Data were extracted by the same two re-
view authors (AS, HW) onto a pre-piloted data collection form that was
used for the previous version of this review. Disagreements were solved
through discussion and if no resolution was found, a third author (SJS)
adjudicated. We sought unclear or missing data by contacting the au-
thors of the individual trials.

2.4. Outcomes

The pre-defined co-primary efficacy outcomes were:
(i) requirement for allogeneic RBC transfusion; (ii) mean number of
RBCs transfused; and (iii) mean haemoglobin (Hb) concentration. Sec-
ondary safety outcomes were: (i) all-cause mortality; (ii) in-hospital

infection (as defined by the study authors); (iii) ICU length of stay
(LOS); (iv) hospital LOS; (v) morbidity scales (e.g. organ dysfunction
scores such as Multiple Organ Dysfunction Score (MODS));
(vi) health-related quality of life (HrQoL); and (vii) adverse events.
We defined two time points: (i) short-term (<10 days) (ii) medium-
term (>10 days, the last measured time point in hospital or end of
the trial).

2.5. Risk of bias assessment

Study quality was judged using the Cochrane Collaboration tool for
assessing risk of bias [19]. A three-point scale was used to determine
low, high, or unclear risk of bias. Three review authors (AS, NBR, HW)
assessed risk of bias independently both for this updated review
(AS, HW) and for the previous version (AS, NBR).

2.6. Quality of evidence

In accordance with the GRADE approach [18], we assessed the over-
all quality of evidence for all co-primary outcomes and a secondary out-
come of in-hospital infection. We evaluated the quality of evidence and
our confidence in the effect estimates on the basis of trial quality, consis-
tency and directness as well as conclusions drawn from TSA and rated
the overall quality of evidence as “high”, “moderate”, “low” or “very
low”.

2.7. Data synthesis

Statistical analyses were performed using Review Manager
(RevMan, version 5.3) [20] and TSA program version 0.9 beta (www.
ctu.dk/tsa) [21]. We used random effects models throughout. Where
possible, continuous variables were reported as mean difference (MD)
with 95% confidence interval (CI). For outcomes that were deemed
likely to be skewed in distribution, namely number of RBC transfusions,
reported mean and standard deviation (SD) were transformed to a nat-
ural logarithmic scale using the methods of Higgins et al. [22]. Dichoto-
mous variables were reported as relative risk (RR) with corresponding
95% CI. Heterogeneity was assessed using the I statistic [23].

2.8. Subgroup and sensitivity analyses

We planned to perform subgroup analyses if there were at least two
RCTs with comparable subgroups reporting the primary outcomes:
(i) different iron preparation (enteral vs. intravenous) and (ii) use of
co-interventions e.g. erythropoietin. We intended to perform sensitivity
analysis by only including trials at low risk of bias (defined as trials with
no high risk of bias domains and at least half of the remaining domains
considered to be at low risk of bias).

2.9. Trial sequential analysis

Cumulative meta-analysis may result in type 1 errors due to re-
peated testing of accumulating data [24]. We applied trial sequential
analysis (TSA) to assess this risk. TSA calculates a required information
size (IS) (overall sample size to obtain the required level of statistical
power) based on the available data by taking into the consideration
the event rate in the control group, a plausible relative risk reduction/in-
crease and the anticipated heterogeneity variance (D?) of the meta-
analysis.!” We applied TSA to the following dichotomous outcomes:
(i) requirement for RBC transfusion (efficacy); (ii) in-hospital infection
(safety).

We estimated a baseline risk of 50% of requiring an allogeneic RBC
transfusion based approximately on the proportion of participants re-
ceiving a transfusion in the control group on the trials included in this
systematic review. We considered a 12% relative risk reduction (RRR)
as clinically meaningful. We estimated a baseline risk of developing an
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infection of 30%. This was based on the results of a large observational
study [25]. We considered a 17% relative risk increase (RRI) of develop-
ing an infection from receiving iron therapy as clinically relevant. These
estimates are from a meta-analysis assessing the safety and efficacy of
intravenous iron across a range of patient populations [6].

We produced futility boundaries such that if the cumulative Z-curve
crossed the futility threshold, evidence showed that the treatment effect
did not differ more than the anticipated effect size. We used the O'Brien
Fleming alpha-spending function with an overall type I error rate of 5%
and with 80% statistical power to derive two-sided sequential monitor-
ing and futility boundaries.

3. Results
3.1. Characteristics of included studies

Our search identified 1123 records and we assessed 33 full-text
articles after exclusion by screening of titles, duplicates and abstracts
(Supplemental digital content, Fig. S1). We included 6 RCTs
[15,26-30]. One ongoing trial was identified [31]. Details of the included
RCTs are shown in Table 1. The six RCTs included a total of 805 partici-
pants of which 438 received iron and 367 received no iron/placebo.
Four RCTs were single-center trials. Four trials were carried out in
surgical ICUs (trauma, cardiothoracic, neurosurgical, burns, and general
surgical) and two trials were carried out in mixed ICUs that included
medical, surgical and trauma participants.

Three trials compared intravenous iron to intravenous placebo
[15,26,29], one trial compared intravenous iron to no iron (control)
[30], one trial compared oral iron to oral placebo [28] and one trial in-
cluded three arms [27]: (i) intravenous iron and oral placebo, (ii) oral
iron and intravenous placebo, and (iii) oral and intravenous placebo.
Two trials included groups that received erythropoietin and data from
these groups was excluded for this analysis [27,30]. Two trials adminis-
tered co-interventions: ascorbic acid, cyanocobalamin and folic acid
[29] or folic acid only [30].

3.2. Risk of bias assessments

Two trials [15,28] were judged as having low risk of bias across all
domains (Supplemental digital content, Fig. S2). Four trials reported to
have achieved adequate participant and personnel blinding
[15,26-28]. Four trials were judged as having unclear risk of detection
bias [26,27,29,30]. Three trials reported high levels of attrition of ran-
domized participants [26,27,29]. Detailed risk of bias assessment for
each trial is provided in Appendix 2 (Supplemental Digital Content,
Appendix 2).

3.3. Quality of evidence

The GRADE quality of evidence ranged from very low to moderate.
We predominantly downgraded studies for risk of bias (mainly attrition
bias) and for imprecision due to the optimal sample size not being
reached and for the wide variation in confidence intervals.

3.4. Co-primary outcomes

All six trials reported on the number of participants who received an
RBC transfusion. Meta-analysis showed no evidence of an effect of iron
supplementation on the number of participants requiring an RBC trans-
fusion (RR 0.91, 95% CI 0.80 to 1.04, p = 0.15, P = 22%) (Fig. 1).
Subgroup analysis by route of administration showed no evidence of a
difference in the effect of iron therapy by either intravenous or oral
routes (Fig. 2). The TSA adjusted CI was 0.69 to 1.20 with available
data showing that only 27% of the required IS to detect or reject a RRR
of 12% has been reached (Fig. 3). In TSA adjusted for the two trials
with overall low risk of bias, the TSA adjusted CI was 0.76 to 1.09 with

the available data showing that only 60% of the required IS had been
reached (Supplemental digital content, Fig. S3). The GRADE quality
was judged to be low (Table 2).

Three trials reported the mean number of RBC units received per
participant in both groups [15,26,29]. After transforming to a log scale,
meta-analysis of these three trials showed no evidence that iron supple-
mentation reduced the mean number of allogeneic RBC units transfused
(MD -0.30, 95% CI -0.68 to 0.07, p = 0.15, P = 60%) (Fig. 1). The GRADE
quality was judged to be low (Table 2).

Mean (SD) differences in Hb concentration were reported at short-
term follow-up in three trials [26,27,30] and at mid-term follow-up in
four trials [15,26,27,29] (Fig. 1). Mean Hb at medium-term follow-up
was higher in participants that received iron (MD 0.31 g/dL, 95% CI to
0.04 to 0.59, p = 0.03, P = 0%) (moderate quality of evidence). There
was no significant difference in the mean Hb concentration between
both groups at short-term follow-up (MD —0.25 g/dL, 95% CI -0.79 to
0.28, p = 0.35, P = 57%) (very low quality of evidence) (Fig. 1).

3.5. Secondary outcomes

Five trials reported in-hospital mortality [15,27-30]. There was no
evidence of an effect of iron supplementation on mortality (RR 1.09,
95% C10.60 to 1.98, p = 0.77, P = 34%) (Fig. 4). Causes of death were
not reported in any trial. Three trials reported on infection with varying
definitions [15,28,29]. In meta-analysis, there was no evidence of a dif-
ference in the risk of infection in participants who received iron com-
pared to those who did not (RR 0.95, 95% CI 0.79 to 1.19, p = 0.44, I’
= 27%) (Fig. 4). The TSA adjusted CI was 0.39 to 2.33 with the cumula-
tive Z-curve showing that only 12% of the required IS for to detect or re-
ject a RRI of 17% had been reached (Supplemental digital content,
Fig. S4). The GRADE quality was judged to be low. Trials that reported
antibiotic use did not find a significant difference in mean number of an-
tibiotic days between the intervention and control groups (14 vs.
16 days, p = 0.45 [28]; 14 vs. 16 days, p = 0.64 [29]).

Three trials reported ICU and hospital LOS [15,28,29] whereas one
only reported ICU LOS [30]. We did not perform meta-analysis as LOS
is often reported as median (with interquartile range) due to non-
parametric distribution. One trial did however report mean (SD) data
and found a significantly longer ICU LOS in the control group compared
to the intervention group (58 (31) vs. 29 (18) days, p < 0.05) [30]. Of
the remaining three trials, there was no difference in median ICU LOS
(6 vs. 6 days, p = 0.70 [15]; 14 vs. 16 days, p = 0.69 [28], 10 vs.
11 days, p = 0.53 [29]) and in median hospital LOS (15 vs. 18 days,
p = 0.75[15]; 14 vs. 16 days, p = 0.24 [28]; 14 vs. 16 days, p = 0.50
[29]). Only one trial reported on median ICU organ failure support-
free days [15] and found no difference between the intervention and
control group (2 vs. 2 days, p = 0.89). No trials reported on health re-
lated quality of life.

One trial reported serious adverse events (SAE) and found no differ-
ence between the intravenous iron (pulmonary embolus (PE) = 2, deep
vein thrombosis (DVT) = 2) and placebo (PE = 3, DVT = 1) (RR 1.0,
95% CI 0.26 to 3.84, p = 1.0) groups [15]. One trial of oral iron versus
oral placebo found no differences in adverse events between groups
(12.4% vs. 8.7%, p = 0.62) [28]. Adverse events in this trial were gastro-
intestinal side effects. Sensitivity analyses for risk of bias were intended
but were not carried out due to the limited number of included studies.

4. Discussion
4.1. Key findings

Our updated systematic review identified one additional RCT, which
was incorporated into the meta-analyses. The main findings from this
systematic review are: First, we found no evidence of an effect of iron
on transfusion requirements, mortality or risk of infection in ICU pa-
tients. Secondly, the route of iron administration, in particular i.v., did



Table 1

Characteristics of the included studies.

Study Garrido-Martin et al. [26] Madi-Jebara et al. [27] Pierraci et al. [28] Pierraci et al. [29] van Iperen et al. [30] Litton et al. [15]
Iron No iron Iron No iron Iron No iron Iron No iron Iron No iron Iron No iron
No. randomized IV 71, Oral 73 66 40 40 97 103 75 76 12 12 70 70
No. analysed IV 54, Oral 53 52 40 40 97 103 75 75 12 12 70 70
Age (mean, SD/range) V65 (11) 65 (12) 59.1 (9.1) 55.3 (9.5) 55.7 (1.9) 58.2(1.7) 41.6 (18-83) 404 (18-87) 67 (49-89) 69 (45-80) 58.5(18.8) 56.0 (21.1)
Oral 65 (10)
Male % IV 70.3% 76.9% 90% 90% 50.5% 46.6% 77.3% 60.5% 66.6% 66.6% 63% 74%
Oral 71.7%
ICU setting Cardiothoracic Cardiothoracic General surgical, burns, Trauma Mixed (surgical, medical, Mixed (general surgical,
neurosurgical neurological, trauma) cardiothoracic, neurosurgical,
medical, trauma)
Number of centers One One One Four One Four

Inclusion criteria

Exclusion criteria

Intervention(s)

Comparator

>18 years old, elective cardiac
surgery under extracorporeal
circulation, no previous anaemia,
susceptible to treatment, no
preoperative blood transfusion,
able to complete all study visits
are per protocol, able to provide
written consent.

Elective cardiac surgery
without exclusion criteria,
fibrinolytic therapy 48 h prior
to CPB, impaired renal function
(CrCl<50 mls.min~'), previous
surgery for IE, re-do surgery,
pregnant or lactating, active
gastrointestinal bleeding, B12
deficit, ferropenic anaemia,
asthma or allergy, active
infection, included in another
study, hepatic disease, history
of allergy to iron, unlikely to
adhere to protocol follow-up.

i) IV iron-hydroxide sucrose
complex (Venofer; Uriach Lab)
3 doses of 100 mg/24 h during
pre- and post-hospitalization,
and 1 pill/24 h of oral placebo
during the same period and
during 1 month after discharge.

i) Ferrous fumarate (105 mg of

iron) 1 pill/24 h orally pre- and
postoperatively and during 1
month after discharge, and
intravenous placebo while
hospitalised.

Oral and intravenous placebo
pre- and postoperatively
following same protocol.

Elective cardiac surgery
with CPB, Post-pump Hb
7-10 g/dL.

Intra-operative blood
transfusion, post-operative
hemodynamic instability,
ejection fraction <40%,
chronic kidney disease,
hypothermic bypass,
hypersensitivity to iron.

i) IV iron (Venofer;
Luitpold Pharmaceuticals)
200 mg/day to reach total
iron deficit + s/c placebo *

Placebo - s/c and i.v. (0.9%
Saline).

General surgical, burn,
neurosurgical ICUs, Age > 18
years, Hb < 13 g/dL prior to
enrollment, <72 h from
hospital admission, current
tolerance of enteral
medication, expected ICU LOS
> 5 days.

Active bleeding, chronic
inflammatory conditions,
end-stage renal disease,
hematologic disorders,
macrocytic anaemia, current
use of EPO, pregnancy,
prohibition of RBC transfusion,

Admitted to ICU with trauma, Hb < 12
g/dL, Age > 18 years, <72 h from ICU
admission, expected ICU LOS > 5 days.

Active hemorrhage, iron overload
(serum ferritin>1000 ng.mL™"),
conditions associated with iron

overload e.g. haemachromatosis, active

infection, chronic inflammatory

conditions, pre-existing haematological

disorders, macrocytic anaemia,

Hb < 11.2 g/dL, <12.1 g/dL if
cardiac disease, age > 18 years,
expected ICU LOS > 7 days,
informed consent from patient
or relative.

Pregnancy, iron deficiency
anaemia (ferritin<50 pg.L™'),
vitamin B12 deficiency (<160
pmol.L™ 1), recent use of
cytostatics or recent
radiotherapy, life expectancy <7
days, chronic renal failure, prior

Admitted to an ICU for <48 h,
Anticipated to require ICU care
beyond the next calendar day,
Hb <100 g/L at any time during
the preceding 24 h, age 18 years
or greater

Suspected or confirmed sepsis,
serum ferritin >1200 ng/mL or
Tsat >50%, history of
haemochromatosis, known
administration if IV iron in the
preceding 3 months, Jehovah's
witness or other documented

imminent death, co- use of EPO.

enrollment in another trial.

current/recent (within 30 days) use of
immunosuppression, use of EPO within
30 days, pregnancy or lactation,
prohibition of RBCs, imminent death,

exclusion to receiving blood
products, receiving ESA in the 3
months prior to ICU admission,
known hypersensitivity to

Enteral ferrous sulphate 325
mg (oral solution or capsule)
(Rockwell Compounding Inc.)
thrice daily until hospital
discharge.

Co-intervention: Ascorbic
acid 500 mg thrice daily,
Cyanocobalamin 1 mg, Folic
acid 1 mg.

Oral placebo, same schedule as
intervention protocol.
Co-intervention: Ascorbic acid
500 mg thrice daily,
Cyanocobalamin 1 mg, Folic
acid 1 mg.

history of allergy to iron.

IV Iron sucrose (Venofer; Luitpold

Pharmaceuticals) 100 mg thrice

weekly for up to 6 doses or until ICU

discharge.

IV placebo (100 mls of 0.9% saline)

IV iron saccharate (Venofer;
Vifor) 20 mg and IV folic acid 1
mg daily from D1-14 "
Co-intervention: Folic acid 1 mg
daily

No iron

similar dosing schedule to intervention. Co-intervention: Folic acid 1 mg

daily.

intravenous iron, pregnancy,
palliative treatment intent,
death is deemed imminent and
inevitable, weight <40 kg,
participant in competing study
IV iron (ferric carboxymaltose) 500
mg. Assessed for repeat dosing
after 4 days if still in ICU and
fulfilling all other eligibility criteria.

IV placebo (100mls of 0.9%
saline) similar dosing schedule
to intervention

(continued on next page)
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Table 1 (continued)

Litton et al. [15]

van Iperen et al. [30]

Pierraci et al. [29]

Pierraci et al. [28]

Madi-Jebara et al. [27]

Garrido-Martin et al. [26]

Study

No iron Iron No iron Iron No iron Iron No iron

Iron

No iron

Iron

No iron

Iron

« Hb concentration (DO, D7, « RBC transfusion (mean number

< Number of total doses of study

« Hb concentration (DO, « Difference in Hct (Baseline,

» Hb concentration (Baseline,

Reported outcomes (follow-up

of units) (Randomisation to

hospital discharge)
 Hb at hospital discharge

D14, D21)
« Reticulocyte count, sTfR (DO,

drug received
< Hb concentration (daily)

D7, D14, D21, D28) (pri-

mary outcome)
« Serum iron, serum ferritin,

D1-5, D15, D30)
* Reticulocyte counts (D1,

operating room entry (D7),
exit operating room, ICU

time points, days)

D7, D14, D21)
« Serum EPO (DO, D2, D6, D10,

< Serum iron, serum ferritin, serum

D5, D15, D30)
« Serum ferritin (DO, D5,

admission, ICU discharge,
postoperative D10 and D30
post-hospital hospital dis-

charge)
» Immature reticulocyte

« Proportion of patients receiving

Tsat, eZPP (Baseline, D7, D14)

« RBC transfusions

eZPP (Baseline, D7, D14,

D21, D28)
* RBC transfusion

RBC transfusion
* ICU and hospital LOS

« Nosocomial infection

« Mortality

D21)
< Serum iron, transferrin, Tsat,

D15)
* RBC transfusion

« Mortality

< Transfusion-free days

ferritin, eZPP, CRP (DO, D10,

D21)
* Mean blood loss (D0-D21)

« Nosocomial infection & type
« Antibiotic exposure
« ICU & Hospital LOS

* Mortality

« Estimated blood loss per

study day
» Nosocomial infection

« Antibiotic days

fraction, reticulocyte count,

serum ferritin (D1, postoper-
ative D10 and D30 post--

hospital discharge)
» RBC transfusion (no. patients

< RBC transfusion (mean num-

ber of units) (D0-D21)

« ICU LOS
« Mortality

» Adverse outcomes - gas-

trointestinal upset
« ICU & Hospital LOS

» Mortality

transfused, location of

transfusion, mean number of

units)
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haemoglobin; Hct = Haematocrit; Tsat = transferrin saturation; sTfR = soluble transferrin receptor; eZPP = erythrocyte zinc protoporphyrin; LOS = length of stay; CBP = cardiopulmonary bypass; RBC = red blood

ICU = intensive care unit; Hb

cell; EPO = erythropoietin; CrCl = creatinine clearance; IE = Infective endocarditis

2 Inasecond intervention arm, patients received intravenous iron and recombinant-human EPO(300 IU/kg) subcutaneously on day 1; this treatment arm was not included in this review because the co-intervention was not matched in the control

group.

" In a second intervention arm, patients received intravenous iron and EPO alfa (300 IU/kg) subcutaneously on days 1,3,5,7,9; this treatment arm was not included in this review because the co-intervention was not matched in the control group.

not appear to influence the risk of requiring a blood transfusion. Thirdly,
iron therapy, when given to acute, critically ill patients results in a mod-
est improvement in Hb at longer follow-up time points.

Although the point estimate for our outcome of transfusion require-
ments favoured iron therapy, the difference was not statistically signif-
icant. A plausible reason for the early ineffectiveness of iron could be
because the erythropoietic response is blunted due to high levels of
inflammation associated with the acute phase of critical illness. Pro-
inflammatory cytokines such as interleukin-6 (IL-6) have been shown
to inhibit the EPO gene which could potentially explain the inappropri-
ately low circulating EPO levels observed in critically ill patients [32-34].
Furthermore, hepcidin - the key hormonal regulator of iron status, is
upregulated by IL-6 which subsequently inhibits iron mobilization
through internalization of ferroportin, a key iron export protein [35].
As aresultiron is trapped within macrophages thereby limiting its avail-
ability for erythropoiesis. This contributes to states of FID and/or iron se-
questration often observed in patients with anaemia and co-existing
inflammation. Hepcidin also blocks absorption of iron from the gastro-
intestinal tract, which may explain the ineffectiveness of oral iron in
treating such patients [35,36].

In contrast, i.v. iron can bypass this ‘hepcidin block’ [37] and there-
fore has been proposed as a safe and effective treatment option in peri-
operative patients with anaemia and co-existing inflammation [9].
However, our subgroup analysis by route of administration found no ev-
idence of an effect of i.v. iron on reducing risk of RBC transfusion. This is
in agreement with the findings of a recent systematic review of postop-
erative iron following elective surgery that also found that i.v. iron did
not decrease the risk of RBC transfusion [38]. Although we did not spe-
cifically seek out to investigate surgical patients, the majority of the in-
cluded participants in our systematic review were from surgical ICUs. In
the most recent IRONMAN trial, the iron profile of participants random-
ized to the intervention group was characterised by iron sequestration
with a mean (SD) ferritin of 317 (218) ng ml~!, mean (SD) TSAT of 13
(10)% and mean (SD) CRP of 111(83) mg 1= [15]. This was similar to
the iron profiles of post-operative surgical participants from a recent
large RCT of post-operative intravenous iron in patients undergoing
major elective surgery [39]. Therefore, our findings could, in part, be ex-
ternally generalizable to perioperative surgical patients with anaemia
and co-existing inflammation.

Our TSA findings suggest that the required sample size to defini-
tively answer the question of ‘does iron reduce transfusion require-
ments in ICU patients?’ has not been met. The authors of the
IRONMAN trial, in the supplementary material, provided a power calcu-
lation suggesting that 1572 participants would be required to detect a
0.5 unit decrease in RBC transfusion requirements [15]. Putting it all to-
gether, until high-quality, adequately powered studies are carried out
we suggest caution in using iron therapy, by any route, in anaemic ICU
patients and perhaps even perioperative patients with co-existing
inflammation.

We found that the use of iron is associated with an increase in Hb at
longer follow-up periods. Unfortunately, the data do not allow for the
potentially important (and beneficial) clinical consequences of a rise
in Hb to be addressed. Persistence of anaemia beyond ICU discharge
and its possible association with long-term morbidity is now increas-
ingly being recognized [40,41,42]. This is important, because any thera-
peutic effect for iron, in particular i.v. iron preparations, may not occur
for 2-4 weeks and efficacy may therefore be missed in studies focusing
on short-term outcomes. Recent work has shown that hepcidin levels
are markedly increased on ICU admission but decrease significantly
over time and that this reduction is associated with resolution of inflam-
mation as defined by decreased IL-6 and CRP concentrations [43].
Therefore, it is biologically attractive to consider administered iron dur-
ing the latter/recovery phases of critical illness, when inflammation and
hepcidin levels are regressing, and therefore the response to iron may
even be larger. Stratifying patients according to hepcidin levels to
guide iron therapy has shown promise in other clinical settings
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Iron No iron Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Garrido-Martin 2012 47 107 26 52 11.8% 0.88[0.62 1.24] —
Litton 2016 38 70 349 0 15.0% 097 [0.72,1.31] e
Madi-Jehara 2004 10 40 9 40 26% 1.11[0.51, 2.44]
Pieracci 2009 29 a7 46 103 10.4% 0.67 [0.46, 0.87] —
Fieracci 2014 47 Th fild) Th  235% 0.85 [0.68, 1.07] — &
van lperen 2000 12 12 12 12 366% 1.00 [0.86,1.17] j
Total (95% CI) 401 352 100.0% 0.91[0.80, 1.04]
Total events 183 187

Heterogeneity: Tau®=0.01; Chi*=6.43, df=5(P=0.27); F=22%
Testfor overall effect Z=1.44 (P=0.15)

(b) Mean number of RBCs transfused

0.5

0.7 15 2
Favours iron Favours no iron

Iron No iron Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Garrido-Martin 2012 -0.085 074 107 -0.01 073 52 467%  -0.08[0.32,017)]
Litton 2016 -0.27 141 70 0016 1.15 70 37.0%  -0.29[0.66, 0.09]
van Iperen 2000 1.07 1.04 12 2068 093 12 16.4% -0899[-1.78,-0.20] - =
Total (95% CI) 189 134 100.0% -0.30[-0.68, 0.07]
Heterogeneity: Tau?= 0.06; Chi*= 5.06, df= 2 (P = 0.08); F= 60% 52 51 ] 15 é

Testfor overall effect Z=1487 (P=012)

(c) Mean Hb concentration (g/dL) (<10 days)

Favours iron Favours noiron

Iron No iron Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CIl
Garrido-Martin 2012 1265 166 107 128 1.28 52 408%  -015[0.62 032 —
Madi-Jehara 2004 871 043 0 946 1.34 M 353%  -075[1.33,-017] L
van lperen 2000 103 11 10 10 049 12 23.9% 0.30[-0.585, 1.14] i
Total (95% CI) 147 95 100.0% -0.25[-0.79, 0.28] *—
Heterogeneity: Tau®=0.13; Chi*= 462, df=2{(P=010);, F=57% ?1 _01_5 3 0?5 1=

Test for overall effect: £=0.93 (P =0.35)

(d) Mean Hb concentration (g/dL) (>10 days)

Favours noiron Favours iron

Iron No iron Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Garrido-Martin 2012 11.05 1.4 107 11 1.44 52 34.4% 0.058[-0.42 052 ——
Littan 2016 10.67 1.38 70 1018 1.5 70 338% 0.52[0.04,1.00] —
Madi-Jehara 2004 1218 1.04 a0 1187 1.1 M 241% 0.31 [-0.26, 0.88] -
van lperen 2000 114 1.3 9 108 08 g T.7% 0.60[-0.40, 1.60]
Total (95% CI) 216 162 100.0% 0.31[0.04, 0.59] R
Heterogeneity: Tau®= 0.00; Chi*= 2.23, df= 3 (P = 0.53); F= 0% *1 -D=5 1 Dlﬁ 1{

Testfor overall effect 2= 222 (F=0.03)

Favours noiron Favours iron

Fig. 1. Forest plots of the effect of iron supplementation, by any route, on co-primary outcomes. RBC = red blood cell, Hb = hemoglobin, CI = confidence interval, M-H = Mantel-Haenszel,

IV = Inverse Variance.

[44,45]. Outside the critical care setting, improvements in Hb have
translated into meaningful improvements fatigue and overall well-
being [46]. No studies in this systematic review provided data on func-
tional outcomes or on fatigue - a cardinal symptom of anaemia and one
which is increasingly becoming recognized as being the most
distressing to ICU survivors [47], but one study is currently ongoing [31].

The risk of infection associated with iron therapy remains a potential
concern amongst clinicians. L.v. iron administration can lead to in-
creased levels of circulating free iron, which has been associated with
impaired T-cell and neutrophil function and promotion of pathogen
growth in in vitro and in vivo studies involving animals and humans

[48]. Recent work in an animal model of bacterial pneumonia demon-
strated worsening of shock, lung injury and mortality following admin-
istration of i.v. iron [49]. One systematic review reported a significantly
increased risk of infection (RR 1.34, 95% CI 1.10 to 1.64; 24 RCTs, 4400
participants) when intravenous iron was compared to oral iron or no
iron [6]. A more recent systematic review which pooled data from 32
RCTs showed a point estimate which again favoured infection, although
this was statistically non-significant (RR 1.17; 95% CI1 0.83 to 1.65) [7].
We found no evidence of an increased risk of infection but, this should
be interpreted with caution due to small sample sizes of included stud-
ies, and infection not being a predefined or consistently collected using
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Iron No iron Risk Ratio Risk Ratio
Study or Subgroup Events Total BEwvents Total Weight M-H, Random, 95% CIl M-H, Random, 95% CI
2.1.1 Oral ironvs no iron
Garrido-mMartin 2012 27 a3 26 52 49.7% 1.02 [0.70,1.49]
Pieracci 2009 29 a7 46 103 50.3% 0.67 [0.46, 0.97] ——
Subtotal (95% CI) 150 155 100.0% 0.82 [0.54, 1.25]
Total events 56 72
Heterogeneity: Tau®= 0.05; Chi*= 245, df=1{P=012); F= 59%
Test for overall effect: £=0.91 {F = 0.36)
2.1.2 M ironvs no iron
Garrido-Martin 2012 20 a4 26 52 B.4% 0.74[0.48, 1.18]
Littan 2016 38 70 39 TO 13.8% 0.97 [0.72,1.31] . E—
Madi-Jebara 2004 10 40 ] 40 2.0% 1.11 [0.51, 2.44]
Pieracci 2014 47 75 55 T8 253% 0.85 [0.68, 1.07] —
van lperen 2000 12 12 12 12 5245% 1.00[0.86,1.17] z—
Subtotal (95% CI) 251 249 100.0% 0.94 [0.84, 1.05]

Total events 127 141
Heterogeneity: Tau®=0.00; Chi*= 346, df=4 (P=0.48); F=0%
Testfor overall effect Z=1.06 (P =0.29)

Testfor subaroun differences: Chi®= 0.36, df=1 (P =0.55), F= 0%

05 07 15 32
Favours iron Favours noiron

Fig. 2. Subgroup analysis: Forest plots of the effect of iron supplementation by either intravenous or oral iron administration on red blood cell transfusion requirement. RBC = red blood
cell, Hb = hemoglobin, CI = confidence interval, M-H = Mantel-Haenszel, IV = Inverse Variance.

standardized definitions [50], Our TSA findings suggested a projected
sample size of approximately 8 times the number participants included
in this review was required to answer this question definitively.

4.2. Strengths and limitations

The strength of the review is the strict methodological process; we
followed Cochrane Collaboration and PRISMA recommendations,
performed a comprehensive search and carried out duplicate data
extraction and risk of bias assessments. Compared to the previous re-
view, we used TSA to increase the reliability of our meta-analysis and

Z-Score

provide required sample sizes A potential caveat to this would be our
estimation of a 30% baseline risk of developing infection. This was
based on a study published 12 years ago and it is reasonable to assume
that this risk will have reduced over time. A reduction in the baseline
risk, assuming a 17% RRI remains clinically relevant, would influence
the sample sizes calculated. We also performed GRADE evaluations on
the quality of evidence for important efficacy and safety outcomes.
The limitations to the conclusions of this systematic review can be
attributed to the clinical and methodological differences between the
trials. Outcomes and follow-up time points for certain outcomes e.g.
haemoglobin measurements, were not standardized across trials
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Fig. 3. Trial sequential analysis (TSA) of all trials of the effect of iron (by any route) on requiring a blood transfusion. Control event proportion of 50%, diversity (D*) of 35%, alpha of 5%,
power of 80% and relative risk reduction (RRR) of 12%. The relative risk (RR) was 0.91 with a naive 95% CI 0.80 to 1.04 in a random-effect model and TSA-adjusted CI 0.69 to 1.20. As
the cumulative Z-curve has not reached the futility area or the required information size (IS), we are unable to exclude a RRR of 12%.



Table 2

Summary of findings including GRADE quality assessment of evidence.

Certainty assessment Summary of findings
Ne of Risk of Inconsistency Indirectness Imprecision Publication Overall Study event rates Relative Anticipated absolute effects
participants bias bias certainty (%) effect
(studies) Of. With no With (95% C1) Risk with no iron Risk difference
Follow-up evidence . .
iron Iron (by with Iron (by
any any route)
route)
Blood transfusion
753 (6 RCTs) serious ® not serious not serious  serious ” none 00 187/352 183/401 RR 0.91 (0.80 to 531 per 1000 48 fewer per 1000 (106
Low (53.1%) (45.6%) 1.04) fewer
to 21 more)
Mean number of RBC units received
323 (3 RCTs) serious © not serious not serious  serious ” none OO0 134 189 - The mean number of RBC units MD 0.3 mean (log no. of RBC
Low received ranged from —0.01 units) lower (0.67 lower
to 2.06 mean (log no. of RBC units) to 0.08 higher)
Mean Hb (g/dL) at short-term follow-up
242 (3 RCTs) serious © serious ¢ not serious  serious ” none 000 95 147 - The mean Hb (g/dL) at short- MD 0.25 g/dL lower
Very low term follow-up ranged from (0.79 lower
9.46-12.8 g/dL to 0.28 higher)
Mean Hb (g/dL) at mid-term follow-up
378 (4 RCTs) serious © not serious not serious  not serious  none @) 162 216 - The mean Hb (g/dL) at mid-term MD 0.31 g/dL higher (0.04
MODERATE follow-up ranged from 10.15-11.87 higher to 0.59 higher)
g/dL
In-hospital infection
487 (3RCTs) not not serious serious © serious ¢ none OO0 116/245 111/242 RR 0.95 (0.76 to 473 per 1000 24 fewer per 1000 (114
serious Low (47.3%) (45.9%) 1.19) fewer

to 90 more)

CI: Confidence interval; RR: Risk ratio; MD: Mean difference; RBC: Red blood cell; Hb: Haemoglobin; RCT: Randomized controlled trial.
¢ Downgraded one level as 3 studies were at high risk of incomplete reporting.

b

Rated down for imprecision as optimal information size not reached.

¢ Downgraded one level was 1 study was at high risk of reporting bias and 1 study was at unclear risk across multiple domains.

Downgrade by one level due to wide variation in confidence intervals.
Downgraded by one due to differences in outcome reporting.
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(a) Mortality
Iron No iron Risk Ratio Risk Ratio
Study or Subgroup  Events Total Bvents Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Litton 2016 12 70 g 7O 31.9% 1.33[0.60, 2.98)] —T
Madi-Jebara 2004 i 40 1] 40 Mot estimahble
Pieracci 2009 g 97 10 103 29.3% 0.96 [0.41, 2.29] —
Pieracci 2014 7 7a 2 A O 12.8% 3.80[0.75, 16.30] A I —
van Iperen 2000 4 12 7 12 26.4% 0.587[0.22,1.459] — &
Total (95% CI) 294 300 100.0% 1.09 [0.60, 1.98] <
Total events 3z 28
Heterogeneity: Tau==. 012, Chif=4482 df=3{P=021) F=34% 'III.III1 IIIH 1-0 1DIII'
Testfor overall effect Z=029{P=0.77) Favours iran Favours no iron
(b) In-hospital infection
Iron No iron Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Litton 2016 22 7o 16 O 14.0% 1.38[0.79, 2.39) - *
Pieracci 2009 45 97 43 100 37.6% 0.97[0.72,1.30] =
Pieracci 2014 44 7a a2 TH 484% 0.85[0.66, 1.08] |
Total (95% CI) 242 245 100.0% 0.95[0.76, 1.19] = Eme—
Total events 111 116
Heterogeneity: Tau®= 0.01; Chi®= 2.74, di= 2 (P = 0.25); F= 27% UiT 0 i35 152 155

Test for overall effect: 2= 0.44 (P = 0.66)

Favours noiron Favours iron

Fig. 4. Forest plots of the effect of iron supplementation, by any route, on secondary outcomes. RBC = red blood cell, Hb = hemoglobin, CI = confidence interval, M-H = Mantel-Haenszel,

IV = Inverse Variance.

thereby limiting our meta-analysis. Our a priori anticipated intervention
effects could be considered as being too conservative and therefore lead
to larger than required information sizes - a recognized limitation of
TSA [21].

5. Conclusion

The potential impact on iron therapy on transfusion requirements
and the risk of infection remains inconclusive. The finding of an im-
provement in Hb at follow-up periods of >10 days warrants further re-
search, as there may be clinical benefits of improved functional recovery
in a cohort that have a substantial burden of poor quality of life after in-
tensive care. The overall quality of evidence ranged from very low to
moderate. Any further trials should be adequately powered to patient
centered outcomes with adequate long-term follow-up and safety end
points (e.g. infection), focus on the timing and route of iron administra-
tion and attempt to identify patients likely to mount an erythropoietic
response to iron.

Statement of contribution

AS, S.F.and S.J.S contributed substantially to study design, data anal-
ysis and interpretation. C.D carried out the searches. A.S. and H.W. per-
formed data extraction for this review. A.S and S.F. carried out the data
analysis and interpretation. A.S. drafted the manuscript and S.F., HW.,
N.B.R,, S.M,, E.L,, and S.].S. revised it critically. All authors have read
and approved the final version of the manuscript.

Conflict of interest

This report is independent research supported by the National Insti-
tute for Health Research (NIHR Doctoral Research Fellowship, Dr.
Akshay Shah, DRF-2017-10-094). The views expressed in this publica-
tion are those of the authors and not necessarily those of the NHS, the
National Institute for Health Research of the Department of Health.

On behalf of all other authors, the corresponding author states that
there is no conflict of interest.

Funding

This report was completed without industry sponsorship or financial
assistance.

Ethics
No ethical approval required.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jcrc.2018.11.005.

References

[1] Corwin HL, Gettinger A, Pearl RG, Fink MP, Levy MM, Abraham E, et al. The CRIT
Study: Anemia and blood transfusion in the critically ill-current clinical practice in
the United States. Crit Care Med 2004;32:39-52.

[2] Retter A, Wyncoll D, Pearse R, Carson D, McKechnie S, Stanworth S, et al. Guidelines
on the management of anaemia and red cell transfusion in adult critically ill patients.
Br ] Haematol 2013;160:445-64.

[3] Walsh TS, Lee R], Maciver CR, Garrioch M, Mackirdy F, Binning AR, et al. Anemia dur-
ing and at discharge from intensive care: the impact of restrictive blood transfusion
practice. Intensive Care Med 2006;32:100-9.

[4] Docherty AB, Turgeon AF, Walsh TS. Best practice in critical care: anaemia in acute
and critical illness. Transfus Med 2018;28:181-9.

[5] Vincent JL, Baron JF, Reinhart K, Gattinoni L, Thijs L, Webb A, et al. Anemia and blood
transfusion in critically ill patients. JAMA 2002;288:1499-507.

[6] Litton E, Xiao J, Ho KM. Safety and efficacy of intravenous iron therapy in reducing
requirement for allogeneic blood transfusion: systematic review and meta-analysis
of randomised clinical trials. BMJ 2013;347:f4822.

[7] AvniT, Bieber A, Grossman A, Green H, Leibovici L, Gafter-Gvili A. The safety of intra-
venous iron preparations: systematic review and meta-analysis. Mayo Clin Proc
2015;90:12-23.


https://doi.org/10.1016/j.jcrc.2018.11.005
https://doi.org/10.1016/j.jcrc.2018.11.005
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0005
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0005
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0005
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0010
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0010
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0010
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0015
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0015
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0015
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0020
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0020
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0025
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0025
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0030
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0030
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0030
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0035
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0035
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0035

A. Shah et al. / Journal of Critical Care 49 (2019) 162-171 171

[8] Clevenger B, Gurusamy K, Klein AA, Murphy GJ, Anker SD, Richards T. Systematic re-
view and meta-analysis of iron therapy in anaemic adults without chronic kidney
disease: updated and abridged Cochrane review. Eur ] Heart Fail 2016;18:774-85.

[9] Munoz M, Acheson AG, Auerbach M, Besser M, Habler O, Kehlet H, et al. Interna-
tional consensus statement on the peri-operative management of anaemia and
iron deficiency. Anaesthesia 2017;72:233-47.

[10] Clevenger B, Mallett SV, Klein AA, Richards T. Patient blood management to reduce
surgical risk. Br ] Surg 2015;102:1325-37.

[11] Zacharowski K, Spahn DR. Patient blood management equals patient safety. Best
Pract Res Clin Anaesthesiol 2016;30:159-69.

[12] Parkkinen J, von Bonsdorff L, Peltonen S, Gronhagen-Riska C, Rosenlof K. Catalytically
active iron and bacterial growth in serum of haemodialysis patients after i.v. iron-
saccharate administration. Nephrol Dial Transplant 2000;15:1827-34.

[13] Shah A, Roy NB, McKechnie S, Doree C, Fisher SA, Stanworth SJ. Iron supplementa-
tion to treat anaemia in adult critical care patients: a systematic review and meta-
analysis. Crit Care 2016;20:306.

[14] Garner P, Hopewell S, Chandler J, MacLehose H, Schunemann HJ, Akl EA, et al. When
and how to update systematic reviews: consensus and checklist. BMJ 2016;354:
i3507.

[15] Investigators I, Litton E, Baker S, Erber WN, Farmer S, Ferrier J, et al. Intravenous iron
or placebo for anaemia in intensive care: the IRONMAN multicentre randomized
blinded trial: a randomized trial of IV iron in critical illness. Intensive Care Med
2016;42:1715-22.

[16] Higgins JPT, Green S. Cochrane handbook for systematic reviews of interventions.
Wiley; 2011.

[17] Liberati A, Altman DG, Tetzlaff ], Mulrow C, Gotzsche PC, loannidis JP, et al. The
PRISMA statement for reporting systematic reviews and meta-analyses of studies
that evaluate health care interventions: explanation and elaboration. ] Clin
Epidemiol 2009;62:e1-34.

[18] Atkins D, Best D, Briss PA, Eccles M, Falck-Ytter Y, Flottorp S, et al. Grading quality of
evidence and strength of recommendations. BMJ 2004;328:1490.

[19] Higgins JP, Altman DG, Gotzsche PC, Juni P, Moher D, Oxman AD, et al. The cochrane
collaboration's tool for assessing risk of bias in randomised trials. BM] 2011;343:
d5928.

[20] The Nordic Cochrane Centre. The cochrane collaboration. Review manager
(RevMan) version 5.3. The Nordic Cochrane Centre: Copenhagen; 2012.

[21] Wetterslev ], Jakobsen JC, Gluud C. Trial Sequential Analysis in systematic reviews
with meta-analysis. BMC Med Res Methodol 2017;17:39.

[22] Higgins JP, White IR, Anzures-Cabrera J. Meta-analysis of skewed data: combining
results reported on log-transformed or raw scales. Stat Med 2008;27:6072-92.

[23] Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-
analyses. BMJ 2003;327:557-60.

[24] Imberger G, Thorlund K, Gluud C, Wetterslev ]. False-positive findings in Cochrane
meta-analyses with and without application of trial sequential analysis: an empirical
review. BMJ] Open 2016;6:€011890.

[25] Vincent JL, Sakr Y, Sprung CL, Ranieri VM, Reinhart K, Gerlach H, et al. Sepsis in
European intensive care units: results of the SOAP study. Crit Care Med 2006;34:
344-53.

[26] Garrido-Martin P, Nassar-Mansur MI, de la Llana-Ducros R, Virgos-Aller TM,
Rodriguez Fortunez PM, Avalos-Pinto R, et al. The effect of intravenous and oral
iron administration on perioperative anaemia and transfusion requirements in pa-
tients undergoing elective cardiac surgery: a randomized clinical trial. Interact
Cardiovasc Thorac Surg 2012;15:1013-8.

[27] Madi-Jebara SN, Sleilaty GS, Achouh PE, Yazigi AG, Haddad FA, Hayek GM, et al. Post-
operative intravenous iron used alone or in combination with low-dose erythropoi-
etin is not effective for correction of anemia after cardiac surgery. ] Cardiothorac
Vasc Anesth 2004;18:59-63.

[28] Pieracci FM, Henderson P, Rodney JR, Holena DN, Genisca A, Ip |, et al. Randomized,
double-blind, placebo-controlled trial of effects of enteral iron supplementation on
anemia and risk of infection during surgical critical illness. Surg Infect (Larchmt)
2009;10:9-19.

[29] Pieracci FM, Stovall RT, Jaouen B, Rodil M, Cappa A, Burlew CC, et al. A multicenter,
randomized clinical trial of IV iron supplementation for anemia of traumatic critical
illness. Crit Care Med 2014;42:2048-57.

[30] van Iperen CE, Gaillard CA, Kraaijenhagen R], Braam BG, Marx ]J, van de Wiel A. Re-
sponse of erythropoiesis and iron metabolism to recombinant human erythropoietin
in intensive care unit patients. Crit Care Med 2000;28:2773-8.

[31] Lasocki S, Puy H, Mercier G, Lehmann S, Hepcidane study g. Impact of iron deficiency
diagnosis using hepcidin mass spectrometry dosage methods on hospital stay and
costs after a prolonged ICU stay: Study protocol for a multicentre, randomised,
single-blinded medico-economic trial. Anaesth Crit Care Pain Med 2017;36:391-6.

[32] Jelkmann W, Pagel H, Wolff M, Fandrey ]. Monokines inhibiting erythropoietin pro-
duction in human hepatoma cultures and in isolated perfused rat kidneys. Life Sci
1992;50:301-8.

[33] Elliot JM, Virankabutra T, Jones S, Tanudsintum S, Lipkin G, Todd S, et al. Erythropoi-
etin mimics the acute phase response in critical illness. Crit Care 2003;7:R35-40.

[34] Walsh TS, Saleh EE. Anaemia during critical illness. Br ] Anaesth 2006;97:278-91.

[35] Ganz T. Systemic iron homeostasis. Physiol Rev 2013;93:1721-41.

[36] Napolitano LM. Anemia and Red Blood Cell Transfusion: advances in critical Care.
Crit Care Clin 2017;33:345-64.

[37] McIntyre LA, Tinmouth A, Fergusson D. Intravenous iron therapy for treatment of
anaemia. BMJ 2013;347:f5378.

[38] Perelman I, Winter R, Sikora L, Martel G, Saidenberg E, Fergusson D. The Efficacy of
Postoperative Iron Therapy in improving Clinical and Patient-Centered Outcomes
following Surgery: a Systematic Review and Meta-Analysis. Transfus Med Rev
2018;32:89-101.

[39] Khalafallah AA, Yan C, Al-Badri R, Robinson E, Kirkby BE, Ingram E, et al. Intravenous
ferric carboxymaltose versus standard care in the management of postoperative
anaemia: a prospective, open-label, randomised controlled trial. Lancet Haematol
2016;3:e415-25.

[40] Bateman AP, McArdle F, Walsh TS. Time course of anemia during six months follow
up following intensive care discharge and factors associated with impaired recovery
of erythropoiesis. Crit Care Med 2009;37:1906-12.

[41] Hayden SJ, Albert TJ, Watkins TR, Swenson ER. Anemia in critical illness: insights into
etiology, consequences, and management. Am ] Respir Crit Care Med 2012;185:
1049-57.

[42] Lasocki S, Chudeau N, Papet T, Tartiere D, Roquilly A, Carlier L, et al. Prevalence of
iron deficiency on ICU discharge and its relation with fatigue: a multicenter prospec-
tive study. Crit Care 2014;18:542.

[43] Cherry-Bukowiec JR, Engoren M, Wiktor A, Raghavendran K, Napolitano LM.
Hepcidin and Anemia in Surgical critical Care: a prospective Cohort Study. Crit
Care Med 2018;46 [e567-e74].

[44] Bregman DB, Morris D, Koch TA, He A, Goodnough LT. Hepcidin levels predict
nonresponsiveness to oral iron therapy in patients with iron deficiency anemia.
Am J Hematol 2013;88:97-101.

[45] Girelli D, Nemeth E, Swinkels DW. Hepcidin in the diagnosis of iron disorders. Blood
2016;127:2809-13.

[46] Cella D, Kallich J, McDermott A, Xu X. The longitudinal relationship of hemoglobin,
fatigue and quality of life in anemic cancer patients: results from five randomized
clinical trials. Ann Oncol 2004;15:979-86.

[47] Griffith DM, Salisbury L, Lee R], Lone N, Merriweather JL, Walsh T, et al. The burden
of specific symptoms reported by survivors after critical illness. Am ] Respir Crit Care
Med Adv 2017;16. https://doi.org/10.1164/rccm.201702-0398LE Access published
on June.

[48] Deicher R, Ziai F, Cohen G, Mullner M, Horl WH. High-dose parenteral iron sucrose
depresses neutrophil intracellular killing capacity. Kidney Int 2003;64:728-36.

[49] Suffredini DA, Xu W, Sun J, Barea-Mendoza ], Solomon SB, Brashears SL, et al. Paren-
teral irons versus transfused red blood cells for treatment of anemia during canine
experimental bacterial pneumonia. Transfusion 2017;57:2338-47.

[50] Abbott TEF, Fowler AJ, Pelosi P, Gama De Abreu M, Moller AM, Canet ], et al. A sys-
tematic review and consensus definitions for standardised end-points in periopera-
tive medicine: pulmonary complications. Br ] Anaesth 2018;120:1066-79.


http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0040
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0040
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0040
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0045
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0045
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0045
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0050
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0050
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0055
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0055
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0060
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0060
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0060
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0065
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0065
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0065
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0070
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0070
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0070
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0075
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0075
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0075
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0075
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0080
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0080
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0085
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0085
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0085
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0085
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0090
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0090
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0095
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0095
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0095
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0100
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0100
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0105
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0105
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0110
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0110
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0115
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0115
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0120
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0120
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0120
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0125
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0125
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0125
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0130
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0130
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0130
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0130
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0130
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0135
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0135
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0135
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0135
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0140
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0140
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0140
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0140
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0145
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0145
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0145
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0150
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0150
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0150
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0155
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0155
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0155
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0155
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0160
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0160
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0160
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0165
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0165
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0170
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0175
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0180
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0180
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0185
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0185
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0190
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0190
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0190
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0190
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0195
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0195
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0195
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0195
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0200
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0200
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0200
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0205
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0205
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0205
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0210
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0210
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0210
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0215
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0215
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0215
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0220
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0220
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0220
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0225
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0225
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0230
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0230
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0230
https://doi.org/10.1164/rccm.201702-0398LE
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0240
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0240
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0245
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0245
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0245
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0250
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0250
http://refhub.elsevier.com/S0883-9441(18)31026-8/rf0250

	Safety and efficacy of iron therapy on reducing red blood cell transfusion requirements and treating anaemia in critically ...
	1. Introduction
	2. Methods
	2.1. Eligibility criteria
	2.2. Study identification
	2.3. Study selection and data extraction
	2.4. Outcomes
	2.5. Risk of bias assessment
	2.6. Quality of evidence
	2.7. Data synthesis
	2.8. Subgroup and sensitivity analyses
	2.9. Trial sequential analysis

	3. Results
	3.1. Characteristics of included studies
	3.2. Risk of bias assessments
	3.3. Quality of evidence
	3.4. Co-primary outcomes
	3.5. Secondary outcomes

	4. Discussion
	4.1. Key findings
	4.2. Strengths and limitations

	5. Conclusion
	Statement of contribution
	Conflict of interest
	Funding
	Ethics
	Appendix A. Supplementary data
	References


