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Abstract

Introduction: Critical illness is characterized by oxidative stress, which is a major promoter of systemic

inflalnmation and organ failure due to excessive free radical production, depletion of antioxidant defenses, or both.
We hypothesized that exogenous supplementation of trace elements and vitamins could restore antioxidant status,
improving clinical outcomes.

Methods: We searched computerized databases, reference lists of pertinent articles and personal files from 1980 to
2011. We included randomized controlled trials (RCTs) conducted in critically ill adult patients that evaluated
relevant clinical outcomes with antioxidant micronutrients (vitamins and trace elements) supplementation versus
placebo.

Results: A total of 21 RCTs met inclusion criteria. When the results of these studies were statistically aggregated (n
= 20), combined antioxidants were associated with a significant reduction in mortality (risk ratio (RR) = 0.82, 95%
confidence interval (Cl) 0.72 to 0.93, P = 0.002); a significant reduction in duration of mechanical ventilation
(weighed mean difference in days = -0.67, 95% Cl -1.22 to -0.13, P = 0.02); a trend towards a reduction in
infections (RR= 0.88, 95% Cl 0.76 to 1.02, P = 0.08); and no overall effect on ICU or hospital length of stay (LOS).
Furthermore, antioxidants were associated with a significant reduction in overall mortality among patients with
higher risk of death (>10% mortality in control group) (RR 0.79, 95% Cl 0.68 to 0.92, P = 0.003) whereas there was
no significant effect observed for trials of patients with a lower mortality in the control group (RR = 1.14, 95% 0.72
to 1.82, P = 0.57). Trials using more than 500 ug per day of selenium showed a trend towards a lower mortality (RR
= 0.80, 95% Cl 0.63 to 1.02, P = 0.07) whereas trials using doses lower than 500 pg had no effect on mortality (RR
0.94, 95% Cl 0.67 to 1.33, P = 0.75).

Conclusions: Supplementation with high dose trace elements and vitamins may improve outcomes of critically ill

patients, particularly those at high risk of death.

Introduction

Critical illness is characterized by hyperinflammation,
cellular immune dysfunction, oxidative stress and mito-
chondrial dysfunction [1]. Oxidative stress is defined as
a state in which the level of toxic reactive oxygen inter-
mediates overcome the endogenous antioxidant defenses
of the host and damage biologically relevant molecules,
such as DNA, RNA, proteins, carbohydrates and unsatu-
rated fatty acids of the cell membranes [2-5]. Oxidative
stress may not be considered an epiphenomenon in the
critically ill patient but part of the underlying
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pathophysiologic events leading to mitochondrial dys-
function and the systemic inflammatory response syn-
drome (SIRS), which can lead to multiple organ
dysfunction syndrome (MODS) [6].

The antioxidant endogenous defense system in
humans consists of a variety of extracellular and intra-
cellular antioxidants which are able to protect tissues
from reactive oxygen species (ROS) and reactive nitro-
gen species (RNS) induced injury [3]. Trace elements,
such as copper, manganese, zinc, iron and selenium are
required for the activity of superoxide dismutase (SOD),
catalase and glutathione peroxidase (GPx), respectively.
In addition, the non-enzymatic defense mechanisms
include endogenous molecules (that is, glutathione,
albumin) and vitamins (such as E, C and -carotene)
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[2,3]. Low levels of endogenous vitamins and trace ele-
ments in SIRS are due to escape to the interstitial com-
partment by capillary leakage, hemodilution, previous
insufficient intake, and continuous renal replacement
therapies (CRRT) [7]. In the critically ill, the most severe
cases of SIRS are associated with the most severe anti-
oxidant depletion [8-10].

In the last two decades, several clinical trials have
evaluated the role of antioxidant micronutrients as
monotherapy or in combined therapy (enteral or parent-
eral antioxidant cocktails) as part of an antioxidant
strategy for critically ill SIRS patients. These have been
reviewed in prior meta-analyses but since these publica-
tions [11,12], additional RCTs have been reported
[13-18]. The aim of the current study was to provide an
up-to-date systematic review and meta-analysis on all
randomized clinical studies of vitamins and trace ele-
ments as pharmaconutrient therapy on relevant clinical
outcomes in critically ill patients. In addition, we con-
ducted several hypothesis-generating subgroup analyses
to illuminate the optimal methods of administering
antioxidants.

Materials and methods

Study identification

We conducted a systematic review of the published lit-
erature to identify all relevant clinical trials using text
word or MeSH headings containing “randomized,”
“blind,” “clinical trial,” “nutritional support”, “enteral
nutrition”, “parenteral nutrition”, antioxidants,” “vita-
mins”, “trace elements”, “selenium”, “zinc”, “copper”,
“manganese”, “vitamins A, C and E”, “critical illness”
and “critically illI”. To locate these articles we performed
computerized searches on MEDLINE, EMBASE,
CINAHL the Cochrane Controlled Trials Register, and
the Cochrane Database of Systematic Reviews) from
1980 to December 2011. We also searched our personal
files and comprehensive review articles were searched
for additional original studies. No language restrictions
were placed on the searches. Abstracts from scientific
meetings were accepted for inclusion into this systema-
tic review if a copy of the manuscript was available to
complete the abstraction form.

Study selection criteria

We only included original studies if they met the follow-
ing inclusion criteria: a) study design: randomized clini-
cal trials (RCTs); b) population: critically ill adult
patients (>18 years of age); c) intervention: trace ele-
ments and/or vitamins versus placebo (either via enteral,
parenteral, or both); d) study outcomes: must have
included one of the following: mortality, intensive care
unit (ICU) and hospital length of stay (LOS), infectious
complications, and other clinically important
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complications. We excluded the clinical studies that
reported only biochemical, metabolic, immunologic or
nutritional outcomes. We have excluded trials that sup-
plemented N-acetylcysteine (NAC) [19,20] in addition to
trace elements and vitamins because this amino acid has
shown to be potentially harmful in critically ill SIRS
patients, particularly when it is started 24 hours after
hospital admission [21].

Additionally, we excluded clinical studies that supple-
mented selected substrates, such as glutamine, arginine
and omega-3 fatty acids, as pharmaconutrients in
immune-enhancing diets (IEDs) in addition to vitamins
and trace elements. Critically ill patients were defined as
patients admitted to an ICU. When this was unclear, we
considered a mortality rate higher than 5% in the con-
trol group to be consistent with critical illness.

All original studies were abstracted in duplicate inde-
pendently by two reviewers, using a data abstraction
form with a scoring system (Additional file 1 Table s1),
which has been used previously [22]. Disagreement in
the individual scores of each of the categories was
resolved by consensus between both reviewers. We
attempted to contact the authors of included studies
and requested additional information not contained in
published articles. We scored the methodological quality
of individual trials considering the following key features
of high-quality studies: a) extent to which randomization
was concealed, b) blinding, c) analysis was based on the
intention-to-treat (ITT) principle, d) comparability of
groups at baseline, e) extent of follow-up, f) description
of treatment protocol and co-interventions, and g) defi-
nition of clinical outcomes. Each individual study was
scored from O to 14 (Table 1).

Data synthesis

The primary outcome of the systematic review was
overall mortality. From all studies, we combined hospital
mortality where reported (specified or assumed to be
hospital if not specified). If hospital mortality was not
reported, we used ICU mortality or, if ICU mortality
was not reported, we used 28-day mortality. Secondary
outcomes included infection and ICU and hospital LOS.
We used definitions of infections as defined by the
authors in their original papers. If studies had more
than one experimental intervention, these were each
considered separately. We combined data from all trials
to estimate the pooled risk ratio (RR) with 95% confi-
dence intervals for death and infectious complications
and overall weighted mean difference (WMD) with 95%
confidence intervals for LOS data. All analyses, except
the test for asymmetry, were conducted using Review
Manager (RevMan) 5.1 software. (The Nordic Cochrane
Centre, The Cochrane Collaboration, Copenhagen, Den-
mark, 2011) [23]. Pooled RRs were calculated using the
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Mantel-Haenszel estimator and WMDs were estimated
by the inverse variance approach. The random effects
model of DerSimonian and Laird was used to estimate
variances for the Mantel-Haenszel and inverse variance
estimators [24]. RRs are undefined and excluded for stu-
dies with no event in either arm. When possible, studies
were aggregated on an intention-to-treat basis (Table 2).
The presence of heterogeneity was tested by a weighted
Mantel-Haenszel chi-square test and quantified by the
12 statistic as implemented in RevMan 5.1 [25]. The
possibility of publication bias was assessed by generating
funnel plots and testing asymmetry of outcomes using
methods proposed by Rucker and colleagues [26]. We
considered P <0.05 to be statistically significant and P
<0.20 as the indicator of trend.

A priori hypotheses testing

Given the larger number of trials and the heterogeneity
of trial design, we performed several pre-specified,
hypothesis-generating subgroup analysis to attempt to
elucidate potentially more beneficial treatment strate-
gies. Initially, we compared the results of trials that pro-
vided antioxidants via the enteral route compared to
trials that provided intravenous antioxidants. Studies
that have supplemented antioxidants using both routes
(enteral and parenteral) were excluded from the sub-
group analyses of parenteral versus enteral administra-
tion. Given that some trials showed that antioxidants,
and particularly selenium, may offer some advantage in
the most seriously ill patients, we compared studies of
patients with higher mortality in the control group vs.
lower mortality. When we considered the distribution of
control group mortality rates, there was a clustering of
studies with a mortality <10% and then a clustering with
a control groups mortality >23%. These clusters were
used in our subgroup analysis. According to the pre-
vious meta-analysis [11], selenium was considered the
cornerstone of antioxidant therapy and we compared
trials that utilized selenium in their antioxidant strategy
versus those that did not. Of those trials that utilized
selenium, we compared those that administered the
selenium via the parenteral route compared to the ent-
eral route. Of those trials that utilized intravenous sele-
nium, we considered the following additional
exploratory subgroup analyses: a) trials that use sele-
nium (monotherapy) by itself versus combined with
other nutrient (combination therapy); b) trials that uti-
lized an intravenous rapid bolus loading dose of sele-
nium versus those that did not; ¢) trials that provided
parenteral selenium via continuous infusion versus par-
enteral selenium via intermittent bolus; and finally d)
studies that utilized a selenium daily dose lower than
500 pg, equal to 500 pg, and greater than 500 pg.
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Results

Study identification and selection

A total of 55 relevant citations were identified from the
search of computerized bibliographic databases and a
review of reference lists from related articles. Of these,
we excluded 34 due to the following reasons: 14 trials
did not include ICU patients [27-40]; 4 trials did not
evaluate clinically important outcomes [41-44]; 7 trials
studied nutrients other than micronutrients (vitamins
and trace elements) [19,20,45-49]; 3 trials were dupli-
cated publications of included trials [50-52]; 2 were
meta-analysis or systematic reviews [15,53]; and 3 addi-
tional trials were excluded because one was published
only as an abstract without possibility to access the full
article [54] and one was pseudorandomized [55]. In the
end, 21 RCTs including 2,531 patients met the inclusion
criteria and were included in this systematic review
[13-18,56-70] (Additional file 2, Table s2; Additional file
3, Table s3). The authors reached 100% agreement for
inclusion of relevant trials in this review. The mean
methodological score of all trials was 8.3 (range 4 to 13)
of a maximum of 14. Randomization was concealed in
5/20 (24%) trials, ITT analysis was performed in 12/20
(60%) trials and 8/20 (40%) trials were double blinded.

Meta-analyses of primary outcome

Overall effect on mortality

When the results of 20 RCTs [13-18,56-70] that evalu-
ated mortality as one of the outcomes were statistically
aggregated, overall antioxidant micronutrients were
associated with a significant reduction in mortality (risk
ratio (RR) = 0.82, 95% confidence intervals (CI) 0.72 to
0.93, P = 0.002; see Figure 1). The test for heterogeneity
was not significant (P = 0.42, I* = 3.0%). A funnel plot
(data not shown) was created and the test of asymmetry
was not significant (P = 0.35).

Secondary outcomes

Overall effect on infectious complications

Ten trials [13,14,16,17,57,62-65,67] reported overall
infections and when these data were aggregated, antioxi-
dant strategies were associated with a trend towards a
reduction in infectious complications in critically ill
patients (RR= 0.88, 95% CI 0.76 to 1.02, P = 0.08, see
Figure 2). The test for heterogeneity was not significant
(P =052, I* = 0%).

Overall effect on length of stay

When the nine trials [13,16,18,60,62,64,67,68,70] that
reported on ICU LOS were aggregated, antioxidants had
no effect in LOS WMD = 0.07, 95% CI -0.08, 0.22, P =
0.38). Furthermore, there was no effect on hospital LOS
when the data from five trials [13,16,60,62,64] reporting
on this outcome were aggregated (WMD = -0.13, 95%
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AOX Control

Study or Subgroup

Events Total Events Total Weight M-H, Random, 95% CI

Risk Ratio
M-H, Random, 95% CI

Risk Ratio

1.1.1 - Single + Combined

Test for overall effect: Z = 3.12 (P = 0.002)

Andrews 84 251 84 251 23.3%
Angstwurm 7 21 11 21 3.0%
Angstwurm 2007 46 116 61 122 17.9%
Berger '98 1 10 0 10 0.2%
Berger 2001a 2 9 1 12 0.3%
Berger 2001b 0 11 1 12 0.2%
Berger 2007 1 11 1 10 0.2%
Berger 2008 14 102 9 98 2.6%
Crimi 49 112 76 112 23.5%
El-Attar 2009 2 40 1 40 0.3%
Forceville 14 31 13 29 5.1%
Kuklinski 0 8 8 9 0.2%
Manzanares 2011 5 15 7 16 2.0%
Mishra 11 18 15 22 7.2%
Nathens 5 301 9 294 1.4%
Porter 0 9 0 9

Preiser 8 20 6 17 2.3%
Schneider 6 29 6 29 1.6%
Valenta 19 75 24 75 6.1%
Young 4 33 9 35 1.4%
Zimmerman 3 20 8 20 1.2%
Subtotal (95% CI) 1242 1243 100.0%
Total events 281 350

Heterogeneity: Tau® = 0.00; Chi* = 19.52, df = 19 (P = 0.42);

Figure 1 Effects of antioxidant strategies on mortality (n = 20). AOX,

1.00 [0.78, 1.28] l—
0.64 [0.31, 1.32)
0.79 [0.60, 1.06]
3.00 [0.14, 65.90]
2.67 [0.28, 25.04]
0.36 [0.02, 8.04)
0.91 [0.07, 12.69]
1.49 [0.68, 3.29]
0.64 [0.50, 0.82)
2.00[0.19, 21.18]
1.01 [0.58, 1.76]
0.07 [0.00, 0.98]
0.76 [0.31, 1.89]
0.90 [0.56, 1.43]
0.54 [0.18, 1.60]
Not estimable

1.13 [0.49, 2.62)
1.00 [0.37, 2.74)
0.79 [0.48, 1.32)
0.47 [0.16, 1.38]
0.38 [0.12, 1.21]
0.82 [0.72, 0.93]

-H1|| '1J1|¢‘ |4

P=3%

antioxidants; RR, risk ratio; 95% Cl, 95% confidence intervals.

CI -0.35 to 0.09, P = 0.25; test for heterogeneity was not
significant P = 0.73, I* = 0%).

Overall effect on ventilator days

When the four trials [14,60,64,66] that reported ventila-
tor days were aggregated, antioxidants significantly
decreased the duration of mechanical ventilation (WMD
= -0.67, 95% CI -1.22 to -0.13, P = 0.02, see Figure 3).

Subgroup analysis

Parenteral/Intravenous versus enteral route

Antioxidants were supplemented by parenteral route in 15
[13-17,57,59-62,64,67-70] of the 21 trials; 1 trial [65] was
excluded because it supplemented vitamin E by enteral
route and vitamin C by parenteral route. When the results
of the trials using antioxidants via parenteral route were

AOX Control

Study or Subgroup

Events Total Events Total Weight M-H, Random, 95% CI

Risk Ratio
M-H, Random, 95% CI

Risk Ratio

1.2.1 - Single + Combined

Andrews 104 251 121 251 15.1%
Angstwurm 2007 10 116 10 122 0.8%
Berger 2001a 5 9 5 12 0.7%
Berger 2001b 3 11 5 12 0.4%
Berger 2008 36 102 34 98 4.0%
El-Attar 2009 5 36 7 34 0.5%
Maderazo 13 28 5 18 0.8%
Manzanares 2011 1 15 6 16 0.1%
Nathens 36 301 44 294 3.4%
Porter 5 9 8 9 1.5%
Preiser 3 20 1 17 0.1%
Subtotal (95% CI) 898 883 27.6%
Total events 221 246

Heterogeneity: Tau® = 0.00; Chi* = 9.08, df = 10 (P = 0.52); I = 0%

Test for overall effect: Z= 1.73 (P = 0.08)

Figure 2 Effect of antioxidants on infections (n = 10). AOX, antioxidants; RR, risk ratio; 95% Cl, 95% confidence intervals.

0.86 [0.71, 1.04] e
1.05 [0.45, 2.43] —
1.33 [0.55, 3.24] —
0.65 [0.20, 2.12]
1.02 [0.70, 1.48) -+
0.67 [0.24, 1.92]
1.67 [0.72, 3.89] -—
0.18 [0.02, 1.31] —8
0.80 [0.53, 1.20]
0.63 [0.33, 1.17)
2.55 [0.29, 22.31)
0.88 [0.76, 1.02]
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Antioxidants Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Berger 1998 9 10 10 12 9 10 16.3% -0.30([-1.18,0.58] —-
Berger 2001a 6.2 3.5 9 5.4 6.5 12  16.6% 0.14 [-0.72, 1.01) ==
Berger 2001b 4.1 3.6 11 5.4 6.5 12 17.3% -0.24 [-1.06, 0.59] =
Crimi 6.2 2.3 112 89 1.8 112 26.4% -1.30[-1.59,-1.01] =
El-Attar 2009 9.4 73 40 17.8 7.6 40 23.5% -1.12 [-1.59, -0.64] -
Total (95% CI) 182 186 100.0% =0.67 [-1.22, -0.13] )
Heterogeneity: Tau® = 0.27; Chi* = 16.80, df = 4 (P = 0.002); I’ = 76% :-10 —=5 o 5‘ 10:
Test for overall effect: Z = 2.42 (P = 0.02) Favours antioxidants Favours control

Figure 3 Effect of combined antioxidant therapy on ventilation days (n = 4). RR, risk ratio; 95% Cl, 95% confidence intervals.

aggregated, antioxidants were associated with a trend
towards reduction in mortality (RR = 0.89, 95% CI 0.77 to
1.03, P = 0.11); test for heterogeneity was not significant P
= 0.56, I2 = 0%). Meanwhile, four trials [18,63,65,66] that
evaluated antioxidants by enteral route were associated
with a significant reduction in mortality (RR = 0.68, 95%
CI 0.54 to 0.85, P = 0.0008; test for heterogeneity P = 0.50,
I> = 0%, see Figure 4). The test for subgroup differences
was borderline significant, P = 0.05, I* = 0%. Seven trials
[13,14,17,57,62,64,67] using intravenous antioxidants eval-
uated infectious complications. When aggregated these
studies showed that antioxidant supplementation by intra-
venous route was associated with a trend towards reduced
infections (RR = 0.89, 95% CI 0.76 to 1.03, P = 0.12; test
for heterogeneity was not significant P = 0.57, I* = 0%).
Only one RCT [63] reported the effects of enteral antioxi-
dants on infections, so meta-analysis was not done.

Higher vs. lower mortality

Subgroup analyses showed that antioxidant supplemen-
tation was associated with a significant reduction in
overall mortality among patients with higher risk of
death [15-18,56,58,59,61,66,67,69,70] (>10% mortality in
the control group) (RR 0.79, 95% CI 0.68 to 0.92, P =
0.003). There was no significant effect observed for the
trials of patients with a lower mortality in the control
group [13,14,60,62-65,68] (RR = 1.14, 95% CI 0.72 to
1.82, P = 0.57). The test for subgroup differences was
not significant (P = 0.14, I* = 54%, see Figure 5). Six
trials with low mortality in the control group
[13,14,62-65] showed no effect on infections (RR = 0.87,
95% CI 0.69 to 1.10, P = 0.25). Furthermore, four trials
with higher mortality in the control group [16,17,57,67]
did not show effect on infections (RR = 0.95, 95% CI
0.60 to 1.49, P = 0.81). The test for subgroup differences
was not significant (P = 0.76).

Selenium versus non-selenium

There were 16 trials [13-18,56,59-62,65,67-70] that eval-
uated selenium alone or combined with other micronu-
trients in antioxidant cocktails. When aggregated,
selenium supplementation was associated with a trend
toward a reduction in mortality (RR = 0.89, 95% CI 0.77
to 1.03, P = 0.12). When trials that did not use selenium

were aggregated [58,63,65,66], there was a significant
reduction in mortality (RR = 0.66, 95% CI 0.52 to 0.82,
P = 0.0003). The test for subgroup differences was sig-
nificant (P = 0.03). The seven trials using selenium
[13,14,16,17,62,64,67] demonstrated a trend toward a
reduction in infections (RR = 0.87, 95% CI 0.74 to 1.02,
P = 0.08) whereas three trials not using selenium
[57,63,65] had no effect on infectious complications (RR
= 1.10 95% CI 0.60 to 2.04, P = 0.75). The test for sub-
group differences was not significant (P = 0.46).
Parenteral vs. enteral selenium

Next, we compared those trials that administered the
selenium via the parenteral route versus the enteral
route. There were 15 trials that evaluated parenteral
selenium [13-18,56,59-61,64,67-70]. When aggregated,
parenteral selenium supplementation was associated
with a trend toward a reduction in mortality (RR = 0.89,
95% CI 0.77 to 1.03, P = 0.11). Furthermore, seven trials
[13,14,16,17,62,64,67] using parenteral selenium demon-
strated a trend toward a reduction in infections (RR =
0.87, 95% CI 0.74 to 1.02, P = 0.08). We could not
meta-analyze the enteral subgroup because only one
RCT [18] using enteral selenium reported on mortality,
infections, ICU and hospital LOS.

Parenteral selenium subgroup analyses

Selenium monotherapy versus selenium combined
Nine RCT [15-17,56,59,61,67,69,70] have supplemented
selenium as monotherapy. When we aggregated these
studies, selenium supplementation showed a trend
toward reduction in mortality (RR = 0.86, 95% CI 0.73
to 1.01, P = 0.06). When the effect on mortality of five
trials [13,60,62,64,68] using selenium in combined ther-
apy was evaluated, parenteral antioxidants cocktails with
selenium had no effect on mortality (RR = 1.50, 95% CI
0.77 to 2.94, P = 0.23). The test for subgroup differences
tended towards statistical significance (P = 0.11, see Fig-
ure 6).

The effect of selenium monotherapy on infections was
evaluated in three trials [16,17,67] showing a trend
towards reductions in infectious complications (RR =
0.85, 95% CI 0.71 to 1.03, P = 0.10). Meanwhile, four
RCTs [13,14,62,64] evaluated combined therapy and
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AOX Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M=-H, Random, 95% CI
10.1.5 PN
Andrews 84 251 84 251 35.7% 1.00 (0.78, 1.28]
Angstwurm 7 21 11 21 4.1% 0.64 [0.31, 1.32) o
Angstwurm 2007 46 116 61 122 26.5% 0.79 [0.60, 1.06) -
Berger '98 1 10 0 10 0.2% 3.00 [0.14, 65.90]
Berger 2001a 2 9 1 12 0.4% 2.67 [0.28, 25.04] —
Berger 2001b 0 11 1 12 0.2% 0.36 [0.02, 8.04)
Berger 2007 1 11 1 10 0.3% 0.91 [0.07, 12.69] —
Berger 2008 14 102 9 98 3.5% 1.49 [0.68, 3.29] —_e—
El-Attar 2009 2 40 1 40 0.4% 2.00 [0.19, 21.18) —
Forceville 14 31 13 29 6.9% 1.01 [0.58, 1.76] —1
Kuklinski 0 8 8 9 0.3% 0.07 [0.00, 0.98] +———
Manzanares 2011 3 15 5 16 1.4% 0.64 [0.18, 2.22] —_—T
Mishra 11 18 15 22 10.0% 0.90 [0.56, 1.43] -
Porter 0 9 0 9 Not estimable
Valenta 19 75 24 75 8.4% 0.79 [0.48, 1.32] —r
Zimmerman 3 20 8 20 1.6% 0.38 [0.12, 1.21] —
Subtotal (95% CI) 747 756 100.0% 0.89 [0.77, 1.03] 4
Total events 207 242
Heterogeneity: Tau® = 0.00; Chi* = 12.60, df = 14 (P = 0.56); IF = 0%
Test for overall effect: Z = 1.58 (P = 0.11)
10.1.7 EN
Crimi 49 112 76 112 83.5% 0.64 [0.50, 0.82] =
Nathens 5 301 9 294 4.3% 0.54 [0.18, 1.60] —_—
Preiser 8 20 6 17 7.2% 1.13 [0.49, 2.62) —
Schneider 6 29 6 29 5.0% 1.00 (0.37, 2.74] —_—
Subtotal (95% CI) 462 452 100.0% 0.68 [0.54, 0.85] ¢
Total events 68 97
Heterogeneity: Tau® = 0.00; Chi* = 2.35, df = 3 (P = 0.50); ¥ = 0%
Test for overall effect: Z = 3.35 (P = 0.0008)
0.01 0.1 10 100
Test for subgroup differences: Chi* = 3.74, df = 1 (P = 0.05), I’ = 73.3% Favauss AOK  Favaurs eonirol
Figure 4 Effect of combined antioxidant by parenteral (n = 15) and enteral route on mortality (n = 4). AOX, antioxidants; EN: enteral
nutrition; PN: parenteral nutrition; RR, risk ratio; 95% Cl, 95% confidence intervals.

\

showed no effect on infections (RR = 0.88, 95% CI 0.66
to 1.18, P = 0.40); test for subgroup differences was not
significant (P = 0.86, see Figure 7).

Intravenous loading dose versus no loading dose Par-
enteral selenium via loading dose as a bolus was evalu-
ated in five RCTs [13,15,16,59,67]. When these studies
were aggregated, selenium supplementation with a bolus
showed a trend toward reduction in a mortality (RR =
0.81, 95% CI 0.65 to 1.02, P = 0.07; test for heterogene-
ity P = 0.40, I” = 1%). On the other hand, parenteral
selenium without loading dose was evaluated in 10 trials
[14,17,56,60-62,64,68-70] and did not show effect on
mortality (RR = 0.95, 95% CI 0.78 to 1.15, P = 0.59).
The test of subgroup effects was not significant (P =
0.63, see Figure 6).

The effect of selenium loading dose on infections was
evaluated in three trials [13,16,67] and showed no effect
in infectious complications (RR = 0.96, 95% CI 0.69 to
1.33, P = 0.80). Meanwhile, four trials [14,17,62,64]

evaluated parenteral selenium without loading dose and
showed a borderline effect on infections (RR 0.84, 95%
CI 0.70 to 1.00, P = 0.05); test for subgroup differences
was not significant (P = 0.48, see Figure 7).
Selenium high dose versus lower dose Four trials
[16,59,67,69] using higher doses than a daily dose of 500
pug showed a trend towards a lower mortality (RR =
0.80, 95% CI 0.63 to 1.02, P = 0.07). The four trials
[15,17,56,64] using doses equal to 500 pg had a smaller
treatment effect that was not statistically significant (RR
= 0.87, 95% CI 0.57 to 1.32, P = 0.51). Meanwhile, the
seven trials [13,14,60-62,68,69] using doses lower than
500 pg had no effect on mortality (RR = 0.94, 95% CI
0.67 to 1.33, P = 0.75). Although numerically different,
these effects’ size differences are clinically important,
but the test for subgroup differences was not significant
(P = 0.75, see Figure 6).

Two trials [16,67] using doses higher than of 500 pg/d
showed no effect on infections (RR = 0.76, 95% CI 0.35
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antioxidants; RR, risk ratio; 95% Cl, 95% confidence intervals.
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Figure 5 Effects of antioxidants supplementation on mortality according to high or low mortality in the control group. AOX,
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Favours AOX Favours control

to 1.69, P = 0.51). The two trials [17,64] using doses
equal to 500 pg/d showed a trend towards a lower infec-
tions (RR = 0.86, 95% CI 0.71 to 1.05, P = 0.13) and the
three trials [13,14,62] that used doses lower than 500
pg/d had no effect on infections (RR = 0.87, 95% CI
0.64 to 1.19, P = 0.39). The test for subgroup differences
was not significant (P = 0.95, see Figure 7).

Discussion

Critical illness is associated with a significant redox
imbalance which leads to mitochondrial dysfunction,
SIRS and MODS [1,6]. In this context, it may be that
supplemental trace elements and vitamins represent an
important therapeutic option for critically ill patients.
We have systematically reviewed 21 eligible RCTs in
ICU patients for evaluating the effects of combined anti-
oxidants (vitamins and trace elements) where the nutri-
ents are provided dissociated from standard nutrition.

With the exception of six larger trials [13,15,17,65-67],
most RCTs included in this systematic review were rela-
tively small studies with the number of patients less
than 100, and thus inadequate to detect clinically impor-
tant treatment effects of combined antioxidants on mor-
tality. The advantage of meta-analytic techniques is that
they can combine across studies to gain a more precise
treatment effect. When they were statistically aggre-
gated, we found a significant reduction in mortality and
mechanical ventilation days and a trend towards
reduced infections with no overall effect on ICU or hos-
pital LOS in critically ill patients. Since the mortality
effect is greater than the effect on infectious complica-
tions, it is plausible that the mortality effect could be
mediated by different mechanisms related to improve-
ment of organ failure, not by reducing infection,
although this is only a postulate and not supported by
our data. Furthermore, given the wide variety of clinical
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Figure 6 Results of subgroup analyses examining the effect of parenteral selenium supplementation on mortality. RR, risk ratio. P-values
refer to the differences in the effects of selenium on mortality between subgroups.

diagnoses and the heterogenous population of ICU
patients included in this systematic review (sepsis, severe
sepsis/septic shock, trauma, burns, pancreatitis, head
injury and SIRS) the results and conclusions may be
applied to a broad, heterogeneous group of critically ill
patients.

The presence of clinical and statistical heterogeneity in
this meta-analysis enables us to explore the sources of
heterogeneity and illuminate strategies for optimizing
the treatment effect of antioxidants in critically ill
patients. Accordingly, we conducted several hypothesis-
generating analyses. We observed that enteral antioxi-
dants had a larger treatment effect on mortality (RR =
0.68 vs. 0.89). Notwithstanding, the data supporting ent-
eral antioxidants are sparse and we have not really eval-
uated all end points comprehensively. Furthermore, the
mortality effect is largely driven by the Crimi et al. [66]
trial, a large RCT (n = 216) that showed that antioxidant
supplementation with vitamins C (500 mg/d) and E (400

UI/d) in enteral feeding for 10 days is associated with
decreased 28-day mortality (45.7% versus 67.5% P <0.05)
[66]. This trial explains 83.5% of the signal and is thus a
very unstable estimate. In addition, high mortality
observed in the regular feeding group questions the gen-
eralizabily of this study. Finally, we still show a possible
treatment effect with parenteral antioxidants on infec-
tious complications. Therefore, we do not conclude that
enteral antioxidants are better but would suggest that
either route of administration is acceptable given our
current knowledge. In fact, there is a rationale for com-
bining enteral with parenteral antioxidants to maximize
the likelihood of treatment effect [71].

We have demonstrated a more pronounced effect in
reducing mortality with antioxidant strategies in the
most seriously ill ICU patients. In fact, when we aggre-
gated the data across the RCTs using a mortality cut off
value of 10% in the control group, we found a signifi-
cant effect of antioxidant supplementation in RCT with
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Figure 7 Results of subgroup analyses examinating the effects of parenteral selenium supplementation on infections. RR, risk ratio. P-
values refer to the differences in the effects of selenium on infectious complications between subgroups.

a mortality higher than 10% (P = 0.003). This finding
supports the notion that patients with more severe
insults and higher mitochondrial dysfunction resulting
from bioenergetic failure exhibited the largest depletion
of antioxidants [72]. Therefore, these patients may exhi-
bit greater improvement with antioxidant supplementa-
tion compared to less sick patients.

In another subgroup analysis, antioxidant strategies
without selenium were associated with a significant
reduction in mortality but no effect on infectious com-
plications. Nevertheless, data are sparse and once again
the strength of that estimation is derived from the
Crimi et al. study [66], which explains the 84% of the
signal; hence, this estimate is very unstable. On the
other hand, there are 16 RCTs that evaluated selenium-
based strategies and when these results are statistically
aggregated, we observed a trend towards reduced mor-
tality (RR = 0.89, 95% CI 0.77 to 1.03, P = 0.12) and
infection (RR = 0.87, 95% CI 0.74 to 1.02, P = 0.08).

Nothwistanding, current knowledge shows that selenium
exhibits antioxidant, antiinflammatory and immunomo-
dulatory effects [73]. In this context, selenium has been
shown to inhibit the activation of nuclear factor kappa-
B (NF-kB) by controlling selenoprotein genes expression
[74,75]. Likewise, selenium suppresses C reactive protein
synthesis and increases release of L-selectin from mono-
cytes while decreasing soluble L-selectin, which has
been reported to be associated with high mortality in
septic patients [76]. These mechanisms are likely to con-
tribute to the modulatory effects of selenium on the
inflammatory response [75]. Therefore, we certainly
believe that selenium cannot be left out of antioxidant
treatment strategies in the critically ill.

We observed considerable variation in how selenium
is administered in the included RCTs and, thus, we con-
ducted several additional subgroup analyses to evaluate
whether we can optimize the treatment effect of sele-
nium-based strategies. We first compared studies that
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evaluated selenium as monotherapy and compared them
to studies of combination antioxidant therapy that
included selenium. We observed important trends
towards reduced mortality (RR = 0.86, 95% CI 0.73 to
1.01, P = 0.06) and reduced infectious complications
(RR = 0.85, 95% CI 0.71 to 1.03, P = 0.10) associated
with selenium monotherapy, and no evidence of a treat-
ment effect was associated with combination therapy.
These data support the notion that selenium could be
the cornerstone of antioxidant strategies [11]; however,
in this meta-analysis we have previously demonstrated
that non-selenium-based studies are also associated with
a significant positive treatment effect. Thus, we conclude
that a combination of selenium with other trace ele-
ments and vitamins is probably warranted.

Current knowledge from animal studies shows that
selenium given as an intravenous loading dose has a
biphasic action; initially as a pro-oxidant and then as an
antioxidant [77]. Nevertheless, the early transient pro-
oxidant effect of selenite might be a useful therapeutic
strategy for some ICU patients [78]. In early stages of
SIRS, a selenium loading dose given as an intravenous
bolus may be able to induce a direct reversible inhibi-
tion of NF-xB binding to DNA, controlling gene expres-
sion and thus down-regulating the synthesis of pro-
inflammatory cytokines [76,79]]. Furthermore, in a
sheep model of severe sepsis, the bolus of sodium sele-
nite was able to improve hemodynamics, delaying arter-
ial hypotension, improving cardiac index, with delayed
hyperlactatemia, and fewer sepsis-induced microvascular
alterations [80]. Unfortunately, these findings have never
been proven in clinical trials. We explored the effect of
selenium loading dose as an intravenous bolus given in
a short time between 30 minutes and 2 hours. Accord-
ing to our results, a parenteral loading dose showed a
trend towards reduction in mortality (RR = 0.84, 95% CI
0.68 to 1.03, P = 0.09) whereas studies that did not use
a bolus loading dose did not show effect on mortality
(RR= 0.94, 95% CI 0.77 to 1.15, P = 0.56). The absence
of a significant test of subgroup differences weakens any
inferences from this subgroup analysis but it remains a
plausible hypothesis that studies that employ a bolus
loading dose may have a greater mortality effect than
those that did not.

In addition, we did not find any significant numerical
difference among different selenium daily doses. How-
ever, trials using daily doses greater than 500 pg showed
a trend towards a tendency to reduce mortality (P =
0.07). This finding is mostly due to the two German
RCTs [56,67], in which using a daily dose of 1,000 ug
showed a trend reduction in mortality.

The strength of our meta-analysis includes the fact
that we have used several methods to reduce bias (com-
prehensive literature search, duplicate data abstraction,
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specific criteria for searching and analysis) and have
focused on clinically important primary outcomes. Not-
withstanding, we are aware that our meta-analysis has
several limitations. Perhaps, the major limitation was the
small number of trials included in certain subgroup ana-
lyses and the effect of one enteral, non-selenium RCT
[66] on the mortality in the parenteral vs. enteral sub-
groups analysis and the selenium vs. non selenium sub-
groups analysis. Moreover, in those RCTs that have
provided micronutrients as part of PN, such as SIGNET
[17], which supplemented PN selenium, a difference
between the prescribed and the provided dose is possi-
ble due to PN intolerance, which adds uncertainty about
the true selenium daily dose.

In spite of these limitations, we have demonstrated
that antioxidant supplementation in the critically ill may
significantly reduce overall mortality and shorten venti-
lation days with a trend towards reduction in infectious
complications. Nonetheless, many questions on antioxi-
dant strategies in the ICU still remain unanswered.
Further research is warranted to define the optimal
combination, optimal dose and the timing of supple-
mentation of micronutrients [9]. Although the optimal
time to start antioxidants could not be determined from
this meta-analysis, both experimental and clinical data
support the concept that antioxidants are more effective
when initiated prior to injury [3].

Conclusions

In this meta-analysis, we have demonstrated that trace
elements and vitamins as antioxidants may be able to
significantly decrease mortality and shorten mechanical
ventilation days and are associated with a trend towards
reduced infectious complications in critically ill patients.
The treatment effect may be greatest in patients with
greater severity of illness. Furthermore, the therapeutic
effect may also depend on the type of intervention and/
or the method of administration. Antioxidant cocktails
with intravenous selenium at high doses may optimize
the therapeutic effect of antioxidant strategies. Further
research to optimize the therapeutic effect of antioxi-
dants is warranted.

Key messages

« Critical illness is characterized by oxidative stress
with antioxidant depletion. In this context, supple-
mentation of antioxidant micronutrients could
restore antioxidant status, improving clinical
outcomes.

« Trace elements and vitamins, as antioxidants, may
significantly decrease mortality and shorten mechan-
ical ventilation days in ICU patients.

+ Antioxidant micronutrients strategies are asso-
ciated with a trend towards a reduction in infections.
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» The treatment effect may be greatest in patients
with greater severity of illness.

» Antioxidant cocktails with intravenous selenium at
a daily dose higher than 500 pg may optimize the
therapeutic effect of antioxidant strategies.
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randomized clinical trials evaluating antioxidant micronutrients in
critically ill patients. COPD, chronic obstructive pulmonary disease; C.
Random, concealed randomization; EN, enteral nutrition; HAP, hospital
acquired pneumonia; Hosp, hospital; ICU, intensive care unit; ITT, intent
to treat; IV, intravenous; NA, non-attribuible; NR, non-reported; PN,
parenteral nutrition; SIRS, systemic inflammatory response syndrome;
TBSA, total body surface area; VAP, ventilator associated pneumonia.

Abbreviations

AOX: antioxidants; Cl: confidence interval; COPD: chronic obstructive
pulmonary disease; C.Random: concealed randomization; CRRT: continuous
renal replacement therapies; D5W: dextrose 5% in water; EN: enteral
nutrition; GPx: glutathione peroxidase; HAP: hospital acquired pneumonia;
ICU: intensive care unit; IEDs: immune-enhancing diets; ITT: intention to
treat; IV: intravenous; LOS: length of stay; MODS: multiple organ dysfunction
syndrome; N: number of patients; NA: non-attributable; NAC: N-acety!
cysteine; NF-kappaB: nuclear factor kappa-B; PN: parenteral nutrition; RCT:
randomized controlled trials; RNS: reactive nitrogen species; ROS: reactive
oxygen species; RR: risk ratio; SIRS: systemic inflammatory response
syndrome; SOD: superoxide dismutase; TBSA: total body surface area; VAP:
ventilator associated pneumonia; WMD: weighted mean difference

Author details

YIntensive Care Unit, Department of Critical Care Medicine, Universidad de la
Republica, Hospital de Clinicas (University Hospital), Faculty of Medicine,
Avda ltalia s/n 14" Floor, Montevideo, 11600, Uruguay. “Clinical Evaluation
Research Unit, Kingston General Hospital, Angada 4, Kingston General
Hospital, 76 Stuart Street, Kingston ON, K7L 2V7, Canada. “Department of
Medicine, Queen’s University Kingston, Angada 4, Kingston General Hospital,
76 Stuart Street, Kingston, Ontario K7L 2V7, Canada.

Authors’ contributions

All authors read and approved the final manuscript. WM and DKH are
responsible for writing the manuscript. XL and LM are responsible for the
statistics. RD, WM and DKH are responsible for the data collection.

Competing interests
The authors declare that they have no competing interests.

Received: 19 December 2011 Revised: 13 March 2012
Accepted: 25 April 2012 Published: 25 April 2012

References

1. Brealey D, Brand M, Hargreaves |, Heales S, Land J, Smolenski R, Davies NA,
Cooper CE, Singer M: Association between mitochondrial dysfunction
and severity and outcome of septic shock. Lancet 2002, 360:219-223.

2. Lovat R, Preiser JC. Antioxidant therapy in intensive care. Curr Opin Crit
Care 2003, 9:266-270.

20.

21.

22.

23.

24.

25.

Page 11 of 13

Berger MM: Can oxidative damage be treated nutritionally? Clin Nutr
2005, 24:172-83.

Victor VM, Rocha M, De la Fuente M: Immune cells: free radicals and
antioxidants in sepsis. Int Immunopharmacol 2004, 4:327-347.
Goodyear-Bruch C, Pierce JD: Oxidative stress in critically ill patients. Am J
Crit Care 2002, 11:543-561.

Frost MT, Wang Q, Moncada S, Singer M: Hypoxia accelerates nitric oxid
dependent inhibition of mitochondrial complex I in activated
macrophages. Am J Physiol Regul Integr Comp Physiol 2005, 288:R394-R400.
Berger MM: Antioxidant micronutrients in major trauma and burns:
evidence and practice. Nutr Clin Pract 2006, 21:438-449.

Alonso de Vega JM, Diaz J, Serrano E, Carbonell LF: Oxidative stress in
critically ill patients with systemic inflammatory response syndrome. Crit
Care Med 2002, 30:1782-1786.

Berger MM, Chiolero R: Antioxidant supplementation in sepsis and
systemic inflammatory response syndrome. Crit Care Med 2007, 35:
$584-5590.

Motoyama T, Okamoto K, Kukita |, Hamaguchi M, Kinoshita Y, Ogawa H:
Possible role of increased oxidant stress in multiple organ failure after
systemic inflammatory response syndrome. Crit Care Med 2003,
31:1048-1052.

Heyland DK, Dhaliwal R, Suchner U, Berger MM: Antioxidants nutrients: a
systematic review of trace elements and vitamins in the critically ill
patient. Intensive Care Med 2005, 31:327-337.

Visser J, Labadarios D, Blaauw R: Micronutrient supplementation for
critically ill adults: a systematic review and meta-analysis. Nutrition 2011,
27:745-758.

Berger MM, Soguel L, Shenkin A, Revelly JP, Pinget C, Baines M, Chidlero R:
Influence of early antioxidant supplements on clinical evolution and
organ function in critically ill cardiac surgery, major trauma, and
subarachnoid hemorrhage patients. Crit Care 2008, 12:R101.

El-Attar M, Said M, El-Assal G, Sabry NA, Omar E, Ashour L: Serum trace
element levels in COPD patient: The relation between trace element
supplementation and period of mechanical ventilation in a randomized
controlled trial. Respirology 2009, 14:1180-1187.

Valenta J, Brodska H, Drabek T, Hend! J, Kazda A: High-dose selenium
substitution in sepsis: a prospective, randomized clinical trial. Intensive
Care Med 2011, 37:808-815.

Manzanares W, Biestro A, Torre MH, Galusso F, Facchin G, Hardy G: High
dose selenium reduces ventilator associated pneumonia and illness
severity in critically ill patients with systemic inflammation. Intensive Care
Med 2011, 37:1120-1127.

Andrews PJ, Avenell A, Noble DW, Campbell MK, Croal BL, Simpson WG,
Vale LD, Battison CG, Jenkinson DJ, Cook JA, Scottish Intensive care
Glutamine or seleNium Evaluative Trial Trials Group: Randomised trial of
glutamine, selenium, or both, to supplement parenteral nutrition for
critically ill patients. BMJ 2011, 17:d1542.

Schneider A, Markowski A, Momma M, Seipt C, Luettig B, Hadem J,
Wilhelmi M, Manns MP, Wedemeyer J: Tolerability and efficacy of a low-
volume enteral supplement containing key nutrients in the critically ill.
Clin Nutr 2011, 30:599-603.

Galley HF, Howdle PD, Walker BE, Webster NR: The effects of intravenous
antioxidants in patients with septic shock. Free Radic Biol Med 1997,
23:768-774.

Siriwardena AK, Mason JM, Balachandra S, Bagul A, Galloway S, Formela L,
Hardman JG, Jamdar S: Randomised, double blind, placebo controlled
trial of intravenous antioxidant (n-acetylcysteine, selenium, vitamin C)
therapy in severe acute pancreatitis. Gut 2007, 56:1439-1444.

Molnar Z, Shearer E, Lowe D: N acetyl-cysteine treatment to prevent the
progression of multisystem organ failure: a prospective, randomized,
placebo-controlled study. Crit Care Med 1999, 27:1100-1104.

Heyland DK, MacDonald S, Keefe L, Drover JW: Total parenteral nutrition
in the critically ill patient: a meta-analysis. JAMA 1998, 280:2013-2019.
Review Manager (RevMan) [Computer program]. Version 5.1.
Copenhagen: The Nordic Cochrane Centre. The Cochrane Collaboration
2011.

DerSimonian R, Laird N: Meta-analysis in clinical trials. Control Clin Trials
1986, 7:177-188.

Higgins JPT, Thompson SG: Quantifying heterogeneity in a meta-analysis.
Stat Med 2002, 21:1539-1558.


http://www.biomedcentral.com/content/supplementary/cc11316-S1.DOC
http://www.biomedcentral.com/content/supplementary/cc11316-S2.DOC
http://www.biomedcentral.com/content/supplementary/cc11316-S3.DOC
http://www.ncbi.nlm.nih.gov/pubmed/12133657?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12133657?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12883280?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15784476?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15037211?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15037211?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12425405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15486095?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15486095?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15486095?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16998143?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16998143?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12163793?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12163793?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17713413?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17713413?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12682471?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12682471?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15605227?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15605227?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15605227?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21679878?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21679878?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18687132?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18687132?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18687132?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19761535?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19761535?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19761535?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19761535?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21347869?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21347869?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21445641?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21445641?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21445641?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21621886?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21621886?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9296454?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9296454?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17356040?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17356040?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17356040?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10397212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10397212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10397212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9863853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9863853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3802833?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12111919?dopt=Abstract

Manzanares et al. Critical Care 2012, 16:R66
http://ccforum.com/content/16/2/R66

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Rucker G, Schwarzer G, Carpenter J: Arcsine test for publication bias in
meta-analyses with binary outcomes. Stat Med 2008, 27:746-763.

Uden S, Bilton D, Nathan L, Hunt LP, Main C, Braganza JM: Antioxidant
therapy for recurrent pancreatitis: placebo-controlled trial. Aliment
Pharmacol Ther 1990, 4:357-371.

Uden S, Schofield D, Miller PF, Day JP, Bottiglier T, Braganza JM:
Antioxidant therapy for recurrent pancreatitis: biochemical profiles in a
placebo-controlled trial. Aliment Pharmacol Ther 1992, 6:229-240.

Sisto T, Paajanen H, Metsé-Keteld T, Harmoinen A, Nordback |, Tarkka M:
Pretreatment with antioxidants and allopurinol diminishes cardiac onset
events in coronary artery bypass grafting. Ann Thorac Surg 1995,
59:1519-1523.

Cerwenka H, Bacher H, Werkgartner G, El-Shabrawi A, Quehenberger F,
Hauser H, Mischinger HJ: Antioxidant treatment during liver resection for
alleviation of ischemia- reperfusion injury. Hepatogastroenterology 1998,
45:777-782.

Saito I, Asano T, Sano K, Takakura K, Abe H, Yoshimoto T, Kikuchi H, Ohta T,
Ishibashi S: Neuroprotective effect of an antioxidant, ebselen, in patients
with delayed neurological deficits after aneurysmal subarachnoid
hemorrhage. Neurosurgery 1998, 42:269-277.

Yamaguchi T, Sano K, Takakura K, Saito I, Shinohara |, Asano T, Yasuhara H:
Ebselen Study Group. Ebselen in acute ischemic stroke: a placebo-
controlled, double-blind clinical trial. Stroke 1998, 29:12-17.

Cerwenka H, Khoschsorur G, Bacher H, Werkgartner G, El-Shabrawi A,
Quehenberger F, Rabl H, Mischinger HJ: Normothermic liver ischemia and
antioxidant treatment during hepatic resections. Free Radic Res 1999,
30:463-469.

Ogawa A, Yoshimoto T, Kikuchi H, Sano K, Saito I, Yamaguchi T, Yasuhara H:
Ebselen in acute middle cerebral artery occlusion: a placebo-controlled,
double-blind clinical trial. Cerebrovasc Dis 1999, 9:112-118.

Keith ME, Jeejeebhoy KN, Langer A, Kurian R, Barr A, O'Kelly B, Sole MJ: A
controlled clinical trial of vitamin E supplementation in patients with
congestive heart failure. Am J Clin Nutr 2001, 73:219-224.

Ullegaddi R, Powers HJ, Gariballa SE: Antioxidant supplementation with or
without B-group vitamins after acute ischemic stroke: a randomized
controlled trial. JPEN J Parenter Enteral Nutr 2006, 30:108-114.

Watters JM, Vallerand A, Kirkpatrick SM, Abbot HE, Norris S, Wells G,

Barber GG: Limited effects of micronutrient supplementation on strength
and physical function after abdominal aortic aneurysmectomy. Clin Nutr
2002, 21:321-327.

Angdin M, Settergren G, Starkopf J, Zilmer M, Zilmer K, Vaage J: Protective
effect of antioxidants on pulmonary endothelial function after
cardiopulmonary bypass. J Cardiothorac Vasc Anesth 2003, 17:314-320.
Bartels M, Biesalski HK, Engelhart K, Sendlhofer G, Rehak P, Nagel E: Pilot
study on the effect of parenteral vitamin E on ischemia and reperfusion
induced liver injury: a double blind, randomized, placebo-controlled
trial. Clin Nutr 2004, 23:1360-1370.

van Stijn MF, Ligthart-Melis GC, Boelens PG, Scheffer PG, Teerlink T,

Twisk JW, Houdijk AP, van Leeuwen PA: Antioxidant enriched enteral
nutrition and oxidative stress after major gastrointestinal tract surgery.
World J Gastroenterol 2008, 7:6960-6969.

Faure H, Peyrin JC, Richard MJ, Favier A: Parenteral supplementation with
zinc in surgical patients corrects postoperative serum-zinc drop. Biol
Trace Elem Res 1991, 30:37-45.

Ortolani O, Gratino F, Leone D, Russo F, Tufano R: Usefulness of the
prevention of oxygen radical damage in the critical patient using the
parenteral administration of reduced glutathione in high doses. Boll Soc
Ital Biol Sper 1992, 68:239-244.

Rock CL, Dechert RE, Khilnani R, Parker RS, Rodriguez JL: Carotenoids and
antioxidant vitamins in patients after burn injury. J Burn Care Rehabil
1997, 18:269-278.

Rumelin A, Depta A: Preoperative oral ascorbic acid (AA) and
postoperative plasma levels of AA. Clin Nutr 2001, 20(suppl 3):47.
Domenighetti G, Suter PM, Schaller MD, Ritz R, Perret C: Treatment with N-
acetylcysteine during acute respiratory distress syndrome: a randomized,
double-blind, placebo-controlled clinical study. J Crit Care 1997,
12:177-182.

Bernard GR, Wheeler AP, Arons MM, Morris PE, Paz HL, Russell JA, Wright PE:
A trial of antioxidants N-acetylcysteine and procysteine in ARDS. The
Antioxidant in ARDS Study Group. Chest 1997, 112:164-172.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

Page 12 of 13

Molnar Z, MacKinnon KL, Shearer E, Lowe D, Watson ID: The effect of N-
acetylcysteine on total serum anti-oxidant potential and urinary albumin
excretion in critically ill patients. Intensive Care Med 1998, 24:230-235.
Spapen H, Zhang H, Demanet C, Vleminckx W, Vincent JL, Huyghens L:
Does N-acetyl-L-cysteine influence cytokine response during early
human septic shock? Chest 1998, 113:1616-1624.

Ortolani O, Conti A, De Gaudio AR, Moraldi E, Cantini Q, Novelli G: The
effect of glutathione and N-acetylcysteine on lipoperoxidative damage
in patients with early septic shock. Am J Respir Crit Care Med 2000,
161:1907-1911.

Berger MM, Cavadini C, Chioléro R, Dirren H: Copper, selenium, and zinc
status and balances after major trauma. J Trauma 1996, 40:103-109.
Berger MM, Baines M, Chidlero R, Catherine A Wardle, Christine Cayeus,
Alan Shenkin: Influence of early trace element and vitamin E
supplements on antioxidant status after major trauma: a controlled trial.
Nutr Res 2001, 21:41-54.

Berger MM, Baines M, Raffoul W, Benathan M, Chiolero RL, Reeves C,
Revelly JP, Cayeux MC, Sénéchaud |, Shenkin A: Trace element
supplementation after major burns modulates antioxidant status and
clinical course by way of increased tissue trace element concentrations.
Am J Clin Nutr 2007, 85:1293-1300.

Bjelakovic G, Nikolova D, Gluud LL, Simonetti RG, Gluud C: Mortality in
randomized trials of antioxidant supplements for primary and secondary
prevention: systematic review and meta-analysis. JAMA 2007,
297:842-857.

Sawyer MA, Mike JJ, Chavin K: Antioxidant therapy and survival in ARDS.
Crit Care Med 1989, 17:5153.

Tanaka H, Matsuda T, Miyagantani Y, Yukioka T, Matsuda H, Shimazaki S:
Reduction of resuscitation fluid volumes in severely burned patients
using ascorbic acid administration. Arch Surg 2000, 135:326-331.

Kuklinski B, Buchner M, Schweder R, Nagel R: [Akute Pancreatitis-eine “Free
Radical Disease: Letalitatssenkung durch Natriumselenit (Na2SeO3)-
Therapie.]. Z Gestame Inn Med 1991, 46:5145-149.

Maderazo EG, Woronick CL, Hickingbotham N, Jacobs L, Bhagavan HN: A
randomized trial of replacement antioxidant vitamin therapy for
neutrophil locomotory dysfunction in blunt trauma. J Trauma 1991,
31:1142-1150.

Young B, Ott L, Kasarskis E, Rapp R, Moles K, Dempsey RJ, Tibbs PA,

Kryscio R, McClain C: Zinc supplementation is associated with improved
neurologic recovery rate and visceral protein levels of patients with
severe closed head injury. J Neurotrauma 1996, 13:25-34.

Zimmermann T, Albrecht S, Kilhne H, Vogelsang U, Griitzmann R,
Kopprasch S: Selensubstitution bei sepsispatienten. Medizinische Klinik
1997, 92:3-4.

Berger MM, Spertini F, Shenkin A, Wardle C, Wiesner L, Schindler C,
Chiolero RL: Trace element supplementation modulates pulmonary
infection rates after major burns: a double-blind, placebo-controlled
trial. Am J Clin Nutr 1998, 68:365-371.

Angstwurm MW, Schottdorf J, Schopohl J, Gaertner R: Selenium
replacement in patients with severe systemic inflammatory response
syndrome improves clinical outcome. Crit Care Med 1999, 27:1807-1813.
Porter JM, Ivatury RR, Azimuddin K, Swami R: Antioxidant therapy in the
prevention of organ dysfunction syndrome and infectious complications
after trauma: early results of a prospective randomized study. Am Surg
1999, 65:478-483.

Preiser JC, Van Gossum A, Berré J, Vincent JL, Carpentier Y: Enteral feeding
with a solution enriched with antioxidant vitamins A, C, E enhances the
resistance to oxidative stress. Crit Care Med 2000, 28:3828-3832.

Berger MM, Recmond MJ, Shenkin A, Rey F, Wardle C, Cayeux C,

Schindler C, Chioléro RL: Influence of selenium supplements on the post-
traumatic alterations of the thyroid axis: a placebo-controlled trial.
Intensive Care Med 2001, 27:91-100.

Nathens AB, Neff MJ, Jurkovich GJ, Klotz P, Farver K, Ruzinski JT, Radella F,
Garcia |, Maier RV: Randomized, prospective trial of antioxidant
supplementation in critically ill surgical patients. Ann Surg 2002,
236:814-822.

Crimi E, Liguori A, Condorelli M, Cioffi M, Astuto M, Bontempo P,

Pignalosa O, Vietri MT, Molinari AM, Sica V, Della Corte F, Napoli C: The
beneficial effects of antioxidant supplementation in enteral feeding in
critically ill patients: a prospective, randomized, double-blind, placebo-
controlled trial. Anesth Analg 2004, 99:857-863.


http://www.ncbi.nlm.nih.gov/pubmed/17592831?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17592831?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2103755?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2103755?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1600043?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1600043?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7771834?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7771834?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9684133?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9684133?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9482177?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9482177?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9482177?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9445321?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9445321?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10400458?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10400458?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9973655?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9973655?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11157316?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11157316?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11157316?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16517955?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16517955?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16517955?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12135593?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12135593?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12827578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12827578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12827578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15556258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15556258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15556258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15556258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1718367?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1718367?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1463596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1463596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1463596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9169953?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9169953?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9459113?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9459113?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9459113?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9228372?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9228372?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9565804?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9565804?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9565804?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9631802?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9631802?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10852765?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10852765?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10852765?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8576970?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8576970?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17490965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17490965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17490965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17327526?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17327526?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17327526?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10722036?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10722036?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1875441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1875441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1875441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8714860?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8714860?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8714860?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9417494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9701195?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9701195?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9701195?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10507602?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10507602?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10507602?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10231223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10231223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10231223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11153621?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11153621?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11153621?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11280679?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11280679?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12454520?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12454520?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15333422?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15333422?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15333422?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15333422?dopt=Abstract

Manzanares et al. Critical Care 2012, 16:R66 Page 13 of 13
http://ccforum.com/content/16/2/R66

67.  Angstwurm MW, Engelmann L, Zimmermann T, Lehmann C, Spes CH,
Abel P, Strauss R, Meier-Hellmann A, Insel R, Radke J, Schiittler J, Gartner R:
Selenium in Intensive Care (SIC): results of a prospective randomized,
placebo-controlled, multiple-center study in patients with severe
systemic inflammatory response syndrome, sepsis, and septic shock. Crit
Care Med 2007, 35:118-126.

68.  Berger MM, Binnert C, Chidlero RL, Taylor W, Raffoul W, Cayeux MC,
Benathan M, Shenkin A, Tappy L: Trace element supplementation after
major burns increases burned skin trace element concentrations and
modulates local protein metabolism but not whole-body substrate
metabolism. Am J Clin Nutr 2007, 85:1301-1306.

69. Forceville X, Laviolle B, Annane D, Vitoux D, Bleichner G, Korach JM,
Cantais E, Georges H, Soubirou JL, Combes A, Bellissant E: Effects of high
doses of selenium, as sodium selenite, in septic shock: a placebo-
controlled, randomized, double-blind, phase Il study. Crit Care 2007, 11:
R73.

70.  Mishra V, Baines M, Perry SE, McLaughlin PJ, Carson J, Wenstone R,
Shenkin A: Effect of selenium supplementation on biochemical markers
and outcome in critically ill patients. Clin Nutr 2007, 26:41-50.

71. Heyland DK, Dhaliwal R, Day AG, Muscedere J, Drover J, Suchner U, Cook D,
Canadian Critical Care Trials Group: REducing Deaths due to OXidative
Stress (The REDOXS Study): rationale and study design for a randomized
trial of glutamine and antioxidant supplementation in critically-ill
patients. Proc Nutr Soc 2006, 65:250-263.

72. Galley HF: Bench to bedside review: targeting antioxidants to
mitochondria in sepsis. Crit Care 2010, 14:230.

73. Huang Z, Rose AH, Hoffmann PR: The role of selenium in inflammation
and immunity: from molecular mechanisms to therapeutic
opportunities. Antioxid Redox Signal 2011, 16:705-743.

74.  Duntas LH: Selenium and inflammation: underlying anti-inflammatory
mechanisms. Horm Metab Res 2009, 41:443-447.

75. Jeong DW, Yoo MH, Kim TS, Kim JH, Kim IY: Protection of mice from
allergen-induced asthma by selenite: prevention of eosinophil
infiltration by inhibition of NF-kappa B activation. J Biol Chem 2002,
277:17871-17876.

76.  Seidelin JB, Nielsen OH, Strom J: Soluble L-selectin levels predict survival
in sepsis. Intensive Care Med 2001, 28:1613-1618.

77. Vincent JL, Forceville X: Critically elucidating the role of selenium. Curr
Opin Anesthesiol 2008, 21:148-154.

78.  Manzanares W, Hardy G: Selenium in the critically ill: posology and
pharmacokinetics. Curr Opin Clin Nutr Metab Care 2009, 12:273-280.

79. Maehira F, Miyagi |, Eguchi Y: Selenium regulates transcription factor NF-
kB activation during the acute phase reaction. Clin Chem Acta 2003,
334:163-171.

80. Wang Z, Forceville X, Van Antwerpen P, Piagnerelli M, Ahishakiye D,
Macours P, De Backer D, Neve J, Vincent JL: A large-bolus injection but
not continuous infusion of sodium selenite improves outcome in
peritonitis. Shock 2009, 32:140-146.

doi:10.1186/cc11316

Cite this article as: Manzanares et al: Antioxidant micronutrients in the
critically ill: a systematic review and meta-analysis. Critical Care 2012 16:
R66.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVied Central



http://www.ncbi.nlm.nih.gov/pubmed/17095947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17095947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17095947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17490966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17490966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17490966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17490966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17617901?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17617901?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17617901?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17174015?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17174015?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16923310?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16923310?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16923310?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16923310?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20804578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20804578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19418416?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19418416?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11897787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11897787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11897787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19333120?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19333120?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19602943?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19602943?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19602943?dopt=Abstract

	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Study identification
	Study selection criteria
	Data synthesis
	A priori hypotheses testing

	Results
	Study identification and selection
	Meta-analyses of primary outcome
	Overall effect on mortality

	Secondary outcomes
	Overall effect on infectious complications
	Overall effect on length of stay
	Overall effect on ventilator days

	Subgroup analysis
	Parenteral/Intravenous versus enteral route
	Higher vs. lower mortality
	Selenium versus non-selenium
	Parenteral vs. enteral selenium
	Parenteral selenium subgroup analyses


	Discussion
	Conclusions
	Key messages
	Author details
	Authors' contributions
	Competing interests
	References

