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Abstract

Purpose: Antithrombin IIl (AT Ill) is an anticoagulant with anti-inflammatory properties. We assessed the benefits and
harms of AT Il in critically ill patients.

Methods: We searched from inception to 27 August 2015 in CENTRAL, MEDLINE, EMBASE, CAB, BIOSIS and CINAHL.
We included randomized controlled trials (RCTs) irrespective of publication status, date of publication, blinding status,
outcomes published or language.

Results: We included 30 RCTs with a total of 3933 participants. The majority of included trials were at high risk of bias.
Combining all trials, regardless of bias, showed no statistically significant effect of AT Il on mortality (RR 0.95, 95 % Cl
0.88-1.03, > = 0 %, fixed-effect model, 29 trials, 3882 participants). Among those with severe sepsis and disseminated
intravascular coagulation (DIC), AT Ill showed no impact on mortality (RR 0.95, 95 % Cl 0.88-1.03, 1> = 0 %, fixed-effect
model, 12 trials, 2858 participants). We carried out multiple subgroup and sensitivity analyses to assess the benefits
and harms of AT lll and to examine the impact of risk of bias. AT Il significantly increased bleeding events (RR 1.58,

95 9% Cl 1.35-1.84, I> = 0 %, fixed-effect model, 11 trials, 3019 participants). However, for all other outcome measures
and analyses, the results did not reach statistical significance.

Conclusions: There is insufficient evidence to support AT lll substitution in any category of critically ill participants
including those with sepsis and DIC. AT Il did not show an impact on mortality, but increased the risk of bleeding.
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Take-home message: There is insufficient evidence to support
Antithrombin Il substitution in any category of critically ill people. We did
not find a statistically significant effect of Antithrombin Ill on mortality,
but the use increased the risk of bleeding.

This review is an abridged version of a Cochrane Review previously
published in the Cochrane Database of Systematic Reviews: Allingstrup
M, Wetterslev J, Ravn FB, Maller A, Afshari A. Antithrombin Il for critically
ill patients. Cochrane Database of Systematic Reviews 2016, Issue 1. Art.
No.: CD005370. DOI:10.1002/14651858.CD005370.pub3 (see http://www.
cochranelibrary.com for information). Cochrane Reviews are regularly
updated as new evidence emerges and in response to feedback, and
Cochrane Database of Systematic Reviews should be consulted for the
most recent version of the review.
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Introduction

Despite advances in the medical field, growing numbers
of patients are becoming critically ill. Each year, 5,700,000
people in the USA are admitted to intensive care units
(ICUs) [1].

Critical illness is characterized by cellular immune
dysfunction, vascular damage and uncontrolled hyper-
inflammation, even when the cause of illness is not
infection. In critical illness, a systemic activation of coag-
ulation may occur which, at its worst, results in a fulmi-
nant disseminated intravascular coagulation (DIC). DIC
is characterized by simultaneous widespread microvas-
cular thrombosis and profuse bleeding from various sites
[2]. Sepsis resulting from a generalized inflammatory and
procoagulant response to an infection is associated with
a high risk of mortality. Twenty per cent of patients who
develop severe sepsis will die during their hospitalization
[3]. Septic shock is associated with the highest mortal-
ity, approaching 50 % [3]. This rate increases in the pres-
ence of circulatory shock despite aggressive antimicrobial
therapy, adequate fluid resuscitation and optimal care [4],
and it may reach as high as 70 % in patients with multiple
organ dysfunction [5, 6].

Antithrombin IIT (AT III) is primarily a potent antico-
agulant with independent anti-inflammatory properties.
AT Il irreversibly inhibits serine proteases (e.g. activated
factor X and thrombin) in a one-to-one ratio, with the
generation of protease—AT III complexes. Heparin pre-
vents AT III from interacting with the endothelial cell
surface by binding to sites on the AT III molecule, com-
peting for the AT III binding site, and reducing AT III’s
ability to interact with its cellular receptor. AT III’s anti-
coagulant effect is thus greatly accelerated (by a factor of
1000) by heparin; heparin reduces AT III’s anti-inflam-
matory properties, weakens vascular protection and
increases bleeding events [7-9]

Heparin in patients with sepsis, septic shock or DIC
associated with infection may be associated with decreased
mortality [10]. However, the overall effect is still not clear.
Major bleeding events related to heparin administration
cannot be excluded [10] and safety outcomes have yet to
be validated in a multicentre trial setting.

The objective of this review was to examine the effect
of AT III on mortality in critically ill participants and the
benefits and harms of AT III. We investigated complica-
tions specific and not specific to the trial intervention,
bleeding events, the effect on sepsis and DIC and the
length of stay in ICU and in hospital in general.

Methods

This systematic review was carried out in accordance
with Cochrane Collaboration methodology, PRISMA and
GRADE guidelines [11-13]. This publication is an update

of the existing Cochrane review with a preapproved and
published protocol [14]. For more detailed description of
the search, methods, types of studies, participants, inter-
ventions, outcome measures, data collection, selection
of studies, data extraction, primary and secondary out-
comes, see Supplement.

Statistics

We used Review Manager 5 software [15] to calculate
risk ratios (RRs) with 95 % confidence intervals (CIs) for
dichotomous variables and mean difference (MD) with
CI for continuous outcomes. We used the X? test to
provide an indication of heterogeneity between studies,
while the degree of heterogeneity observed in the results
was quantified using the I* statistic. We used trial sequen-
tial analysis (TSA) to examine the impact of type 1 errors
due to sparse data and repeated significance testing fol-
lowing updates with new trials [16]. For more detailed
information on statistical analyses and data manage-
ment, assessment of risk of bias, subgroup and sensitiv-
ity analyses, assessment of heterogeneity, assessment of
reporting biases, and data synthesis including TSA, see
Supplement.

Results

Through electronic searches (Supplement Table 1) and
from reading the references of potentially relevant arti-
cles, we identified 11,287 publications (Fig. 1). After
reading the abstracts, we could directly exclude 11,173
publications. We retrieved 65 relevant publications
for further assessment. We included 30 trials [17-46]
(Table 1), which randomized a total of 3933 participants.
One trial [21] was only published as an abstract and the
data were so inadequate that they could not be used for
further processing. Our analyses include a total of 3882
participants. The sample size varied from 16 to 2314 par-
ticipants. We excluded 24 publications for the reasons
detailed in Supplement Table 2. We found one ongoing
trial [47] but no data were provided for this trial.

We classified two trials as obstetric studies [31, 34],
four trials as paediatric trials [25, 35, 36, 40] and a further
two trials as trauma studies [27, 46]. The remaining tri-
als consisted of mixed populations of critically ill partici-
pants, mainly with sepsis.

The duration of the intervention varied from less than
24 h to 4 weeks. Three trials had a median duration of
AT III intervention that was longer than 1 week [30, 35,
43]. Follow-up ranged from 7 to 90 days.

The 30 included trials were published between 1985
and 2013. Five trials of AT III were multicentre trials [20,
23, 26, 35, 45]. Five trials of AT III were multinational tri-
als including Germany, Belgium, the Netherlands, Can-
ada and the USA [19, 23, 26, 35, 45]. One trial was carried
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Potentially relevant trials screened from electronic databases and through hand search
(n=11287)

Trials excluded (not randomised, crossover design, different objectives,
reviews) (n=11173)

Trials retrieved for more detailed evaluation and full paper review (n=114)

Trials excluded (review, abstract, not randomised, compared different active
interventions, had different outcomes than our review, ongoing trial, duplicate
publication) (n=84)

Trials included in meta-analysis (n=30)

primary studies and decided on their inclusion in the review

Fig. 1 Flow chartin accordance with The Cochrane Collaboration guidelines. Three authors (FR, MA and AA) independently examined all potential

out in 19 countries [45]. Two trials did not state the loca-
tion [21, 39]. The 30 included trials involved a total of
3933 participants. The details of the included studies are
provided in Table 1.

Fourteen trials recruited more male than female par-
ticipants [20, 22-27, 30, 33, 35, 38, 43, 45, 46]. One trial
recruited only men [19], two trials recruited only women
[31, 34], six did not report the gender of the participants
[21, 29, 37, 39, 42, 44] and two studies had more female
than male participants [18, 28]. The age of the participants
included extends from the premature infant to the elderly
intensive care participant. It therefore makes little sense to
calculate the average age of the participants included. One
trial, however, excluded participants older than 75 [37].

Eighteen trials used an initial loading dose either based
on weight (U/kg) or as a fixed dose [17, 19, 22-25, 27-30,
32, 39-45]. All trials except two [18, 21] stated the use
of a maintenance dose. Nine trials used albumin as the
control intervention [20, 22, 24, 28, 34, 40, 42, 45, 46],
two trials used fresh frozen plasma as the control inter-
vention [37, 44] and three trials only stated the use of an
unknown placebo [18, 23, 31]. Nine trials used no pla-
cebo [17, 19, 27, 29, 30, 32, 35, 41, 43]. Four trials did not
state which control they applied [20, 26, 33, 39].

Risk of bias in included studies

Allocation

Generation of allocation sequence was adequately
reported in 15 trials [17, 20, 24-28, 31, 33-35, 37, 40,

45, 46] (Fig. 2). Allocation concealment was adequately
reported in 14 trials [17, 20, 24-28, 31, 34, 35, 37, 40, 45,
46 (Fig. 2).

Blinding

Nine trials provided sufficient data to be categorized as
double-blinded [20, 24, 25, 28, 31, 34, 40, 45, 46]. The
remaining 21 trials were either open label or did not
provide sufficient data on how the double-blinding was
achieved (Fig. 2).

Incomplete outcome data

Two trials did not provide sufficient data (high risk) on
follow-up [21, 35]. Six trials did not provide any data on
follow-up (unclear risk) [18, 22, 29, 36, 39, 42]. Twenty-
two trials had adequate follow-up (low risk) [17, 19, 20,
23-28, 30-34, 37, 38, 40, 41, 43-46] (Fig. 2).

Selective reporting

Ten trials provided adequate information to be classified
as low-risk trials [20, 24—27, 31, 34, 40, 45, 46]. This was
often due to supplementary information provided based
on online registration, protocol availability or authors
providing supplementary information while responding
to our questions (Fig. 2).

Other potential sources of bias
Fourteen trials performed analysis according to the
intention-to-treat (ITT) method or provided sufficient
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Fig. 2 Risk of bias summary. All trials were evaluated for major poten-
tial sources across the various bias domains in accordance with The
Cochrane Collaboration’s tool for risk of bias assessment
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data for us to perform ITT analyses [19, 23-25, 28-32,
34, 40, 41, 45, 46]. Eight trials reported sample size calcu-
lations [20, 24, 28, 30, 31, 35, 40, 45]. Three trials [27, 32,
45] reported receiving pharmaceutical company funding
(Fig. 2).

Overall quality of evidence

We rank the quality of findings from moderate to very
low quality of evidence across the different outcomes.
The main limiting factors were high risk of bias and small
and poorly described trials.

Nine trials were reported as being at completely low
risk of bias [20, 24, 25, 28, 31, 34, 40, 45, 46] (Fig. 2). Of
30 included trials, 16 were at high risk or unclear risk of
bias in random sequence generation (selection bias) [18,
19, 21-23, 27, 29, 30, 32, 36, 38, 39, 41-44]. Only one trial
was registered on an available trial database [26].

The five trials [18, 21, 36, 39, 42] only published as
abstracts lack a great amount of valuable information
with regard to methodology and outcomes, and we con-
sequently rate them at high risk of bias.

Effects of primary outcomes
Combining all trials showed no statistically significant
effect of AT III on mortality, with a risk ratio (RR) of 0.95
(95 % CI 0.88-1.03, ? statistic = 0 %, P value = 0.91),
based on data from 3882 participants in 29 trials. Results
were analysed using a fixed-effect model because het-
erogeneity was low. We downgraded the outcome from
high to moderate quality of evidence because of 20 trials
with high risk of bias. However, TSA led us to upgrade
the overall assessment. Equally, for trials with only low
risk of bias [20, 24, 25, 28, 31, 34, 40, 45, 46] we found no
statistically significant effect, RR 0.96 (95 % CI 0.88-1.04,
P statistic = 0 %, fixed-effect model, 9 trials, 2915 partici-
pants). Trials with only high risk of bias [17-19, 22, 23,
26, 27, 29, 30, 32, 33, 35-39, 41-44] had a non-significant
RR of 0.94 (95 % CI 0.77-1.14, I? statistic = 0 %, fixed-
effect model, 20 trials, 967 participants) (Table 2; Fig. 3).
We conducted subgroup analyses (Table 2) and carried
out 15 subgroup and sensitivity analyses in regard to our
primary outcome (Table 2 and Supplement Table 3).

Effects of secondary outcomes

Two trials with low risk of bias [40, 45] and one trial with
high risk of bias [32] demonstrated a statistically signifi-
cant increase in complications specific to the trial inter-
vention: RR 1.26 (95 % CI 0.83-1.92, I statistic = 9 %, P
value = 0.33), based on data from 2454 participants in
the three trials (Table 2). We analysed results using a ran-
dom-effects model. We downgraded the outcome from
high to very low quality because of the small number of
trials.
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Table 2 Main results. Subgroup and sensitivity analyses were conducted in regard to our primary outcome

Trials with low bias risk 9 2915 Risk ratio (M—H, fixed, 95 % Cl) 0.96 (0.88 to 1.04) P=0%
Trials with high bias risk 20 967 Risk ratio (M—H, fixed, 95 % Cl) 0.94 (0.77 to 1.14) P=0%

Mortality in trials with follow-up 18 1024 Risk ratio (M-H, fixed, 95 % Cl) 0.93(0.77t0 1.13) P=0%
less than median of all trials
Mortality in trials with follow-up 10 2824 Risk ratio (M—H, fixed, 95 % Cl) 0.96 (0.88 to 1.04) P=0%

longer than median of all trials

Median duration of AT lll inter 25 3640 Risk ratio (M—H, fixed, 95 % Cl) 0.95(0.88, 1.03) P=0%
vention equal to or less than
1 week

Median duration of AT Ill inter 3 208 Risk ratio (M-H, fixed, 95 % Cl) 0.89 (0.59 to 1.34) P=0%

vention longer than 1 week

Trials with high bias risk 1 28 Risk ratio (M—H, fixed, 95 % Cl) 343 (0.15to0 77.58) Not applicable
Trials with low bias risk 1 40 Risk ratio (M—H, fixed, 95 % Cl) 2.00 (0.72 to 5.59) Not applicable
Overall maternal mortality, trials 2 174 Risk ratio (M=H, fixed, 95 % Cl) Not estimable Not applicable
with low bias risk
Overall fetal and neonatal mortality, 2 158 Risk ratio (M—H, fixed, 95 % Cl) 1.03(0.33t0 3.21) F=0%

trials with low bias risk

Trials with low bias risk 2 182 Risk ratio (M—H, fixed, 95 % Cl) 1.60 (0.54t0 4.72) P=21%
Trials with high bias risk 2 183 Risk ratio (M—H, fixed, 95 % Cl) 1.32 (0.56 to 3.15) Not applicable

Trials with complete or partially 16 3121 Risk ratio (M—H, fixed, 95 % Cl) 0.96 (0.88 to 1.04) P=0%
adjuvant heparin therapy
Trials without adjuvant heparin 10 658 Risk ratio (M-H, fixed, 95 % Cl) 0.93 (0.71 to 1.23) P=0%

Trials with complete or partially 15 807 Risk ratio (M-H, fixed, 95 % Cl) 0.96 (0.79t0 1.17) P=0%
adjuvant heparin therapy
Trials without adjuvant heparin 11 2972 Risk ratio (M—H, fixed, 95 % Cl) 0.95 (0.88 to 1.03) P=0%

Trials with complete or partially 16 2423 Risk ratio (M-H, random, 95 % Cl) 0.98 (0.90 to 1.08) P=0%
adjuvant heparin therapy
Trials without adjuvant heparin 11 1356 Risk ratio (M=H, random, 95 % Cl) 0.89(0.78 to 1.01) P=0%

Trials with low bias risk 4 2529 Risk ratio (M—H, fixed, 95 % Cl) 0.95 (0.88 to 1.04) P=0%
Trials with high bias risk 8 329 Risk ratio (M—H, fixed, 95 % Cl) 0.87 (0.64 to 1.20) P=0%

Trials with low bias risk 2 2429 Risk ratio (M-H, random, 95 % Cl) 1.62 (0.96 to 2.73) P=0%
Trials with high bias risk 1 25 Risk ratio (M=H, random, 95 % Cl) 0.92 (0.51 to 1.66) Not applicable
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Trials with low bias risk 1 40 Risk ratio (M=H, random, 95 % Cl) 3.00(0.13 t0 69.52) Not applicable

Trials with high bias risk 1 25 Risk ratio (M—H, random, 95 % Cl) 0.31(0.04 to 2.57) Not applicable

Trials with low bias risk 1 60 Risk ratio (M-H, fixed, 95 % Cl) 0.75(0.18 to 3.07) Not applicable
Trials with high bias risk 2 127 Risk ratio (M—H, fixed, 95 % Cl) 0.72 (0.40 to 1.30) P=0%
Trials with low bias risk 6 2791 Risk ratio (M=H, fixed, 95 % Cl) 1.58 (1.35t0 1.85) P=37%
Trials with high bias risk 5 228 Risk ratio (M—H, fixed, 95 % Cl) 1.57 (0.71 to 3.49) P=0%
Trials with low bias risk 1 35 Mean difference (IV, random, —600.00 (—899.18 to —300.82) Not applicable
95 % Cl)
Trials with high bias risk 3 102 Mean difference (IV, random, 595.10 (—287.14 to 1477.34) P=82%
95 % Cl)
Trials with low bias risk 3 103 Risk ratio (M=H, fixed, 95 % Cl) 1.04 (0.851t0 1.27) P=0%
Final MOF score among survivors, 1 88 Mean difference (IV, random, —0.70 (=1.22,t0 —0.18) Not applicable
trials with low bias risk 95 % Cl)
Final MOF score among survivors, 2 68 Mean difference (IV, Random, —1.92 (—3.05,to —0.78) P=0%
trials with high bias risk 95 % Cl)
Final APACHE I and Il scores 3 102 Mean difference (IV, fixed, 95 % Cl) —2.18 (—4.36 to —0.00) P=0%
among survivors, trials with
high bias risk

Trials with low bias risk 5 2564 Risk ratio (M-H, random, 95 % Cl) 0.97(0.77 to0 1.22) P=40%
Trials with high bias risk 1 27 Risk ratio (M—H, random, 95 % Cl) 0.73(045t0 1.18) Not applicable
Trials with low bias risk 2 162 Mean difference (1V, fixed, 95 % Cl) 226 (—1.6910 6.22) P=0%

Trials with high bias risk 1 28 Mean difference (IV, fixed, 95 % Cl) 2.00 (—4.68 to 8.68) Not applicable

Trials with low bias risk 2 89 Mean difference (IV, random, —5.67 (—16.24 t0 4.90) =53%
95 % Cl)

Trials with high bias risk 2 113 Mean difference (IV, random, 7.17 (2.75 t0 11.59) P=0%
95 9% Cl)

Trials with low bias risk 3 195 Mean difference (1V, fixed, 95 % Cl) —0.73 (=341 to 1.95) P=3%

Trials with high bias risk 4 181 Mean difference (IV, fixed, 95 % Cl) 0.77 (—=1.20 to 2.74) P=0%

APACHE acute physiology and chronic health evaluation, C/ confidence interval, ICU intensive care unit, M-H Mantel-Haenszel, MOFS multiorgan failure score

Two trials [32, 46] did not reach statistical significance =~ We downgraded the outcome from high to very low qual-
assessing complications not specific to the trial interven- ity because of the small number of trials.
tion: RR 0.71 (95 % CI 0.08-6.11, 1> statistic = 28 %, P Three trials, one with low risk of bias [25] and two with
value = 0.24) (Table 2), based on data from 65 partici- high risk of bias [23, 35], examined complications spe-
pants. We analysed results using a random-effects model.  cific to the trial intervention other than bleeding: RR 0.72
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AT 1l Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% Cl M-H, Fixed, 95% CI
Trials with low bias risk
Baudo © @ [0) 30 60 32 60  4.2%  0.94[0.66, 1.33] -+
Fourrier ¢t 2 [24] 7 17 9 18 1.2%  0.82[0.40, 1.71] —
Fulia ¢ 2- 23] 1 30 2 30 0.3%  0.50[0.05, 5.22] —
Haire © 2 28] 9 24 14 25 1.8%  0.67[0.36, 1.25] —
Kobayashi © @ 31 0 14 0 15 Not estimable
Maki © 2 [34] 0 74 0o 72 Not estimable
Schmid © @ 1401 7 61 3 61  0.4%  2.33[0.63, 8.61] —
Warren ¢ @ [45] 536 1157 561 1157 74.3%  0.96 [0.88, 1.04] [ |
Waydhas °t 2 [4¢] 8 20 4 20 0.5%  2.00[0.72, 5.59] -
Subtotal (95% CI) 1457 1458 82.7%  0.96 [0.88, 1.04] [
Total events 598 625
Heterogeneity: Chi? = 5.51, df = 6 (P = 0.48); 1> = 0%
Test for overall effect: Z = 1.02 (P = 0.31)
Trials with high bias risk
Albert <@ [17] 4 16 5 16  0.7%  0.80[0.26, 2.45] —
Balk ¢ 2 [18] 4 17 2 17 0.3%  2.00[0.42, 9.50] —
Baudo <t [19) 1 13 5 16  0.6%  0.25[0.03, 1.85] —
Diaz-Cremades 2 %] 7 20 5 16  0.7% 1.12 [0.44, 2.87] —_—
Eisele ¢t 2 (3] 5 20 9 22 1.1%  0.61[0.25, 1.52] —
Gando 126 6 30 5 30 0.7%  1.20[0.41, 3.51] —
Grenander < 7] 1 13 0 15  0.1% 3.43[0.15, 77.58]
Harper ¢ al [29] 14 44 13 49 1.6% 1.20 [0.64, 2.26] e
Inthorn et @l (30] 13 20 16 20 2.1% 0.81[0.55, 1.20] -
Langely <t 132] 11 13 9 12 1.2% 1.13[0.76, 1.68] -
Lavrentieva 2 3] 0 15 4 16 0.6%  0.12[0.01,2.02]
Mitchell ¢t 2- 135] 0 25 0 60 Not estimable
Muntean ¢t 2 (3¢] 9 45 8 53 1.0%  1.32[0.56, 3.15] -1
Neporada ¢ [37) 12 28 8 15  1.4%  0.80[0.42, 1.52] —
Nishiyama ©t & (38] 2 8 3 8 0.4%  0.67[0.15, 2.98] e
Palaret;<t 2! [39) 6 30 9 29 12%  0.64[0.26, 1.58] —
Schorr ¢t 2 [41] 6 24 6 26 0.8% 1.08 [0.40, 2.90] —_—
Schuster <t [42] 9 22 10 23 13%  0.94[0.47, 1.87] —
Smith-Erichsen ¢ - [43] 7 43 6 40  0.8% 1.09 [0.40, 2.96] —_—
Vorobyeva 2 [44] 5 12 9 26 0.8% 1.20[0.51, 2.82] —
Subtotal (95% CI) 458 509 17.3%  0.94 [0.77, 1.14] 4
Total events 122 132
Heterogeneity: Chi? = 10.70, df = 18 (P = 0.91); I> = 0%
Test for overall effect: Z = 0.67 (P = 0.50)
Total (95% ClI) 1915 1967 100.0%  0.95 [0.88, 1.03] [
Total events 720 757
Heterogeneity: Chi? = 16.14, df = 25 (P = 0.91); 1> = 0% o 605 051 150 260
Test for overall effect: Z = 1.21 (P = 0.22) ’ Favours treatment Favours control
Test for subgroup differences: Chi? = 0.05, df = 1 (P = 0.82), I*> = 0%
Fig. 3 Forest plot of overall mortality with subgroup analysis based on the overall methodological quality of the included trials (trials with low risk
of bias versus trials with high risk of bias). C/ confidence interval, M-H Mantel-Haenszel

(95 % CI 0.42-1.25, I statistic = 0 %, P value = 0.95),
based on data from 187 participants in the three trials
(Table 2). We analysed results using a fixed-effect model.
We downgraded the outcome from high to very low qual-
ity because of the small number of trials.

Six trials with low risk of bias [20, 25, 31, 34, 40, 45]
and five with high risk of bias [26, 27, 32, 35, 37] dem-
onstrated a statistically significant increase in bleed-
ing events in the intervention group compared to the
control group, with an RR of 1.58 (95 % CI 1.35-1.84,
P statistic = 0 %, P value = 0.57), based on data from
3019 participants in the 11 trials. We analysed results
using a fixed-effect model (Table 2 and Supplement
Fig. 1). We downgraded the outcome from high to

moderate quality because of the proportion of trials

with high risk of bias.

Four trials referred to the amount of red blood cells

administered, one with low risk of bias [24] and three
with high risk of bias [19, 21, 30] with a mean differ-
ence (MD) of 138.49 (95 % CI —391.35 to 668.34, I* sta-
tistic = 88 %, P value = 0.0001) (Table 2), based on data
from 137 participants. We analysed results using a ran-
dom-effects model (Table 2). We downgraded the out-
come from high to very low quality because of the small
number of trials, three of them with high risk of bias.
Three trials referred to the incidence of surgical inter-
vention, all with low risk of bias [24, 31, 46] with an RR of
1.04 (95 % CI 0.85-1.27, IZ statistic = 0 %, P value = 0.61),
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based on data from 103 participants. We analysed results
using a fixed-effect model (Table 2). We downgraded the
outcome from high to very low quality because of the
small number of trials with few participants.

Only one analysis reached statistical significance,
with an MD of —1.24 (95 % CI —2.18 to —0.29, I* sta-
tistic = 48 %, P value = 0.015, random-effects model, 3
trials, 156 participants) (Table 2) [20, 23, 30] when exam-
ining the effect of AT III on various illness scores (sever-
ity of sepsis). Six trials provided data [20, 22, 23, 28, 30,
41]. However, the trials that did provide data adequate for
meta-analysis were quite heterogenous in their applica-
tion of various scores and their choice of time points.

Six trials examined the effect of AT III on the incidence
of respiratory failure (not present at admission) [23, 24,
31, 34, 45, 46]. There was no statistically significant dif-
ference, with an RR of 0.93 (95 % CI 0.76—1.14, I statis-
tic = 32 %, P value = 0.22) (Table 2), based on data from
2591 participants in six trials. We analysed results using
a random-effects model. We downgraded the outcome
from high to moderate quality because one trial contrib-
uted with the majority of patients [45]. It is considered to
skew the finding; however, it is rated as low risk of bias
and contributes a weighting of only 30.7 %. A sensitivity
analysis removing it from the plot eliminates all hetero-
geneity in that subgroup.

Three trials examined the effect of the trial interven-
tion on duration of mechanical ventilation [27, 40, 46].
There was no statistically significant difference, with an
MD of 2.20 (95 % CI —1.21 to 5.60, I* statistic = 0 %,
P value = 0.89), based on data from 190 participants
(Table 2). We analysed results using a fixed-effect model.
We downgraded the outcome from high to very low qual-
ity of evidence because of the small number of trials, few
participants and imprecision of results with a wide confi-
dence interval. The mean duration of mechanical ventila-
tion in the intervention group was 2.2 days more.

Four trials examined the intervention effect on the
length of stay in hospital [28, 37, 43, 46] with an MD
of 1.10 (95 % CI —7.16 to 9.36, I* statistic = 74 %, P
value = 0.009), based on data from 202 participants
(Table 2). We analysed results using a random-effects
model (Table 2). We downgraded the outcome from high
to very low quality of evidence because of the small num-
ber of trials, few participants and imprecision of results
with a wide confidence interval. The mean length of stay
in hospital in the intervention group was 1.1 days more.

Three trials with low risk of bias [20, 24, 46] and four
trials with high risk of bias [17, 22, 37, 43] examined the
intervention effect on length of stay in the ICU. There
was insufficient evidence to support any beneficial effect
of the intervention, with an MD of 0.24 (95 % CI —1.34
to 1.83, I statistic = 0 %, P value = 0.70), based on data

from 376 participants. We analysed results using a fixed-
effect model (Table 2). We downgraded the outcome
from high to very low quality of evidence because of the
small number of trials, most of them with high risk of
bias. The mean length of stay in ICU in the intervention
group was 0.24 days more.

Twelve trials examined the intervention effect on mor-
tality among participants with severe sepsis and dissemi-
nated intravascular coagulation (DIC) [18, 20, 23, 24, 26,
30, 37-39, 41, 42, 45]. The trials did not demonstrate a
statistically significant decrease in mortality in favour of
the trial intervention: RR 0.95 (95 % CI 0.88—1.03, I sta-
tistic = 0 %, P value = 0.98), based on data from 2858
participants. We analysed results using a fixed-effect
model (Table 2; Fig. 4). We downgraded the outcome
from high to very low quality of evidence, because of
numerous trials with high risk of bias.

Only one trial examined the intervention’s effect on
quality of life (Rublee et al. [9] based on data from War-
ren et al. [45]. There was an objective assessment of
physical performance and dependency, and a subjec-
tive overall quality-of-life assessment analysis. Neither
assessment supported intervention with AT III, with an
MD of —2.00, (95 % CI —4.49 to 0.49, fixed-effect model,
897 participants) and an MD of —2.00, (95 % CI —5.01
to 1.01, fixed-effect model, 897 participants) respectively,
both rated at very low quality (Table 2).

The heparin issue

A detrimental interaction between AT III and heparin
was suspected before the Warren et al. trial [45] and we
predefined use of AT III with and without heparin in the
protocol for secondary analyses. However, the partici-
pants were not stratified according to heparin adminis-
tration and the protocol allowed concomitant use of
heparin by indication, after randomization to AT III or
placebo. Even if the baseline comparison of participants
allocated to AT III and placebo, in the subgroup without
heparin, showed similar characteristics, the randomiza-
tion is violated in the subgroup analysis.

Pooling all trials with and without concomitant use of
heparin, with the Warren et al. trial [45] as either a trial
with concomitant use of heparin or as a trial without
use of heparin, does not provide evidence of a statisti-
cally significant intervention effect of AT III. Even when
splitting the 39 trials into two ‘separate trials, with and
without concomitant use of heparin, and pooling these
results with the other trials, we found no statistically sig-
nificant intervention effect of AT III in the subgroup of
trials without adjuvant heparin administration (RR 0.95,
95 % CI 0.88—1.03, I* statistic = 0 %, fixed-effects model
(Table 2). However, splitting the Warren et al. trial [45]
violates the randomization procedure.
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AT NI
Study or Subgroup

Control

Events Total Events Total

Weight

Risk Ratio
M-H, Fixed, 95% CI|

Risk Ratio
M-H, Fixed, 95% CI|

Trials with low bias risk

Baudo et al. [20] 30 60 32 60 4.8%
Fourrier et al. [24] 7 17 9 18 1.3%
Gando et al. [26] 6 30 5 30 0.8%
Warren et al. [45] 536 1157 561 1157 84.9%
Subtotal (95% Cl) 1264 1265 91.9%
Total events 579 607
Heterogeneity: Chi? = 0.34, df = 3 (P = 0.95); I> = 0%
Test for overall effect: Z = 1.10 (P = 0.27)

Trials with high bias risk
Balk et al. [18] 4 17 2 17 0.3%
Eisele et al. [23] 5 20 9 22 1.3%
Inthorn et al. [30] 6 20 5 20 0.8%
Neporada et al. [37] 12 28 8 15 1.6%
Nishiyama et al. [38] 2 8 3 8 0.5%
Palareti et al. [39] 6 30 9 29 1.4%
Schorr et al. [41] 6 24 6 26 0.9%
Schuster et al. [42] 9 22 10 23 1.5%
Subtotal (95% CI) 169 160 8.1%

Total events 50 52
Heterogeneity: Chi? = 2.92, df = 7 (P = 0.89); I> = 0%
Test for overall effect: Z = 0.82 (P = 0.41)

Total (95% Cl) 1433

Total events 629 659
Heterogeneity: Chi? = 3.60, df = 11 (P = 0.98); I> = 0%
Test for overall effect: Z = 1.30 (P = 0.19)

val, M-H Mantel-Haenszel

1425 100.0%

Test for subgroup differences: Chi? = 0.27, df = 1 (P = 0.60), 1> = 0%
Fig. 4 Forest plot of overall mortality among patients with severe sepsis and disseminated intravascular coagulation (DIC) with subgroup analysis
based on the overall methodological quality of the included trials (trials with low risk of bias versus trials with high risk of bias). C/ confidence inter-
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Trial sequential analysis
We conducted TSA of AT III versus control on long-
est follow-up mortality (Fig. 3, Supplement Fig. 2). The
TSA-adjusted confidence interval for the meta-anal-
ysis of the primary outcome with continuity correc-
tion for zero events trials (0.001 event in each arm) in
a fixed-effect model results in an RR of 0.95 (95 % CI
0.88-1.03, I statistic = 0 %, diversity D> = 0 %). The
point estimate of the potential intervention effect as
suggested by the low risk of bias trials in the meta-anal-
ysis of the effect of AT III on mortality is a relative risk
reduction (RRR) of 5 % and the low-bias heterogene-
ity-adjusted information size (LBHIS) calculated based
on this intervention effect (with 80 % power and alpha
0.05, assuming a double-sided type I risk of 5 % and a
type II risk of 20 %) is 23,634 participants (Supplement
Fig. 3). With an accrued information size of 3882 par-
ticipants and no boundaries crossed so far, only 16.43 %
of the required information size is actually available
at this stage to reject or accept a 4 % RRR for overall
mortality.

However, solid evidence may be obtained with fewer
participants if eventually the cumulative meta-analysis Z
curve crosses the trial sequential monitoring boundary

constructed for a required information size of 23,634
randomized participants.

On the other hand, to demonstrate or reject an a priori
anticipated intervention effect of an RRR of 10 %, 5037
should be randomized. In this analysis, the cumulative
Z curve breaks through the boundary for futility (non-
superiority) (Fig. 5). As 3882 participants are included
in the present meta-analyses on mortality without the
meta-analysis becoming statistically significant and since
the futility boundary is crossed, an intervention effect of
10 % RRR or more on mortality is unlikely.

When carrying out the same TSA analyses as above for
trials of sepsis and DIC only (Fig. 4) with an anticipated
RRR of 10 %, the required information size is 3794 partici-
pants without the meta-analysis becoming statistically sig-
nificant, and with the boundary for futility being crossed,
thus indicating that an RRR of 10 % is to be rejected.

TSA analysis based on a potential RRR of 5 % as indi-
cated by the meta-analysis for studies on sepsis and DIC
(Fig. 5) yields an LBHIS of 21,657 participants and with
an accrued information size of 2992 participants and
no boundaries being crossed so far, only 13.82 % of the
required information size is actually available (Supple-
ment Fig. 4).
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Fig. 5 Trial sequential analysis (TSA) of all trials of the effect of AT Il on mortality. Cumulative Z curve in blue does not cross the boundary con-
structed for an information size of 5037 in the meta-analysis (full red line with diamonds) with a relative risk reduction (RRR) of 10 % (a = 0.05) and
a power of 80 % (B = 0.20). However, the cumulative Z curve breaks through the boundary for futility (non-superiority). The analysis therefor led to
rejection of an intervention effect of an RRR of 10 % with a power of 80 % in 30 randomized trials with a total number of accrued participants of
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Discussion

In this systematic review of 30 trials with 3933 partici-
pants we found no significant beneficial effect of AT III
on mortality (Fig. 3).

On the basis of follow-up less than or longer than the
median of all trials, we undertook a subgroup analysis to
examine the intervention effect on mortality. However,
there was no statistically significant association between
follow-up and mortality. The median follow-up time was
32 days.

We also examined the intervention effect based on the
median duration of intervention being less than or longer
than 1 week. Only three trials with a total of 208 partici-
pants had a median duration of intervention longer than
1 week [30, 35, 43]. The current evidence does not sup-
port a longer duration of intervention.

Additionally, on the basis of the existing data, we have
to conclude that there is insufficient data to help us
support or refute the use of AT III intervention among
trauma, obstetric or paediatric populations.

Very few trials met our requirements in terms of trial
intervention effect on various illness scores (severity of
sepsis). We accepted the various definitions provided by
the authors and undertook four different meta-analyses.
The participant numbers in these analyses ranged from
28 to 156, and only one meta-analysis reached statisti-
cal significance. The meta-analyses examining the overall
mortality in the septic population, based on 2918 partici-
pants, also failed to demonstrate a statistically significant
reduction of mortality.

We examined a potential detrimental interaction of
AT III with heparin by carrying out three separate anal-
yses (Table 2) pooling mortality data from trials with
concomitant heparin use against those without, while
examining the impact of data from Warren et al. [45].
The latter trial was either defined as a trial with or with-
out heparin use and finally we chose to split data from
Warren et al. [45] in order to examine the hypothesis. As
such, this is to be considered a post hoc analysis violating
the randomization procedure. However, none of these
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analyses demonstrated any statistically significant inter-
action effects.

Our systematic review has several potential limitations.
As for all systematic reviews, our findings and interpreta-
tions are limited by the quality and quantity of the avail-
able evidence on the effects of AT III on mortality. We
assessed the risk of bias of the included trials by using
the published data, which ultimately may not reflect
the truth. We tried to contact all authors but only a few
responded and provided further information. Three tri-
als with 260 participants reported zero mortality in both
trial groups [31, 34, 35].

We included five trials submitted only as abstracts in
this updated review [18, 21, 36, 39, 42]. These abstracts
lack important information. Nevertheless, a sensitivity
analysis on the mortality data of only these trials yielded
an RR of 0.91 (95 % CI 0.55-1.52, I* statistic = 0 %, fixed-
effect model).

As a result of a lack of convincing evidence in favour
of AT III in settings without heparin, we chose to imple-
ment TSA results, since the hypothesis of a beneficial
effect of AT III in critically ill people still generates much
attention.

Although there was minimal heterogeneity among trial
results on mortality, we are aware that we pooled very
heterogeneous trials in terms of participants, settings and
treatment regimens. However, all the included conditions
cause low levels of AT III, can result in DIC and have sim-
ilar inflammatory pathways. We therefore think that there
is a biologically plausible reason to perform an inclusive
meta-analysis, which also considerably increases the gen-
eralizability and usefulness of the review. Furthermore, a
broad meta-analysis increases power, reduces the risk of
erroneous conclusions and facilitates exploratory analy-
ses which can generate hypotheses for future research
(e.g. adjuvant heparin) [48].

We have adhered to Cochrane methodology and
applied additional statistical methods, such as TSA, to
strengthen our conclusions and reduce the risk of ran-
dom error.

Conclusions

There is insufficient evidence to support AT III substitu-
tion in any category of critically ill people. We did not
find a statistically significant effect of AT III on mor-
tality, but AT III increased the risk of bleeding events.
Subgroup analyses performed according to duration of
intervention, length of follow-up, different patient groups
and use of adjuvant heparin did not show differences in
the estimates of intervention effects. Serious methodo-
logical shortcomings of the included studies are, how-
ever, likely to have influenced the overall intervention
effect (Supplement Table 4)

TSA showed that there is sufficient evidence to reject
a beneficial effect of more than 10 % RRR (4 % absolute
risk reduction) on overall mortality and for trials includ-
ing participants with sepsis and DIC. There also remains
the possibility that the use of AT III may be harmful.

The GRADE approach only reaffirmed our interpreta-
tion of the level of evidence, and we are confident that at
this stage the quality of evidence in regard to our primary
outcomes is moderate, despite the fact that many of the
trials have high risk of bias.
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