@ PLOS|ONE

Check for
updates

G OPEN ACCESS

Citation: Pereira JEG, El Dib R, Braz LG, Escudero
J, Hayes J, Johnston BC (2019) N-acetylcysteine
use among patients undergoing cardiac surgery: A
systematic review and meta-analysis of
randomized trials. PLoS ONE 14(5): e0213862.
https://doi.org/10.1371/journal.pone.0213862

Editor: James M Wright, University of British
Columbia, CANADA

Received: October 25, 2018
Accepted: March 1,2019
Published: May 9, 2019

Copyright: © 2019 Pereira et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

Funding: Regina EI Dib received a Brazilian
Research Council ((CNPq) scholarship (CNPq
310953/2015-4).

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

N-acetylcysteine use among patients
undergoing cardiac surgery: A systematic
review and meta-analysis of randomized trials

José Eduardo G. Pereira® %3, Regina El Dib*®%*, Leandro G. Braz', Janaina Escudero®,
Jason Hayes’, Bradley C. Johnston*

1 Department of Anesthesiology, Botucatu Medical School, Universidade Estadual Paulista, Botucatu, Sdo
Paulo, Sao Paulo, Brazil, 2 Department of Anesthesiology, EsSEx, Hospital Central do Exército, Rio de
Janeiro, Rio de Janeiro, Brazil, 3 Department of Anesthesiology, Santa Casa de Misericérdia de Barra
Mansa, Barra Mansa, Rio de Janeiro, Rio de Janeiro, Brazil, 4 Department of Community Health and
Epidemiology, Dalhousie University, Faculty of Medicine, Halifax, Canada, 5 Institute of Science and
Technology, Univ Estadual Paulista, Sdo Paulo, Sdo José dos Campos, Brazil, 6 McMaster Institute of
Urology, McMaster University, Hamilton, Ontario, Canada, 7 Department of Anesthesia and Pain Medicine,
The Hospital for Sick Children, University of Toronto, Toronto, Ontario, Canada

* el.dib@unesp.br

Abstract

Background

Cardiac surgeries are complex procedures aiming to re-establish coronary flow and correct
valvular defects. Oxidative stress, caused by inflammation and ischemia-reperfusion injury,
is associated with these procedures, increasing the risk of adverse outcomes. N-acetylcys-
teine (NAC) acts as an antioxidant by replenishing the glutathione stores, and emerging
evidence suggests that NAC may reduce the risk of adverse perioperative outcomes. We
conducted a systematic review and meta-analysis to investigate the addition of NAC to a
standard of care among adult patients undergoing cardiac surgery.

Methods

We searched four databases (PubMed, EMBASE, CENTRAL, LILACS) from inception to
October 2018 and the grey literaure for randomized controlled trials (RCTs) investigating
the effect of NAC on pre-defined outcomes including mortality, acute renal insufficiency
(ARI), acute cardiac insufficiency (ACI), hospital length of stay (HL0S), intensive care unit
length of stay (ICUL0S), arrhythmia and acute myocardial infarction (AMI). Reviewers inde-
pendently screened potentially eligible articles, extracted data and assessed the risk of bias
among eligible articles. We used the GRADE approach to rate the overall certainty of evi-
dence for each outcome.

Results

Twenty-nine RCTs including 2,486 participants proved eligible. Low to moderate certainty
evidence demonstrated that the addition of NAC resulted in a non-statistically significant
reduction in mortality (Risk Ratio (RR) 0.71; 95% Confidence Interval (Cl) 0.40 to 1.25), ARI

PLOS ONE | https://doi.org/10.1371/journal.pone.0213862 May 9, 2019

1/19


http://orcid.org/0000-0003-2320-4607
https://doi.org/10.1371/journal.pone.0213862
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0213862&domain=pdf&date_stamp=2019-05-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0213862&domain=pdf&date_stamp=2019-05-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0213862&domain=pdf&date_stamp=2019-05-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0213862&domain=pdf&date_stamp=2019-05-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0213862&domain=pdf&date_stamp=2019-05-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0213862&domain=pdf&date_stamp=2019-05-09
https://doi.org/10.1371/journal.pone.0213862
http://creativecommons.org/licenses/by/4.0/

@ PLOS|ONE

N-acetylcysteine in cardiac surgery

(RR0.92; 95% CI1 0.79 to 1.09), ACI (RR 0.77; 95% CI 0.44 to 1.38), HLoS (Mean Difference
(MD) 0.21; 95% CI -0.64 to 0.23), ICUL0S (MD -0.04; 95% CI -0.29 to 0.20), arrhythmia (RR
0.79; 95% Cl 0.52 to 1.20), and AMI (RR 0.84; 95% CI 0.48 to 1.48).

Limitations

Among eligible trials, we observed heterogeneity in the population and interventions includ-
ing patients with and without kidney dysfunction and interventions that differed in route of
administration, dosage, and duration of treatment. This observed heterogeneity was not
explained by our subgroup analyses.

Conclusions

The addition of NAC during cardiac surgery did not result in a statistically significant reduc-
tion in clinical outcomes. A large randomized placebo-controlled multi-centre trial is needed
to determine whether NAC reduces mortality.

Registration
PROSPERO CRD42018091191.

Introduction

Coronary artery disease is the most common cardiac disease worldwide with approximately
500,000 new and 300,000 recurrent events each year in the United States alone [1]. Almost
300,000 patients were submitted to cardiac surgeries in the United States according to the
executive summary of the Society of Thoracic Surgeons in 2016 [2], and in Brazil, 21,474 coro-
nary artery bypass graft and 6,803 heart valve replacement surgical procedures were performed
in 2017 [3].

Cardiac surgery is commonly performed on-pump, which includes the assistance of cardio-
pulmonary bypass (CPB), where a device substitutes the heart and lungs to pump and oxygen-
ate circulating blood. However, a considerable number of coronary artery surgical procedures
are performed off-pump without CPB assistance [4-6]. Cardiac surgery aims to correct valvu-
lar defects, and re-establish coronary blood flow, relieving angina and dyspnea symptoms, but
is accompanied by a risk of complications that might affect organs such as the lung [7,8], kid-
ney [9-11], brain [12-15] and even the heart [16-18].

Complementary or co-administered therapies are commonly considered in perioperative
medicine. For instance, agents with antioxidant properties such as n-acetylcysteine (NAC)
may reduce oxidative stress [19-20] and inflammation [21-25] among patients undergoing
cardiac surgery and potentially reduce postoperative complications.

Previous reviews [26-31] have assessed NAC administration during cardiac surgery.
Reviews to date are, however, limited in that they do not include all studies assessing the most
patient-important outcomes such as arrhythmia [32], mortality [33] and hospital length of stay
[33, 34] [26, 28, 29, 31], they have not conducted a comprehensive literature search [26-30]
and they have only considered publications in English [26]. In addition, they have excluded
randomized controlled trials (RCTs) that administered NAC through cardioplegia solution
[27], and they did not use the Grading of Recommendations Assessment, and the Develop-
ment and Evaluation (GRADE) approach to rate the certainty of evidence.
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We, therefore, conducted a more comprehensive systematic review of RCT's to assess
whether the perioperative addition of NAC to the standard treatment of adult patients submit-
ted to cardiac surgeries reduces mortality as well as secondary outcomes (i.e. acute renal insuf-
ficiency, cardiac insufficiency, hospital and/or intensive care unit length of stay, adverse
postoperative outcomes) when compared to standard of care alone.

Methods

The Cochrane Handbook for Intervention Reviews [35] guided our choice of methods. This
review was registered with PROSPERO (International Prospective Register of Systematic
Reviews) under the number CRD42018091191. We report our results following the PRISMA
(Preferred Reposting Items for Systematic Reviews and Meta-analysis) statement [36].

Eligibility criteria

We considered all RCT's evaluating n-acetylcysteine (NAC) compared to standard of care
(SoC) plus placebo, or SoC alone, in adults’ patients (aged 18 years and above) undergoing on-
pump or off-pump cardiac surgery.

The primary outcome of this review was mortality, the most patient important endpoint.
Secondary outcomes were the following: acute renal insufficiency; cardiac insufficiency; hospi-
tal and/or intensive care unit length of stay and adverse postoperative outcomes (e.g., arrhyth-
mia, AMI).

Eligible studies reported on one or more of the outcomes are listed above.

Data source and searches

The search was performed in the following electronic databases: the Cochrane Central Register
of Controlled Trials (CENTRAL, 2018), PubMed (OvidSP, 1966 to 2018), EMBASE (Excerpta
Medica database) (OvidSP, 1980 to 2018) and LILACS (Literatura Latino-Americana e do
Caribe em Ciéncias da Saude) (1982 to 2018). The databases were searched for published
RCTs in humans, from inception to 10™ October 2018. No restrictions were placed on lan-
guage or publication status.

The search was conducted using multiple combinations of the following keywords: “coro-
nary artery disease”, “cardiac surgery”, and “n-acetylcysteine” (S1 Table).

In addition, an online hand-searching for additional eligible studies was conducted in the
search engine of three major anesthesiology journals (Anesthesia and Analgesia; Anesthesiol-
ogy; European Journal of Anaesthesiology) from inception to June 2018 (S2 Table), and we
also searched the reference lists of potentially eligible studies, conferences proceedings, previ-
ous existing systematic reviews, and we searched the clinicaltrials.com registry.

Selection of studies. Using standardized screening forms, two reviewers (JEGP, RED)
independently screened all titles and abstracts identified by the literature search, obtained
full-text articles of all potentially eligible studies, and evaluated these studies for eligibility.
Reviewers resolved the disagreement through discussion, and with third-party adjudication if
necessary.

Data extraction and risk of bias assessment

Two reviewers (JEGP, RED) independently extracted the following data using a pre-piloted,
standardized data extraction form (S3 Table): characteristics of the study design; participants;
interventions; outcomes and the length of follow-up. If eligible articles had missing data we
contacted authors for clarification.
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Reviewers independently assessed the validity of included studies using the risk of bias
approach for Cochrane reviews of RCTs as modified by Busse and Guyatt [37,38]. Risk of bias
was assessed using five separate criteria: adequacy of sequence generation, allocation sequence
concealment, blinding (investigators, patients, collectors, statistician, and outcome assessors),
incomplete outcome data, and selective outcome reporting. For incomplete outcome data, we
considered loss to follow-up of less than 10%, and a difference of 5% or less in missing out-
come data between intervention and control groups as low risk of bias.

Certainty of evidence

We used the Grading of Recommendations Assessment, Development and Evaluation
(GRADE) approach to rate the certainty of evidence, in which a body of evidence based on
randomized trials begins as high certainty evidence but may be rated down by one or more lev-
els for each of five categories of limitations: risk of bias, inconsistency, indirectness, impreci-
sion and reporting bias [38]. Detailed GRADE guidance was used to assess the overall risk of
bias [39], imprecision [40], inconsistency [41], indirectness [42] and publication bias [43], and
results were summarized in an evidence profile table.

Data synthesis and statistical analysis

We calculated pooled risk ratios (RRs) for dichotomous outcomes and mean differences (MDs)
for continuous outcomes, with the corresponding 95% confidence interval (CI). We used a ran-
dom-effects model with the Mantel-Haenszel statistical method for the dichotomous outcomes
and the Inverse Variance for the continuous outcomes. We addressed variability in results across
studies using the I” statistic and the P value (> 0.10) obtained from the Cochrane chi-square test.

Risk ratio does not incorporate zero-event trials, thereby excluding these trials and data
from the combined estimate. A random-effect model was chosen because when dealing with a
series of studies, subjects typically differ substantially from one study to another [44].

Our primary analyses were based on all randomized patients who had reported outcomes
for each study (complete case analysis). We used Review Manager (RevMan) (version 5.3; Nor-
dic Cochrane Centre, Cochrane) for all analyses [45].

We performed pre-specified subgroup analyses, stratifying by route of administration of
NAC (intravenous, cardioplegia, oral, oral plus intravenous) [46,47]; NAC dose (< 100, 100
to < 300, > 300 mg.kg-1.day-1) [47]; duration of NAC (< 24, 24-48, > 48 hours) [48]; surgical
technique (CPB, no CPB) [49]; anesthesia technique (inhalational, total intravenous) [49], and
patient characteristics (i.e., kidney dysfunction, limited cardiac ejection fraction). Further,
among subgroup effects demonstrating a significant test of interaction, we assessed the credibil-
ity of the observed effect using published assessment criteria including whether: 1) there was a
low likelihood that chance explains the observed effect; 2) the effect was consistent across stud-
ies; 3) the subgroup hypothesis was specified a priori with the direction of the subgroup effect
specified a priori; 4) there was strong existent biological support (biological rationale); and 5)
the evidence was supporting the effect based on within-or between study comparisons [50].

We assessed for publication bias using visual inspection of funnel plots for outcomes with
10 or more studies [51].

Results
Search results

We identified a total of 1,189 citations and after independent screening by title, and then by
abstract, we obtained full-text copies for 47 citations that were potentially eligible for inclusion
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in the review. Of those, 18 did not fulfill our eligibility criteria and were excluded (S4 Table).
We, therefore, included 29 studies [20, 52-79] with a total of 2,486 participants in this review
(Fig 1). No additional eligible studies were identified based on hand-searching of anesthesiol-
ogy journals for relevant primary studies.

Characteristics of the included studies

Among the 29 eligible RCTs, trials took place in a variety of settings (S5 Table) including Tur-
key [20, 53, 54, 59, 60, 63, 66, 67, 69, 70], Canada [56, 58, 79], United States of America [52,
55], Finland [73, 78], Germany [61], Italy [75], Belgium [57], India [68, 71, 72], South Korea
[65,77], Iran [64, 76], Brazil [74] and Australia [62]. Sample sizes ranged from 18 [57] to 295
[56] participants (S5 Table).

A total of 21 trials including 1,468 patients were treated under CPB, while eight trials
involving 1,018 patients were treated off-pump (S6 Table). According to the anesthetic tech-
nique, six trials [20, 59, 66, 69, 76, 78] used total intravenous anesthesia technique (TIVA),
with a total of 348 participants, while 15 trials [54, 57, 60, 63, 65, 67, 68, 70-75, 77, 79] reported
using inhaled anesthetics with a total of 1,203 participants. Eight trials [52, 53, 55, 56, 58, 61,
62, 64] with a total of 936 participants did not report which anesthetic technique was employed
(S6 Table).

All except one of our eligible trials included both male and female participants, with one
trial [52] including only male patients. The mean age of the participants in the NAC group
ranged from 54 years to 74 years, with a mean age of 64 years for the NAC group. The mean
age of the participants in the control group ranged from 53 years to 73 years, with a mean age
for the control group of 66 years (S5 Table).

Ten RCT's with a total of 1,261 participants [52, 55, 56, 62, 72-75, 77, 79] included patients
with kidney dysfunction only. Four trials with a total of 530 participants [56, 65, 72, 77]
included only patients with low cardiac ejection fraction (< 0.4) (S5 Table).

Risk of bias in individual studies

Allocation concealment was a significant limitation in 8 trials and judged to be at high risk of
bias [20, 59, 61-64, 68, 74]. Blinding of participants was judged to be at high risk of bias in one
trial [68], while blinding of both personnel and outcome assessors were considered at high risk
of bias in 8 trials [20, 63, 65-68, 72, 78]. Two trials [77, 79] were considered high risk for selec-
tive reporting, one [79] for not reporting creatinine clearance results, and the other [77] for
not reporting mortality results under their respective protocols. Incomplete outcome data was
considered at high risk of bias in one trial [55] due to total loss to follow-up of 10.25% and in
another trial [52] due to a between-group difference in loss to follow-up of 5.5% (S1 Fig and
S7 Table).

Effectiveness of interventions

Mortality. Results from 17 RCTs [52, 53, 55, 56, 58, 60, 61, 64, 65, 67-70, 73-75, 79]
including 1,737 patients yielded a non-statistically significant difference between NAC and
SoC on the reduction of mortality (RR 0.71, 95% CI 0.40 to 1.25; events (NAC:20/870, SoC:33/
867); I2 = 0%; p = 0.23) (Fig 2). The certainty of evidence was rated as low because of impreci-
sion (low number of events (<400) and wide confidence intervals including clinically impor-
tant benefit and harm) (Table 1) and no publication bias was detected (S2 Fig, panel A).

With respect to subgroups of interest, we found no statistically significant differences based
on route, dose, timing of administration of NAC, surgical or anesthetic technique and charac-
teristics of the population (S3 Fig, panel A).
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Fig 1. PRISMA flowchart.
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NAC SoC Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Adabag 2008 2 50 3 52 10.7% 0.69 [0.12, 3.98]
Aldemir 2016 0 30 1 30 3.3% 0.33[0.01, 7.87]
Barr 2008 1 20 1 19 4.5% 0.95 [0.06, 14.13]
Burns 2005 5 148 4 147 19.5% 1.24 [0.34, 4.53] I L
El-Hamamsy 2007 3 50 0 50 3.8% 7.00[0.37, 132.10] >
Eren 2003 0 10 0 10 Not estimable
Fischer 2004 0 20 0 20 Not estimable
Kazemi 2013 1 120 2 120 5.7% 0.50 [0.05, 5.44]
Kim 2011 0 24 2 24 3.7% 0.20[0.01, 3.96]
Koromaz 2006 0 15 1 15 3.4% 0.33[0.01, 7.58]
Kurian 2010 0 25 0 25 Not estimable
Orhan 2006 0 10 0 10 Not estimable
Ozaydin 2008 0 58 2 57 3.6% 0.20[0.01, 4.01] ¢
Ristikankare 2006 1 38 2 39 5.9% 0.51 [0.05, 5.43]
Santana-Santos 2014 2 35 4 35 12.3% 0.50[0.10, 2.56] —_—
Sisillo 2008 5 129 4 127 19.6% 1.23 [0.34, 4.48] I L E—
Wijeysundera 2009 0 88 7 87 4.0% 0.07 [0.00, 1.14] ¢
Total (95% CI) 870 867 100.0% 0.71 [0.40, 1.25] S g
Total events 20 33
Heterogeneity: Tau? = 0.00; Chi®> = 8.75, df = 12 (P = 0.72); 1> = 0% 50 o1 Oll i 150 100’

Test for overall effect: Z = 1.20 (P = 0.23)

Fig 2. Meta-analysis on mortality.

https://doi.org/10.1371/journal.pone.0213862.9002

Favours NAC Favours SoC

Secondary outcomes. Clinical outcomes. Results from 15 RCTs [52-56, 58, 59, 64, 65,
68,70,72,73,75,77] with a total of 1,711 patients for acute renal insufficiency (RR 0.92, 95%
CI0.79 to 1.09; events (NAC:180/886, SoC:193/845); I = 0%; p = 0.34) (Fig 3); 12 RCTs [53,
58,59, 61, 63, 64, 66, 67, 70, 75, 77, 78] with a total of 1,149 patients for cardiac insufficiency
(RR 0.77, 95% CI 0.44 to 1.38; events (NAC:19/572; SoC:24/577); I* = 0%; p =0.38) (Fig 4); 10
RCTs [53, 58-60, 62, 64, 65, 69, 70, 76] with a total of 886 patients for arrhythmia (RR 0.79,
95% CI 0.52 to 1.20; events (NAC:81/446, SoC:98/440); I = 50%; p =0.27) (Fig 5); and 11
RCTs [20, 56, 60, 61, 63, 64, 65, 67, 68, 75, 78] with a total of 1,178 patients for acute myocar-
dial infarction (RR 0.84, 95% CI 0.48 to 1.48; events (NAC:22/587, S0C:26/591); I? = 0%;

p = 0.55) (Fig 6) yielded a non statistically significant difference between NAC and SoC in
patients submitted to cardiac surgery.

The certainty of evidence was low for all outcomes due to very serious imprecision (low
number of events and wide confidence intervals including clinically important benefit and
harm) (Table 1). Based on funnel plot analyses, no publication bias was detected (S2 Fig) for
any outcomes.

With respect to subgroups of interest, we found no statistically significant differences based
on route, dose, timing of administration of NAC, surgical or anesthetic technique and charac-
teristics of the population (S3 Fig, panel B,C, F, and G).

Process outcomes. Results from 18 RCTs [52, 53, 55, 56, 58, 59, 62, 63-65, 67, 69-72, 76—
78] with a total of 1,650 patients for hospital length of stay (HLoS) (MD -0.21 days, 95% CI
-0.64 t0 0.23; I* = 89%; p =0.35) (54 Fig, panel A); and 17 RCTs [52, 53, 55, 56, 59, 62-65, 67,
69, 71-73, 76-78] with a total of 1,512 patients for intensive care unit length of stay (ICULoS)
(MD -0.04 days, 95% CI -0.29 to 0.20; % = 95%; p =0.73) (54 Fig, panel A), yielded a non statis-
tically significant difference between NAC and SoC in patients submitted to cardiac surgery.

The certainty of evidence was rated as moderate for both outcomes due to inconsistency
(Table 1) and no publication bias was detected (S2 Fig).
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Table 1. GRADE evidence profile for clinical outcomes.

Quality assessment Summary of findings Certainty in
Study event | Relative Anticipated absolute estimates
rates risk or effects
No of Risk of bias = Inconsistency | Indirectness = Imprecision | Publication  Control NAC  3Ver agoe Control® NAC
participants bias (C195%)
(studies)
Follow-up
in days
Mortality
1,737 No serious No serious No serious | Veryserious | Undetected | 33/867 | 20/ 0.71 27 per 1000 | 8 fewer per Pepoo
(17) limitations limitations limitations | imprecision® 870 | (0.40-1.25) 1000 LOW
2-90 days (16 fewer to
7 more)
Acute Renal Insufficiency
1,711 No serious No serious No serious | Veryserious | Undetected 193/ 180/ 0.92 511 per | 40 fewer per Depoo
(15) limitations limitations limitations imprecision3 845 866 | (0.79-1.09) 1000 1000 LOW
1-60 days (107 fewer
to 46 more)
Cardiac Insufficiency
1,149 No serious No serious No serious | Very serious | Undetected | 24/577 | 19/ 0.77 83 per 1000 | 19 fewer per Pepoo
(12) limitations limitations limitations imprecision3 572 | (0.44-1.38) 1000 LOW
2-60 days (46 fewer to
31 more)
Hospital length of stay
1,650 No serious Serious No serious No serious Undetected Mean Average DPpo
(18) limitations | limitations® limitations | imprecision HLoS with | 0.21 fewer | MODERATE
2-60 NACwas | days (0.64
-0.21 days fewer to
0.23 more)
Intensive care unit length of stay
1,512 No serious Serious No serious No serious Undetected Mean Average DHPpo
(17) limitations | limitations® limitations imprecision ICULoS 0.04 fewer | MODERATE
2-60 with NAC | days (0.29
was -0.04 fewer to
days 0.20 more)
Arrhythmia
886 No serious No serious No serious | Veryserious | Undetected | 98/ 440 | 81/ 0.79 460 per | 96 fewer per HPpoo
(10) limitations limitations limitations | imprecision® 446 | (0.52-1.20) 1000 1000 LOW
2-60 days (220 fewer
to 92 more)
Acute Myocardial Infarction
1178 No serious No serious No serious | Veryserious | Undetected | 26/591 | 22/ 0.84 92 per 1000 | 15 fewer per HPpoo
(11) limitations limitations limitations imprecision3 587 | (0.48-1.48) 1000 LOW
1-15 days (48 fewer to
44 more

HLoS: hospital length of stay; ICULoS: intensive care unit length of stay; NAC: n-acetylcysteine.

'Baseline risk estimates come from control arm of the greater weight randomized trial in the meta-analysis.

>There was serious limitation related to inconsistency (12 > 50%).

*There was very serious limitation related to imprecision (rated down twice due to low number of events and wide confidence intervals including clinically important

benefit and harm).

https://doi.org/10.1371/journal.pone.0213862.t001

With respect to subgroups of interest, we found no statistically significant differences based
on dose, timing of administration of NAC, or based on surgical or anesthetic technique and
characteristics of the population (S3 Fig, panel D and E). However, regarding the a priori
hypothesized subgroup based on route of administration, results from four RCTs [63, 67, 71,
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NAC SoC Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Adabag 2008 22 50 19 52 11.6% 1.20 [0.75, 1.94] ——
Aldemir 2016 8 30 11 30 4.6% 0.73 [0.34, 1.55] —
Ayhan 2012 0 40 0 20 Not estimable
Barr 2008 2 20 2 19 0.8% 0.95 [0.15, 6.08]
Burns 2005 44 148 42 147 20.8% 1.04 [0.73, 1.49] I
El-Hamamsy 2007 0 50 0 50 Not estimable
Erdil 2016 0 42 0 40 Not estimable
Kazemi 2013 9 120 4 120 2.0% 2.25[0.71, 7.11] ]
Kim 2011 3 24 8 24 1.8% 0.38[0.11, 1.25] —
Kurian 2010 0 25 0 25 Not estimable
Ozaydin 2008 1 58 0 57 0.3% 2.95[0.12, 70.92] 4
Prasad 2010 3 35 4 35 1.3% 0.75[0.18, 3.11]
Ristikankare 2006 16 38 19 39 10.8% 0.86 [0.53, 1.41] — =
Sisillo 2008 52 129 65 127 36.0% 0.79[0.60, 1.03] —H
Song 2015 20 57 19 60 10.0% 1.11 [0.66, 1.85] e
Total (95% Cl) 866 845 100.0% 0.92 [0.79, 1.09] ¢
Total events 180 193
Heterogeneity: Tau? = 0.00; Chi? = 9.00, df = 10 (P = 0.53); I*> = 0% 0 65 052 L é 250

Test for overall effect: Z = 0.96 (P = 0.34)

Fig 3. Meta-analysis on acute renal insufficiency.

https://doi.org/10.1371/journal.pone.0213862.9003
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78] suggested a statistically significant reduction with the use of enriched cardioplegia solution
with NAC compared to SoC in intensive care unit length of stay (MD -0.63 days, 95% CI -0.88
to -0.38; n = 162; I = 84%; p < 0.00001) (Fig 7). We downgraded the certainty of evidence to
low for imprecision as a result of a limited number of patients, and for inconsistency (overall
I? of 95% was reduced to 84% only, among those receiving NAC).
We also presented sensitivity analyses on low risk bias (S5 Fig). There was no statistically

significant difference in any of our sensitivity analysis.

NAC SoC Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Aldemir 2016 6 30 8 30 38.4% 0.75 [0.30, 1.90] —
El-Hamamsy 2007 2 50 0 50 3.7% 5.00 [0.25, 101.58] >
Erdil 2016 0 42 0 40 Not estimable
Fischer 2004 0 20 0 20 Not estimable
Karahan 2010 0 21 0 23 Not estimable
Kazemi 2013 8 120 10 120 41.4% 0.80[0.33, 1.96] ——
Koksal 2008 0 15 0 15 Not estimable
Koromaz 2006 0 15 0 15 Not estimable
Ozaydin 2008 1 58 0 57 3.3% 2.95[0.12, 70.92] >
Sisillo 2008 2 129 6 127 13.3% 0.33[0.07, 1.60] =
Song 2015 0 57 0 60 Not estimable
Vento 2003 0 15 0 20 Not estimable
Total (95% Cl) 572 577 100.0% 0.77 [0.44, 1.38] .
Total events 19 24
Heterogeneity: Tau? = 0.00; Chi?> = 3.30, df = 4 (P = 0.51); I> = 0% ; t t |
Test for overall effect: Z = 0.87 (P = 0.38) 0.02 O-iavours NAC LFavours SoClO >0
Fig 4. Meta-analysis on cardiac insufficiency.
https://doi.org/10.1371/journal.pone.0213862.9004
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NAC SoC Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Aldemir 2016 2 30 3 30 4.8% 0.67 [0.12, 3.71] —'j?
El-Hamamsy 2007 26 50 23 50 20.9% 1.13 [0.76, 1.69]
Erdil 2016 7 42 2 40 5.9% 3.33[0.74, 15.10] -
Eren 2003 2 10 1 10 3.1% 2.00[0.21, 18.69]
Haase 2007 19 30 16 30 20.3% 1.19[0.77, 1.83] -
Kazemi 2013 14 120 19 120 16.0% 0.74 [0.39, 1.40] — =
Kim 2011 4 24 8 24 9.7% 0.50[0.17, 1.44] L
Orhan 2006 0 10 1 10 1.7% 0.33[0.02, 7.32]
Ozaydin 2008 3 58 12 57 8.1% 0.25[0.07, 0.82] e —
Soleimani 2018 4 72 13 69 9.5% 0.29[0.10, 0.86] . S
Total (95% Cl) 446 440 100.0% 0.79 [0.52, 1.20] <o
Total events 81 98
Heterogeneity: Tau? = 0.17; Chi? = 17.82,df = 9 (P = 0.04); I*> = 50% :0 01 0:1 i 110 100=

Test for overall effect: Z = 1.09 (P = 0.27) Favours NAC Favours SoC

Fig 5. Meta-analysis on arrhythmia.
https://doi.org/10.1371/journal.pone.0213862.g005

Discussion
Main findings

The main findings in this meta-analysis showed no statistically significant differences in mor-
tality, acute renal insufficiency, acute cardiac insufficiency, HLoS, ICULoS, arrhythmia and
myocardial infarction between NAC and SoC in cardiac surgery. However, the wide confi-
dence intervals show that we cannot rule out either clinically significant benefit or harm with
the use of NAC. Additionally, a sensitivity analysis including only the low risk of bias studies
was performed for each of the outcomes and no significant differences emerged from this
analysis.

Possible explanations for no statistically significant results in mortality rates include: a) glu-
tathione resources might not have been depleted by the level of oxidative stress resulting from
cardiac surgery; b) glutathione peroxidase enzyme might have lost its activity due to oxidative
stress, making it irrelevant to replenish glutathione reserves; and c) it is possible that anesthetic

NAC SoC Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Burns 2005 5 148 7 147 25.1% 0.71[0.23, 2.18] L
El-Hamamsy 2007 3 50 1 50 6.4% 3.00[0.32, 27.87] >
Fischer 2004 0 20 0 20 Not estimable
Karahan 2010 0 21 0 23 Not estimable
Kazemi 2013 10 120 11 120 47.4% 0.91 [0.40, 2.06] ——
Kim 2011 2 24 2 24 9.0% 1.00 [0.15, 6.53]
Koromaz 2006 0 15 0 15 Not estimable
Kurian 2010 0 25 0 25 Not estimable
Sisillo 2008 2 129 5 127 12.1% 0.39[0.08, 1.99] ¢ =
Sucu 2004 0 20 0 20 Not estimable
Vento 2003 0 15 0 20 Not estimable
Total (95% Cl) 587 591 100.0% 0.84 [0.48, 1.48] -
Total events 22 26

[N 2 _ . 2 _ _ .12 _ No, L Il 1 1 1 ]
Heterogeneity: Tau? = 0.00; Chi® = 2.25, df = 4 (P = 0.69); I° = 0% 51 02 0’5 ] ] : 0

Test for overall effect: Z = 0.60 (P = 0.55) Favours NAC Favours SoC

Fig 6. Meta-analysis on acute myocardial infarction.

https://doi.org/10.1371/journal.pone.0213862.9006
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Mean Difference
IV, Random, 95% CI

Mean Difference
1V, Random, 95% CI

NAC SoC

Study or Subgroup Mean SD Total Mean SD Total Weight
5.1.1 LV. NAC

Aldemir 2016 1.63 0.61 30 1.57 0.5 30 7.2%
Burns 2005 2 1.42 148 2 2.53 147 6.2%
Haase 2007 1.83 1.5 30 1.87 25 30 3.2%
Kim 2011 3 1.5 24 3.4 21 24 3.3%
Orhan 2006 0.96 0.07 10 0.94 0.07 10 8.0%
Ristikankare 2006 54 15 38 3.2 05 39 6.0%
Soleimani 2018 2.82 0.88 72 2.88 0.83 69 7.2%
Song 2015 3 0.5 57 3 05 60 7.7%
Subtotal (95% CI) 409 409 48.7%

0.06 [-0.22, 0.34]
0.00 [-0.47, 0.47]
-0.04 [-1.08, 1.00]
-0.40 [-1.43, 0.63]
0.02 [-0.04, 0.08]
2.20 [1.70, 2.70]
-0.06 [-0.34, 0.22]
0.00[-0.18, 0.18]
0.24 [-0.07, 0.55]

Heterogeneity: Tau? = 0.15; Chi? = 72.94, df = 7 (P < 0.00001); I> = 90%

Test for overall effect: Z = 1.50 (P = 0.13)

5.1.2 NAC enriched cardioplegia solution

Karahan 2010 1.1 0.4 21 1.5 0.5 23 7.3%
Koromaz 2006 1.1 0.1 15 1.7 0.1 15 8.0%
Prabhu 2009 2.93 0.73 28 4.24 0.72 25 6.6%
Vento 2003 1.7 0.2 15 2.1 04 20 7.6%
Subtotal (95% ClI) 79 83 29.5%

Heterogeneity: Tau? = 0.05; Chi? = 18.44, df = 3 (P = 0.0004); I = 84%
Test for overall effect: Z = 4.88 (P < 0.00001)

5.1.3 Oral NAC

Adabag 2008 4.9 7 50 6.5 9 52 0.6%
Barr 2008 8.9 3.12 19 7.77 3.29 19 1.2%
Kazemi 2013 5 1.9 120 4.8 1.3 120 6.5%
Subtotal (95% CI) 189 191 8.3%

Heterogeneity: Tau? = 0.03; Chi? = 2.08, df = 2 (P = 0.35); I> = 4%
Test for overall effect: Z = 0.80 (P = 0.42)

5.1.4 Oral+L.V. NAC

Erdil 2016 2.5 0.6 42 2.5 0.9 40 7.0%
Prasad 2010 2.83 1.04 35 2.6 0.65 35 6.5%
Subtotal (95% CI) 77 75 13.5%
Heterogeneity: Tau? = 0.00; Chi? = 0.74, df = 1 (P = 0.39); 1> = 0%
Test for overall effect: Z = 0.70 (P = 0.48)

Total (95% CI) 754 758 100.0%

-0.40 [-0.67, -0.13]
-0.60 [-0.67, -0.53]
-1.31[-1.70, -0.92]
-0.40 [-0.60, -0.20]
-0.63 [-0.88, -0.38]

-1.60 [-4.72, 1.52]
1.13 [-0.91, 3.17]

0.20 [-0.21, 0.61]
0.21 [-0.30, 0.72]

0.00 [-0.33, 0.33]
0.23 [-0.18, 0.64]
0.09 [-0.17, 0.35]

-0.04 [-0.29, 0.20]

Heterogeneity: Tau? = 0.19; Chi? = 315.35, df = 16 (P < 0.00001); I> = 95%

Test for overall effect: Z = 0.35 (P = 0.73)

Test for subgroup differences: Chi? = 24.84, df = 3 (P < 0.0001), I*> = 87.9%

Fig 7. Meta-analysis on ICU and length of stay (days), according to the route of administration of NAC.

https://doi.org/10.1371/journal.pone.0213862.9007
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drugs, such as propofol and halogenated anesthetics, may also have an antioxidant effect, blur-

ring the difference between NAC and SoC [80].

Other factors that might have influenced the results include the wide variability of NAC
treatment regimens in dose (4-300 mg/kg/day), duration (1 hour-5 days), and routes of
administration (oral, intravenous, cardioplegia, oral plus intravenous.), causing the plasma
concentration of NAC to vary widely as well, thus potentially influencing the results.

Although there were few losses to follow-up, the wide range of follow-up period (1-90
days) might have caused relevant data to be lost across the outcomes, especially for the long-

term mortality rates.

Considering the reduction in ICULoS with the addition of NAC to the cardioplegia solu-
tion, it may be useful to assess the impact of NAC using this route of administration on the

incidence of major outcomes in larger trials.
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The overall certainty of evidence was rated low for mortality, ARI, ACI, arrhythmia and
AMI primarily due to very serious issues of imprecision, and rated down to moderate for
HLoS and ICULoS due to sample heterogeneity.

Strengths and limitations

Our review has numerous strengths including an extensive and sensitive search of the litera-
ture on the subject, with no restrictions on language or publication status. We included revas-
cularization, valve and combined surgeries with and without CPB and to our knowledge this is
the most extensive search of the potential use of NAC as an adjunct to perioperative cardiac
surgeries in the literature to date. We also included studies in which the administration of
NAC was offered using different routes, dosages and durations, and we extracted and analyzed
data on the seven main outcomes deemed most important for the cardiac surgery population.
Furthermore, we independently rated the overall certainty of evidence using the GRADE
approach for each outcome, and we pre-specified the subgroup analyses and assessed the
results based on published assessment criteria [50], including the use of a test of interaction.
We also assessed publication bias for the outcomes with ten or more studies included, with
none of our funnel plots suggesting the possibility of publication bias.

The primary limitation of our review is the low certainty evidence based on the overall
body of evidence. Despite the moderate number of identified trials (29), the amount of evi-
dence is insufficient.

Another limitation of this review was related to the quality of the included studies. Overall,
we rated the studies at a high risk of bias due to unblinding of participants [72] and personnel
in eight trials [63, 65-68, 72, 20, 78]; and no reporting of allocation concealment in eight addi-
tional studies [20, 63, 65-68, 72, 78]. We conducted sensitivity analyses for each of our seven a
priori outcomes to assess if there was a significant difference between studies at high versus
low risk of bias, with results indicating no differences between subgroups (S7 Table).

Furthermore, the included RCTs were heterogeneous in terms of the population character-
istics (e.g., trials that included only patients with high or low cardiac ejection fractions, or
patients with or without kidney dysfunction) and intervention characteristics (e.g., trials dif-
tered with respect to routes, doses, duration of treatment, as well as different surgical and anes-
thetic techniques). In an attempt to overcome this limitation, we performed a priori subgroup
analyses to explore different populations and intervention characteristics for each of our seven
outcomes. After assessing for credibility using five published criteria [50], only one subgroup
demonstrated a statistically significant test of interaction indicating that adding NAC to the
cardioplegia solution reduces ICULO0S in patients undergoing cardiac surgeries.

Relation to previous studies

Six systematic reviews [26-31] have been published in the past 10 years relevant to our study
objectives, with the most extensive systematic review having included 13 RCT's and 1,338
patients [26]. Compared to our review, all of the previous reviews included fewer outcomes
and fewer RCTs. Five of these reviews excluded RCTs that did not match the primary out-
comes to the reviews’ primary outcome sought [26, 28-31]. For instance, some reviews
only included RCTs that had ARI as their primary outcome [26, 29, 30], while others only
included studies in which the primary outcome was a single type of arrhythmia (atrial fibril-
lation) [28, 31].

Only one review [27] sought to analyze multiple critically important outcomes such as mor-
tality, ARI, hospital length of stay and atrial fibrillation. However, unlike our review, RCT's
where NAC was administered through the cardioplegia solution were excluded from this review.
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Although all systematic reviews yielded results suggesting better outcomes with the use
of NAC, only Ali-Hassan-Sayegh et al. (2014) [31] and Gu et al. (2012) [28] found statistically
significant reductions in the incidence of arrhythmias. These authors however limited their
results to atrial fibrillation, narrowing the scope to a single type of arrhythmia, among several
possible postoperative arrhythmias (atrial fibrillation, atrial flutter, premature atrial complexes,
multifocal atrial tachycardia, premature ventricular complexes, nonsustained ventricular
tachycardia, ventricular tachycardia, sick sinus syndrome, and atrioventricular block) [32].
Our review assessed the protective antioxidant effect of NAC on inflammation and ischemia
injuries through its impact on the overall incidence of arrhythmias.

Clinical implications of the study

CPB and ischemia-reperfusion injury are associated with oxidative stress [49,81] and antioxi-
dants play a protective role in cardiac surgery [19]. NAC has antioxidant effects by regenerat-
ing glutathione [82] and its protective effects are more evident after parenteral administration
[46].

Although our results were generally rated as low (some as moderate) certainty evidence and
did not find a statistically significant difference on major outcomes when NAC was added to
the treatment of patients undergoing cardiac surgery, it was safely administered to patients in
all included studies in this review.

Research implications of the study

Based on the data from this systematic review, and after conducting a sample size calculation
to determine the number of participants needed to definitively determine the potential efficacy
of NAC for all-cause mortality, based on a 2.3% risk of mortality from the NAC group and a
3.9% risk of mortality derived from over 20,000 patients studied by Nashef’s [83] using an
alpha value 5% and beta of 20%, a future study trial would need to randomize at least 3,682
patients [84].

Conclusions

This comprehensive meta-analysis of 29 RCTs provides current evidence for whether or not to

add NAC to the treatment of patients in the perioperative period during cardiac surgery. It con-
firms previous observations that NAC can be safely administered to patients, but fails to demon-
strate significant efficacy in reducing major adverse outcomes associated with cardiac surgeries.

Supporting information

S1 Fig. Risk of bias assessment.
(TIFF)

S2 Fig. Funnel plots of clinical outcomes.
(DOCX)

S3 Fig. Sensitivity analyses on low risk bias. Panel A. Mortality. Panel B. Acute renal insuffi-
ciency. Panel C. Cardiac insufficiency. Panel D. Hospital length of stay. Panel E. ICU length of
stay. Panel F. Arrhythmia. Panel G. Acute myocardial infarction.

(Z1P)

S4 Fig. Meta-analyses of process outcomes.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0213862 May 9, 2019 13/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213862.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213862.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213862.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213862.s004
https://doi.org/10.1371/journal.pone.0213862

@ PLOS|ONE

N-acetylcysteine in cardiac surgery

S5 Fig. Sensitivity analyses on low risk bias.
(PDF)

S1 Table. Search strategy in PubMed.
(DOCX)

S2 Table. Search strategy in Anesthesia and Analgesia.
(DOCX)

S3 Table. Data extraction form.
(DOC)

S$4 Table. Excluded studies with reasons.
(DOCX)

S5 Table. Study characteristics related to population and setting.
(DOCX)

S6 Table. Study characteristics related to intervention and control groups.
(DOCX)

S7 Table. Risk of bias assessment.
(DOCX)

S8 Table. PRISMA checKklist.
(DOC)

Acknowledgments

We would like to thank trial authors Dr. Giancarlo Marenzi, Dr. Linda Barr, Dr. José Jayme
Galvéo de Lima, and Dr. Young Ian Kwak, for replying to our queries.

Author Contributions
Conceptualization: José Eduardo G. Pereira, Regina El Dib, Janaina Escudero.

Data curation: José Eduardo G. Pereira, Regina El Dib, Leandro G. Braz, Jason Hayes, Bradley
C. Johnston.

Formal analysis: José Eduardo G. Pereira, Regina El Dib.

Funding acquisition: José Eduardo G. Pereira.

Investigation: José Eduardo G. Pereira, Regina El Dib.

Methodology: José Eduardo G. Pereira, Regina El Dib.

Project administration: José Eduardo G. Pereira, Regina El Dib.

Supervision: Regina El Dib.

Validation: José Eduardo G. Pereira, Regina El Dib.

Visualization: José Eduardo G. Pereira, Regina El Dib.

Writing - original draft: José Eduardo G. Pereira, Regina El Dib, Bradley C. Johnston.

Writing - review & editing: José Eduardo G. Pereira, Regina El Dib, Leandro G. Braz, Janaina
Escudero, Jason Hayes, Bradley C. Johnston.

PLOS ONE | https://doi.org/10.1371/journal.pone.0213862 May 9, 2019 14/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213862.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213862.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213862.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213862.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213862.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213862.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213862.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213862.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213862.s013
https://doi.org/10.1371/journal.pone.0213862

@ PLOS|ONE

N-acetylcysteine in cardiac surgery

References

1.

10.

11.

12

13.

14.
15.

16.

17.

18.

19.

20.

21.

Boland LL, Folsom AR, Sorlie PD, Taylor HA Jr, Rosamond WD, Chambless LE, et al. Occurrence of
unrecognized myocardial infarction in subjects aged 45 to 65 years (the ARIC study). Am J Cardiol.
2002; 90(9):927-31. PMID: 12398956

Society of Thoracic Surgeons. Executive summary, 2017 Harvest 4. Duke Clinical Research Institute.
https://www.sts.org/registries-research-center/sts-national-database/sts-adult-cardiac-surgery-database.

de Araujo Lima CR, Leal CD, Dias EP, Gonzalez FL, dos Santos HL, da Silva ME, et al. Departamento
de Informatica do SUS-DATASUS A Experiéncia de Disseminacéo de Informagdes em Saude. A
experiéncia brasileira em sistemas de informagao em saude. 2009: 109. Available from: http://tabnet.
datasus.gov.br/cgi/tabcgi.exe?sih/cnv/qruf.def

Connolly MW. Current results of off-pump coronary artery bypass surgery. In: Seminars in thoracic and
cardiovascular surgery 2003; 15(1):45-51. PMID: 12813689

Polomsky M, Puskas JD. Off-pump coronary artery by-pass grafting—the current state. Circul J. 2012;
76(4): 784-90. https://doi.org/10.1253/circj.CJ-12-0111

Taggart DP, Altman DG. Off-pump vs. on-pump CABG: are we any closer to a resolution? Eur Heart J.
2012; 33(10):1181-3. https://doi.org/10.1093/eurheartj/ehr374 PMID: 22065846

Stannard D. Incentive spirometry for preventing pulmonary complications after coronary artery bypass
graft. J PeriAnesthesia Nursing. 2013; 28(4):236-8.

Staton GW, Williams WH, Mahoney EM, Hu J, Chu H, Duke PG et al. Pulmonary outcomes of off-pump
VS on-pump coronary artery bypass surgery in a randomized trial. Chest. 2005; 127(3):892—901. hitps://
doi.org/10.1378/chest.127.3.892 PMID: 15764773

Conlon PJ, Stafford-Smith M, White WD, Newman MF, King S, Winn MP, et al. Acute renal failure fol-
lowing cardiac surgery. Acute renal failure following cardiac surgery. Nephrology, dialysis, transplanta-
tion: official publication of the European Dialysis and Transplant Association-European Renal
Association. 1999; 14(5):1158-62.

Nezami N, Djavadzadegan H, Tabatabaie-Adl H, Hamdi A, Ghobadi K, Ghorashi S, et al. On-versus off-
pump coronary artery bypass grafting: No difference in early postoperative kidney function based on
TNF-a or C-reactive protein. Cardiorenal Med. 2012; 2(3):190-9. https://doi.org/10.1159/000339171

van Straten AH, Koene BM, Hamad MA, Martens EJ, Tan ME, Berreklouw E, et al. Which method of
estimating renal function is the best predictor of early and late mortality after coronary artery bypass sur-
gery? Neth Heart. 2011; 19(11):464—469. https:/doi.org/10.1007/s12471-011-0184-3

Bayram H, Erer D, Iriz E, Zor MH, Gulbahar O, Ozdogan ME. Comparison of the effects of pulsatile car-
diopulmonary bypass, non-pulsatile cardiopulmonary bypass and off-pump coronary artery bypass
grafting on the inflammatory response and S-100beta protein. Perfusion. 2012; 27(1):56—64. https:/
doi.org/10.1177/0267659111424639 PMID: 22002967

Kozora E, Kongs S, Collins JF, Hattler B, Baltz J, Hampton M, et al. Cognitive outcomes after on-versus
off-pump coronary artery bypass surgery. Annals Thorac Surg. 2010; 90(4):1134—41.

Selim M. Perioperative stroke. N Eng J Med. 2007; 356(7):706—13.

Senay S, Toraman F, Akgin Y, Aydin E, Karabulut H, Alhan C, et al. Stroke after coronary bypass sur-
gery is mainly related to diffuse atherosclerotic disease. In: The Heart Surgery Forum 2011; 14(6):
E366—72). https://doi.org/10.1532/HSF98.20111031 PMID: 22167763

Hong S, Youn YN, Yi G, Yoo KJ. Long term results of ST-segment elevation myocardial infarction ver-
sus non-ST-segment elevation myocardial infarction after off-pump coronary artery bypass grafting:
propensity score matching analysis. J Korean Med Sci. 2012; 27(2):153-9. https://doi.org/10.3346/
jkms.2012.27.2.153 PMID: 22323862

Mair J, Hammerer-Lercher A. Markers for perioperative myocardial ischemia: what both interventional
cardiologists and cardiac surgeons need to know. In: Heart Surgery Forum 2005; 8(5): 308).

Onorati F, De Feo M, Mastroroberto P, Cristodoro L, Pezzo F, Renzulli A, et al. Determinants and prog-
nosis of myocardial damage after coronary artery bypass grafting. Annals Thorac Surg. 2005; 79
(3):837—45.

McColl AJ, Keeble T, Hadjinikolaou L, Cohen A, Aitkenhead H, Glenville B, et al. Plasma antioxidants:
evidence for a protective role against reactive oxygen species following cardiac surgery. Annals Clin
Bioch. 1998; 35(5):616—-23.

Sucu N, Cinel I, Unlu A, Aytacoglu B, Tamer L, Kocak Z, et al. N-acetylcysteine for preventing pump-
induced oxidoinflammatory response during cardiopulmonary bypass. Surgery Today. 2004; 34
(3):237—-42. https://doi.org/10.1007/s00595-003-2699-8 PMID: 14999536

Paparella D, Yau TM, Young E. Cardiopulmonary bypass induced inflammation: pathophysiology and
treatment. An update. Eur J Cardio-Thorac Surgery. 2002; 21(2):232—44.

PLOS ONE | https://doi.org/10.1371/journal.pone.0213862 May 9, 2019 15/19


http://www.ncbi.nlm.nih.gov/pubmed/12398956
https://www.sts.org/registries-research-center/sts-national-database/sts-adult-cardiac-surgery-database
http://tabnet.datasus.gov.br/cgi/tabcgi.exe?sih/cnv/qruf.def
http://tabnet.datasus.gov.br/cgi/tabcgi.exe?sih/cnv/qruf.def
http://www.ncbi.nlm.nih.gov/pubmed/12813689
https://doi.org/10.1253/circj.CJ-12-0111
https://doi.org/10.1093/eurheartj/ehr374
http://www.ncbi.nlm.nih.gov/pubmed/22065846
https://doi.org/10.1378/chest.127.3.892
https://doi.org/10.1378/chest.127.3.892
http://www.ncbi.nlm.nih.gov/pubmed/15764773
https://doi.org/10.1159/000339171
https://doi.org/10.1007/s12471-011-0184-3
https://doi.org/10.1177/0267659111424639
https://doi.org/10.1177/0267659111424639
http://www.ncbi.nlm.nih.gov/pubmed/22002967
https://doi.org/10.1532/HSF98.20111031
http://www.ncbi.nlm.nih.gov/pubmed/22167763
https://doi.org/10.3346/jkms.2012.27.2.153
https://doi.org/10.3346/jkms.2012.27.2.153
http://www.ncbi.nlm.nih.gov/pubmed/22323862
https://doi.org/10.1007/s00595-003-2699-8
http://www.ncbi.nlm.nih.gov/pubmed/14999536
https://doi.org/10.1371/journal.pone.0213862

@ PLOS|ONE

N-acetylcysteine in cardiac surgery

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Chaney MA. Corticosteroids and cardiopulmonary bypass: a review of clinical investigations. Chest.
2002; 121(3):921-31. PMID: 11888978

Baker WL, White CM, Kluger J, Denowitz A, Konecny CP, Coleman ClI. Effect of perioperative cortico-
steroid use on the incidence of postcardiothoracic surgery atrial fibrillation and length of stay. Heart
Rhythm. 2007; 4(4):461-8. https://doi.org/10.1016/j.hrthm.2006.11.026 PMID: 17399635

Lertsburapa K, White CM, Kluger J, Faheem O, Hammond J, Coleman CI. Preoperative statins for the
prevention of atrial fibrillation after cardiothoracic surgery. J Thoracic Cardio Surg. 2008; 135(2):405—
11.

Ederhy S. Randomized trial of atorvastatine for reduction of postoperative atrial fibrillation in patients
undergoing cardiac surgery: results of the ARMYDA-3 (Atorvastatin for Reduction of MYocardial Dys-
rhythmia After cardiac surgery) study. MT Cardio. 2006; 2(6):624-5.

Adabag AS, Ishani A, Bloomfield HE, Ngo AK, Wilt TJ. Efficacy of N-acetylcysteine in preventing renal
injury after heart surgery: a systematic review of randomized trials. Eur Heart J. 2009; 30(15):1910-7.
https://doi.org/10.1093/eurheartj/ehp053 PMID: 19282300

Baker WL, Anglade MW, Baker EL, White CM, Kluger J, Coleman CI. Use of N-acetylcysteine to reduce
post-cardiothoracic surgery complications: a meta-analysis. Eur J Cardio-Thorac Surgery. 2009; 35
(3):521-7.

Gu WJ, Wu ZJ, Wang PF, Aung LH, Yin RX. N-Acetylcysteine supplementation for the prevention of
atrial fibrillation after cardiac surgery: a meta-analysis of eight randomized controlled trials. BMC Car-
diov Disord. 2012; 12(1):10.

Naughton F, Wijeysundera D, Karkouti K, Tait G, Beattie WS. N-acetylcysteine to reduce renal failure
after cardiac surgery: a systematic review and meta-analysis. Can J Anesthesia. 2008; 55(12):827.

Patel NN, Rogers CA, Angelini GD, Murphy GJ. Pharmacological therapies for the prevention of acute
kidney injury following cardiac surgery: a systematic review. Heart Failure Rev. 2011; 16(6):553-67.
https://doi.org/10.1007/s10741-011-9235-5 PMID: 21400231

Ali-Hassan-Sayegh S, Mirhosseini SJ, Rezaeisadrabadi M, Dehghan HR, Sedaghat-Hamedani F, Kay-
vanpour E, et al. Antioxidant supplementations for prevention of atrial fibrillation after cardiac surgery:
an updated comprehensive systematic review and meta-analysis of 23 randomized controlled trials.
Interact Cardiov Thorac Surgery. 2014; 18(5):646-54.

Peretto G, Durante A, Limite LR, Cianflone D. Postoperative Arrhythmias after Cardiac Surgery: Inci-
dence, Risk Factors, and Therapeutic Management. Cardiol Res Practice 2014; 2014.https:/dx.doi.
org/10.1155/2014/615987.

Mazzeffi M, Zivot J, Buchman T, Halkos M. In-hospital mortality after cardiac surgery: patient character-
istics, timing, and association with postoperative length of intensive care unit and hospital stay. Annals
Thoracic Surgery 2014; 97(4): 1220-1225.

Almashrafi A, Alsabti H, Mukaddirov M, Balan B, Aylin P. Factors associated with prolonged length
of stay following cardiac surgery in a major referral hospital in Oman: a retrospective observational
study. BMJ open 2016; 6(6): e010764. https://doi.org/10.1136/bmjopen-2015-010764 PMID:
27279475

Higgins JPT. Green S. Cochrane handbook for systematic reviews of interventions Version 5.1.0. The
Cochrane Collaboration. Confidence intervals; 2011.

Liberati A, Altman DG, Tetzlaff J, Mulrow C, Ggtzsche PC, loannidis JP, et al. The PRISMA statement
for reporting systematic reviews and meta-analyses of studies that evaluate health care interventions:
explanation and elaboration. PLoS Med. 2009; 6(7):e1000100. https://doi.org/10.1371/journal.pmed.

1000100 PMID: 19621070

Higgins JP, Altman DG, Getzsche PC, Juni P, Moher D, Oxman AD, et al. The Cochrane Collabora-
tion’s tool for assessing risk of bias in randomised trials. BMJ. 2011; 343:d5928. https://doi.org/10.
1136/bm;j.d5928

Guyatt GH, Busse JW. Modification of Cochrane tool to assess risk of bias in randomized trials. 2016.
http://growthevidence.com/gordon-h-guyatt-md-msc-and-jason-w-busse-dc-phd/; 2016.

Balshem H, Helfand M, Schiinemann HJ, Oxman AD, Kunz R, Brozek J, et al. GRADE guidelines: 3.
Rating the quality of evidence. J Clin Epidemiol. 2011; 64(4):401-6. https://doi.org/10.1016/j.jclinepi.
2010.07.015 PMID: 21208779

Guyatt GH, Oxman AD, Kunz R, Brozek J, Alonso-Coello P, Rind D, Devereaux PJ, Montori VM,
Freyschuss B, Vist G, Jaeschke R. GRADE guidelines 6. Rating the quality of evidence—imprecision. J
Clin Epidemiol. 2011; 64(12):1283-93. https://doi.org/10.1016/}.jclinepi.2011.01.012

Guyatt GH, Oxman AD, Kunz R, Woodcock J, Brozek J, Helfand M, et al. GRADE guidelines 6. Rating
the quality of evidence—imprecision. J Clin Epidemiol. 2011; 64(12):1283-93. https://doi.org/10.1016/
j-jclinepi.2011.01.012

PLOS ONE | https://doi.org/10.1371/journal.pone.0213862 May 9, 2019 16/19


http://www.ncbi.nlm.nih.gov/pubmed/11888978
https://doi.org/10.1016/j.hrthm.2006.11.026
http://www.ncbi.nlm.nih.gov/pubmed/17399635
https://doi.org/10.1093/eurheartj/ehp053
http://www.ncbi.nlm.nih.gov/pubmed/19282300
https://doi.org/10.1007/s10741-011-9235-5
http://www.ncbi.nlm.nih.gov/pubmed/21400231
https://dx.doi.org/10.1155/2014/615987
https://dx.doi.org/10.1155/2014/615987
https://doi.org/10.1136/bmjopen-2015-010764
http://www.ncbi.nlm.nih.gov/pubmed/27279475
https://doi.org/10.1371/journal.pmed.1000100
https://doi.org/10.1371/journal.pmed.1000100
http://www.ncbi.nlm.nih.gov/pubmed/19621070
https://doi.org/10.1136/bmj.d5928
https://doi.org/10.1136/bmj.d5928
http://growthevidence.com/gordon-h-guyatt-md-msc-and-jason-w-busse-dc-phd/
https://doi.org/10.1016/j.jclinepi.2010.07.015
https://doi.org/10.1016/j.jclinepi.2010.07.015
http://www.ncbi.nlm.nih.gov/pubmed/21208779
https://doi.org/10.1016/j.jclinepi.2011.01.012
https://doi.org/10.1016/j.jclinepi.2011.01.012
https://doi.org/10.1016/j.jclinepi.2011.01.012
https://doi.org/10.1371/journal.pone.0213862

@ PLOS|ONE

N-acetylcysteine in cardiac surgery

42,

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Guyatt GH, Oxman AD, Kunz R, Woodcock J, Brozek J, Helfand M, et al. GRADE guidelines: 8. Rating
the quality of evidence—indirectness. J Clin Epidemiol. 2011; 64(12):1303-10. https://doi.org/10.1016/
j.jclinepi.2011.04.014

Guyatt GH, Oxman AD, Montori V, Vist G, Kunz R, Brozek J, et al. GRADE guidelines: 5. Rating the
quality of evidence—publication bias. J Clin Epidemiol. 2011; 64(12):1277-82. https://doi.org/10.1016/
jjclinepi.2011.01.011 PMID: 21802904

Lane PW. Meta-analysis of incidence of rare events. Stat Meth Med Res. 2013; 22(2):117-32.

Nordic Cochrane Centre, Cochrane Collaboration. Review Manager (RevMan) version 5.3. Copenha-
gen: the nordic cochrane centre, the Cochrane collaboration; 2011.

Dickey DT, Muldoon LL, Doolittle ND, Peterson DR, Kraemer DF, Neuwelt EA. Effect of N-acetylcys-
teine route of administration on chemoprotection against cisplatin-induced toxicity in rat models. Cancer
Chemoth Pharmacol. 2008; 62(2): 235-241. https://doi.org/10.1007/s00280-007-0597-2 PMID:
17909806

Chiew AL, Isbister GK, Duffull SB, Buckley NA. Evidence for the changing regimens of acetylcysteine.
British J Clin Pharmacol. 2016; 81(3):471-81.

Simsek T, Simsek HU, Canturk NZ. Response to trauma and metabolic changes: posttraumatic metab-
olism. Turkish J Surgery/Ulusal cerrahi dergisi. 2014; 30(3):153.

Zakkar M, Guida G, Suleiman M, Angelini GD. Cardiopulmonary bypass and oxidative stress. Oxidative
Med Cellular Longevity. 2015; 2015.

Sun X, loannidis JP, Agoritsas T, Alba AC, Guyatt G. How to use a subgroup analysis: users’ guide to
the medical literature. JAMA. 2014; 311(4):405-11. https://doi.org/10.1001/jama.2013.285063 PMID:
24449319

Higgins JPT, Green S. Cochrane Handbook for Systematic Reviews of Interventions Version 5.1.0
[updated March 2011]. The Cochrane Collaboration, 2011. http://handbook.cochrane.org.

Adabag AS, Ishani A, Koneswaran S, Johnson DJ, Kelly RF, Ward HB, et al. Utility of N-acetylcysteine
to prevent acute kidney injury after cardiac surgery: a randomized controlled trial. Amer Heart J. 2008;
155(6):1143-9. https://doi.org/10.1016/j.a2hj.2008.01.013 PMID: 18513531

Aldemir M, Koca HB, Baki ED, Gérkem G, Nilgiin OK, Ali SK, et al. Effects of N-acetyl cysteine on renal
functions evaluated by blood neutrophil gelatinase-associated lipocalin levels in geriatric patients under-
going coronary artery bypass grafting. Anatolian J Cardiol. 2016; 16(7):504.

Ayhan B, Pamuk AG, Kantar B, Kanbak M, Celebolu B, Aypar U. Renal functional effects of using N-
acetylcysteine (NAC) in cardiac surgery. J Anesthesia 2012; 20 (3):159-167.

Barr LF, Kolodner K. N-acetylcysteine and fenoldopam protect the renal function of patients with chronic
renal insufficiency undergoing cardiac surgery. Critical Care Med. 2008; 36(5):1427-35.

Burns KE, Chu MW, Novick RJ, Fox SA, Gallo K, Martin CM, et al. Perioperative N-acetylcysteine to
prevent renal dysfunction in high-risk patients undergoing CABG surgery: a randomized controlled trial.
JAMA. 2005; 294(3):342-50. https://doi.org/10.1001/jama.294.3.342 PMID: 16030279

De Backer WA, Amsel B, Jorens PG, Bossaert L, Hiemstra PS, Van Noort P, et al. N-acetylcysteine pre-
treatment of cardiac surgery patients influences plasma neutrophil elastase and neutrophil influx in
bronchoalveolar lavage fluid. Intensive Care Medic. 1996; 22(9):900-8.

El-Hamamsy |, Stevens LM, Carrier M, Pellerin M, Bouchard D, Demers P, et al. Effect of intravenous
N-acetylcysteine on outcomes after coronary artery bypass surgery: a randomized, double-blind, pla-
cebo-controlled clinical trial. J Thoracic Cardio Surgery. 2007; 133(1):7-12.

Erdil N, Eroglu T, Akca B, Disli OM, Yetkin O, Colak MC, et al. The effects of N-acetylcysteine on pulmo-
nary functions in patients undergoing on-pump coronary artery surgery: a double blind placebo con-
trolled study. Eur Rev Med Pharmacol Sci. 2016; 20(1):180-7. PMID: 26813472

Eren N, Cakir O, Oruc A, Kaya Z, Erdinc L. Effects of N-acetylcysteine on pulmonary function in patients
undergoing coronary artery bypass surgery with cardiopulmonary bypass. Perfusion. 2003; 18(6):345—
50. https://doi.org/10.1191/0267659103pf6960a PMID: 14714769

Fischer UM, Tossios P, Huebner A, Geissler HJ, Bloch W, Mehlhorn U. Myocardial apoptosis preven-
tion by radical scavenging in patients undergoing cardiac surgery. J Thoracic Cardio Surgery. 2004;
128(1):103-8.

Haase M, Haase-Fielitz A, Bagshaw SM, Reade MC, Morgera S, Seevenayagam S, et al. Phase Il, ran-
domized, controlled trial of high-dose N-acetylcysteine in high-risk cardiac surgery patients. Critical
Care Med. 2007; 35(5):1324-31.

Karahan SC, Koramaz |, Altun G, Ugar U, Topbas M, Mentese A, et al. Ischemia-modified aloumin
reduction after coronary bypass surgery is associated with the cardioprotective efficacy of cold-blood
cardioplegia enriched with N-acetylcysteine: a preliminary study. Eur Surgical Res. 2010; 44(1):30-36.

PLOS ONE | https://doi.org/10.1371/journal.pone.0213862 May 9, 2019 17/19


https://doi.org/10.1016/j.jclinepi.2011.04.014
https://doi.org/10.1016/j.jclinepi.2011.04.014
https://doi.org/10.1016/j.jclinepi.2011.01.011
https://doi.org/10.1016/j.jclinepi.2011.01.011
http://www.ncbi.nlm.nih.gov/pubmed/21802904
https://doi.org/10.1007/s00280-007-0597-2
http://www.ncbi.nlm.nih.gov/pubmed/17909806
https://doi.org/10.1001/jama.2013.285063
http://www.ncbi.nlm.nih.gov/pubmed/24449319
http://handbook.cochrane.org
https://doi.org/10.1016/j.ahj.2008.01.013
http://www.ncbi.nlm.nih.gov/pubmed/18513531
https://doi.org/10.1001/jama.294.3.342
http://www.ncbi.nlm.nih.gov/pubmed/16030279
http://www.ncbi.nlm.nih.gov/pubmed/26813472
https://doi.org/10.1191/0267659103pf696oa
http://www.ncbi.nlm.nih.gov/pubmed/14714769
https://doi.org/10.1371/journal.pone.0213862

@ PLOS|ONE

N-acetylcysteine in cardiac surgery

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Kazemi B, Akbarzadeh F, Safaei N, Yaghoubi A, Shadvar K, Ghasemi K. Prophylactic High-Dose Oral-
N-Acetylcysteine Does Not Prevent Atrial Fibrillation after Heart Surgery: A Prospective Double Blind
Placebo-Controlled Randomized Clinical Trial. Pacing Clin Electrophysiol. 2013; 36(10):1211-9.
https://doi.org/10.1111/pace.12190 PMID: 23731362

Kim JC, Hong SW, Shim JK, Yoo KJ, Chun DH, Kwak YL. Effect of N-acetylcystein on pulmonary func-
tion in patients undergoing off-pump coronary artery bypass surgery. Acta Anaesthesiol Scandinavica
2011; 55(4):452—459. https://10.1111/j.1399-6576.2011.02407 .x.

Koéksal H, Rahman A, Burma O, Halifeoglu |, Bayar MK: The effects of low dose N-acetylcysteine (NAC)
as an adjunct to cardioplegia in coronary artery bypass surgery. Anatolian J Cardiol. 2008; 8(6): 437—
43.

Koramaz |, Pulathan Z, Usta S, Karahan SC, Alver A, Yaris E, Kalyoncu NI, Ozcan F. Cardioprotective
effect of cold-blood cardioplegia enriched with N-acetylcysteine during coronary artery bypass grafting.
Ann Thorac Surg. 2006; 81(2):613-8. https://doi.org/10.1016/j.athoracsur.2005.08.013 PMID:
16427861

Kurian GA, Paddikkala J. N-acetylcysteine and magnesium improve biochemical abnormalities associ-
ated with myocardial ischaemic reperfusion in South Indian patients undergoing coronary artery bypass
grafting: a comparative analysis. Singapore Med J. 2010; 51(5):381-8. PMID: 20593142

Orhan G, Yapici N, Yuksel M, Senay SS, Ayka¢ ASYZ, Aka SA. Effects of N-acetylcysteine on myocar-
dial ischemia—reperfusion injury in bypass surgery. Heart Vessels. 2006; 21(1):42—47. https://10.1007/
s00380-005-0873-1.

Ozadyn M, Oktay P, Dogan E, Sahin K, Yasin T, Ercan V, et al. N-acetylcysteine for the prevention of
postoperative atrial fibrillation: a prospective, randomized, placebo-controlled pilot study. Eur Heart J.
2008; 29:625-631. https://doi.org/10.1093/eurheartj/ehn011 PMID: 18263874

Prabhu A, Sujatha DI, Kanagarajan N, Vijayalakshmi MA, Ninan B. Effect of N-acetylcysteine in attenu-
ating ischemic reperfusion injury in patients undergoing coronary artery bypass grafting with cardiopul-
monary bypass. Ann Vascular Surg. 2009; 23(5):645-51. https://10.1016/j.avsg.2008.12.005.

Prasad A, Banakal S, Muralidhar K. N-acetylcysteine does not prevent renal dysfunction after off-pump
coronary artery bypass surgery. Eur J Anaesthesiol. 2010; 27(11):973-7. https://doi.org/10.1097/EJA.
0b013e3283383506 PMID: 20299984

Ristikankare T, Kuitunen T, Kuitunen A, Vento RS, Salmenpera M, Poyhia R. Lack of renoprotective
effect of iv N-acetylcysteine in patients with chronic renal failure undergoing cardiac surgery. Brit J
Anaesthesia. 2006; 97(5):611-6. https://doi.org/10.1093/bja/ael224

Santana-Santos E, Gowdak LHW, Gaiotto FA, Puig LB, Hajjar LA, Zeferino SP, et al. High Dose of N-
Acetylcystein Prevents Acute Kidney Injury in Chronic Kidney Disease Patients Undergoing Myocardial
Revascularization. Ann Thorac Surg 2014; 97:1617-23. http://dx.doi.org/10.1016/j.athoracsur.2014.01.
056. PMID: 24657033

Sisillo E, Ceriani R, Bortone F, Juliano G, Salvi L, Veglia F, et al. N-acetylcysteine for prevention of
acute renal failure in patients with chronic renal insufficiency undergoing cardiac surgery: a prospective,
randomized, clinical trial. Critical Care Med. 2008; 36(1):81-86. https://doi.org/10.1097/01.CCM.
0000295305.22281.1D PMID: 18090169

Soleimani A, Habibi MR, Kiabi FH, Alipour A, Habibi V, Azizi S, et al. The effect of intravenous N-acetyl-
cysteine on prevention of atrial fibrillation after coronary artery bypass graft surgery: a double-blind, ran-
domised, placebo-controlled trial. Polish Heart J. 2018; 76(1):99—106. https://doi.org/10.5603/KP.
a2017.0183 PMID: 28980294

Song JW, Shim JK, Soh S, Jang J, Kwak YL. Double-blinded, randomized controlled trial of N-acetyl-
cysteine for prevention of acute kidney injury in high risk patients undergoing off-pump coronary artery
bypass. Nephrology. 2015; 20(2):96—102. https://doi.org/10.1111/nep.12361

Vento AE, Nemlander A, Aittomaki J, Salo J, Karhunen J, Ramé OJ. N-Acetylcysteine as an additive to
crystalloid cardioplegia increased oxidative stress capacity in CABG patients. Scandinavian Cardiov J.
2003; 37(6):349-55. https://doi.org/10.1080/14017430310015406

Wijeysundera DN, Karkouti K, Rao V, Granton JT, Chan CT, Raban R, et al. N-acetylcysteine is associ-
ated with increased blood loss and blood product utilization during cardiac surgery. Critical Care Med.
2009; 37(6):1929-34. https://10.1097/CCM.0b013e31819ffed4.

Braz MG, Braz LG, Freire CM, Lucio LM, Braz JR, Tang G, Salvadori DM, Yeum KJ. Isoflurane and pro-
pofol contribute to increasing the antioxidant status of patients during minor elective surgery: a random-
ized clinical study. Medicine. 2015; 94(31).

Cohen MV. Free radicals in ischemic and reperfusion myocardial injury: is this the time for clinical trials?
Ann Internal Med. 1989; 111(11):918-31.

Goldfrank LR, Flomenbaum NE, Lewin NA, Weisman RS, Howland MA, Hoffman RS. Goldfrank’s Toxi-
cologic Emergencies 6th Ed. New York, NY: McGraw-Hill; 1998.

PLOS ONE | https://doi.org/10.1371/journal.pone.0213862 May 9, 2019 18/19


https://doi.org/10.1111/pace.12190
http://www.ncbi.nlm.nih.gov/pubmed/23731362
https://10.1111/j.1399-6576.2011.02407.x
https://doi.org/10.1016/j.athoracsur.2005.08.013
http://www.ncbi.nlm.nih.gov/pubmed/16427861
http://www.ncbi.nlm.nih.gov/pubmed/20593142
https://10.1007/s00380-005-0873-1
https://10.1007/s00380-005-0873-1
https://doi.org/10.1093/eurheartj/ehn011
http://www.ncbi.nlm.nih.gov/pubmed/18263874
https://10.1016/j.avsg.2008.12.005
https://doi.org/10.1097/EJA.0b013e3283383506
https://doi.org/10.1097/EJA.0b013e3283383506
http://www.ncbi.nlm.nih.gov/pubmed/20299984
https://doi.org/10.1093/bja/ael224
http://dx.doi.org/10.1016/j.athoracsur.2014.01.056
http://dx.doi.org/10.1016/j.athoracsur.2014.01.056
http://www.ncbi.nlm.nih.gov/pubmed/24657033
https://doi.org/10.1097/01.CCM.0000295305.22281.1D
https://doi.org/10.1097/01.CCM.0000295305.22281.1D
http://www.ncbi.nlm.nih.gov/pubmed/18090169
https://doi.org/10.5603/KP.a2017.0183
https://doi.org/10.5603/KP.a2017.0183
http://www.ncbi.nlm.nih.gov/pubmed/28980294
https://doi.org/10.1111/nep.12361
https://doi.org/10.1080/14017430310015406
https://10.1097/CCM.0b013e31819ffed4
https://doi.org/10.1371/journal.pone.0213862

@ PLOS | O N E N-acetylcysteine in cardiac surgery

83. Nashef SA, Roques F, Sharples LD, Nilsson J, Smith C, Goldstone AR, et al. Euroscore ii. Eur J Cardi-
othor Surg. 2012; 41(4):734—-45. https://10.1093/ejcts/ezs043.

84. Brant’s R homepage. University of British Columbia, Faculty of Science, Department of statistics.
https://www.stat.ubc.ca/~rollin/.

PLOS ONE | https://doi.org/10.1371/journal.pone.0213862 May 9, 2019 19/19


https://10.1093/ejcts/ezs043
https://www.stat.ubc.ca/~rollin/
https://doi.org/10.1371/journal.pone.0213862

