OPEN a ACCESS Freely available online

@' PLOS ’ ONE

Intravenous N-Acetylcysteine for Prevention of Contrast-
Induced Nephropathy: A Meta-Analysis of Randomized,

Controlled Trials

Zikai Sun’, Qiang Fu', Longxing Cao', Wen Jin?, LingLing Cheng", Zhiliang Li'*

1 Cardiovascular Department, Zhujiang Hospital, Southern Medical University, Guangdong Province, China, 2 Cardiovascular Department, Guangdong No.2 Provincial

People’s Hospital, Guangdong, China

Abstract

Background: Contrast-induced nephropathy (CIN) is one of the common causes of acute renal insufficiency after contrast
procedures. Whether intravenous N-acetylcysteine (NAC) is beneficial for the prevention of contrast-induced nephropathy is
uncertain. In this meta-analysis of randomized controlled trials, we aimed to assess the efficacy of intravenous NAC for
preventing CIN after administration of intravenous contrast media.

Study Design: Relevant studies published up to September 2012 that investigated the efficacy of intravenous N-
acetylcysteine for preventing CIN were collected from MEDLINE, OVID, EMBASE, Web of Science, Cochrane Central Register
of Controlled Trials, and the conference proceedings from major cardiology and nephrology meetings. The primary
outcome was CIN. Secondary outcomes included renal failure requiring dialysis, mortality, and length of hospitalization.
Data were combined using random-effects models with the performance of standard tests to assess for heterogeneity and
publication bias. Meta-regression analyses were also performed.

Results: Ten trials involving 1916 patients met our inclusion criteria. Trials varied in patient demographic characteristics,
inclusion criteria, dosing regimens, and trial quality. The summary risk ratio for contrast-induced nephropathy was 0.68 (95%
Cl, 0.46 to 1.02), a nonsignificant trend towards benefit in patients treated with intravenous NAC. There was evidence of
significant heterogeneity in NAC effect across studies (Q=17.42, P =0.04; I> = 48%). Meta-regression revealed no significant
relation between the relative risk of CIN and identified differences in participant or study characteristics.

Conclusion: This meta-analysis showed that research on intravenous N-acetylcysteine and the incidence of CIN is too
inconsistent at present to warrant a conclusion on efficacy. A large, well designed trial that incorporates the evaluation of
clinically relevant outcomes in participants with different underlying risks of CIN is required to more adequately assess the

role for intravenous NAC in CIN prevention.

Funding: The authors have no funding or support to report.

* E-mail: lizhiliang010@163.com

Citation: Sun Z, Fu Q, Cao L, Jin W, Cheng L, et al. (2013) Intravenous N-Acetylcysteine for Prevention of Contrast-Induced Nephropathy: A Meta-Analysis of
Randomized, Controlled Trials. PLoS ONE 8(1): €55124. doi:10.1371/journal.pone.0055124

Editor: Michael Lipinski, University of Virginia Health System, United States of America
Received October 26, 2012; Accepted December 17, 2012; Published January 30, 2013

Copyright: © 2013 Sun 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.

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

Introduction

The increasing use of contrast media (CM) for a multitude of
radiological procedures, particularly during coronary angiogra-
phy, has raised concerns about the increasing incidence of
a potential complication known as contrast-induced nephropathy
(CIN) [1]. In patients undergoing coronary angiography, the
incidence of CIN varies widely (2%-50%), with baseline presence
of chronic renal disease (CRD) and diabetes mellitus being the
most important risk factors [1,2]. As the third leading cause of
hospital-acquired acute renal failure [3], CIN is associated with
adverse clinical outcomes, prolonged hospitalization, and in-
creased health care costs [4-6]. The pathophysiology of contrast-
induced nephropathy remains incompletely understood. It is
hypothesized that renal vasoconstriction leading to renal medul-
lary ischemia and direct toxicity to the kidney tubules mediated via
reactive oxygen species may cause CIN [1,7].
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N-acetylcysteine (NAC) is a direct scavenger of free radicals,
improves blood flow through nitric oxide-mediated pathways
resulting in vasodilation, and is a precursor for the synthesis of
glutathione [8]. The antioxidant and vasodilatory properties of
NAC are thought to provide protection against RCIN. Results of
the initial trial [9] of oral NAC for the prevention of CIN were
impressive, but subsequent studies and meta-analyses performed
with the data gathered by these studies have shown that the
efficacy of orally-administered NAC for CIN prevention has
remained unresolved to date [10].

Bioavailability of oral NAC is low, ranging from 4% to 10%, as
a result of first-pass hepatic metabolism [11,12], suggests that only
a small proportion of the administered dose is available for renal
protection [13,14]. Given the considerably different pharmacody-
namic and pharmacokinetic profiles between intravenous and oral
NAC, it has been suggested that the intravenous form of NAC
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may be more effective in preventing CIN [15]. However, similar to
the trials of orally administered NAC, trials with the intravenous
formulation have shown mixed results [16-25]; a few studies
demonstrated a reduction in incidence of CIN [16-18] while
others reported a no significant benefit [19-25]. We therefore
performed a meta-analysis of the randomized controlled trials
(RCTs) in order to evaluate the efficacy of intravenous NAC for
the prevention of contrast-induced nephropathy and to assess the
magnitude of any such effect.

Materials and Methods

Search Strategy

The overview of RCTs was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
analysis (PRISMA) statement [26]. We conducted a systematic
literature search of MEDLINE (1966 — September 2012), OVID
(1966 — September 2012), EMBASE (1966 — September 2012),
Web of Science (1997 — September 2012) and the Cochrane
Central Register of Controlled Trials (1996 — September 2012) for
all relevant articles. We derived three comprehensive search
themes that were then combined using the Boolean operator
“AND”. For the theme “contrast media”, we used combinations
of MeSH, entry terms and text words: contrast, radiocontrast,
contrast medium, contrast media, contrast dye, radiocontrast
media, radiocontrast medium and contrast agent. For the theme
“renal insufficiency”, we used: renal insufficiency, renal failure,
diabetic nephropathies, nephritis, nephropathy, nephrotoxic,
contrast-induced nephropathy and contrast-associated nephropa-
thy. For the theme “intravenous NAG”, N-acetylcysteine, NAC,
acetylcysteine and Acetadote were used. We did not restrict by
language or type of article. Abstract lists from the 2006 and 2011
scientific meetings of the American Heart Association, the
American College of Cardiology, Society of Interventional
Radiology, and the American Society of Nephrology were also
searched for relevant reports. References of published articles were
examined to identify other potentially relevant studies. Both the
investigators independently reviewed all relevant articles, with
discrepancies resolved by consensus. Abstracts were not consid-
ered if they represented partial or complete results of a later
published full-text article.

Selection Criteria

Studies were limited to prospective, randomized, controlled
trials (PRCTs) investigating the efficacy of intravenous NAC in
preventing CIN, in which at least one of the treatment groups
received NAC, administered intravenously, immediately before,
during, or immediately after contrast exposure at any dose, for any
length of time. We required that individual studies reported
sufficient data of the primary outcome for construction of a two-
by-two table. Studies with no cases of contrast-induced nephrop-
athy were observed in either the treatment or control group were
excluded from our meta-analyses. Trials that were retrospective,
non-randomized or compared different preventive measures
without placebo control group were prospectively excluded from
further analysis. Quasi-randomized trials (in which the methods of
allocating participants to a treatment were not strictly random,
such as by date of birth, hospital record number or weekday of
admission) were excluded. Studies combined oral and intravenous
NAC preparations were excluded from this analysis. Studies were
not limited to trials involving patients with chronic renal
msufficiency only.
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Data Extraction

Two reviewers (LXC and WJ) independently reviewed studies
identified by the described search strategy to determine eligibility
and perform data abstraction using standardized data collection
forms. The following information was sought from each article:
patient characteristics (mean age, proportion of men, baseline
creatinine, and patients with diabetes mellitus), type of radiologic
or angiographic imaging, inclusion and exclusion criteria, type and
dose of contrast media used, hydration protocol, specific definition
of contrast-related nephropathy, dose of N-acetylcysteine and
timing of N-acetylcysteine administration. Attempts were made to
contact authors of included studies in order to clarify or collect
additional data. Trials that still lacked outcome data necessary for
planned analyses were excluded.

Outcome

The primary outcome of interest was the development of
CIN defined as a rise in creatinine level of either at least
0.5 mg/dL or 25% above baseline after the exposure to
contrast medium. Secondary outcomes included mortality, need
for dialysis, and length of hospitalization. In case of trials in
which the incidence was reported at 48 hours and other time
periods, the 48-hour incidence was given precedence because
this is the most common time point for ascertaining contrast-

induced nephropathy [27].

Assessment of Methodological Quality

Two reviewers (QF and LLC) independently assessed method-
ological quality of individual studies. For studies in which the
random allocation sequence was unclear, [16,18,23,25] we
attempted to contact authors for clarification. Quality assessment
was judged on concealment of treatment allocation, similarity of
study groups at baseline, eligibility criteria, use of a placebo, use of
any blinding procedure, reporting of losses to follow-up, and
intention-to-treat analysis [28]. An overall quality score was
determined for each study as described by Jadad et al [29]. Each
PRCT included in the analysis scored at least 1 on the five-point
scale, with higher scores indicating greater trial quality. Any
disagreements in abstracted data between the reviewers were
adjudicated by a third reviewer (ZL).

Assessment of Heterogeneity

The presence of heterogeneity across studies was evaluated
using both the Cochrane’s Q and I? statistics. The Q statistic was
calculated to assess if significant heterogeneity was present
between the included trials. Since the Q) statistic indicated that
significant heterogeneity (p<<0.10 for Q)) was present, we used the
random-effects model to combine the effect sizes of the included
studies. An I? value, which range from 0% to 100%, represents the
percentage of total variation across studies due to heterogeneity
rather than chance [30]. A value of 0% indicates no observed
heterogeneity. Higgins et al. [31] suggest describing I? values of
25%, 50%, and 75% as low, moderate, and high, respectively.

Data Synthesis and Statistical Analysis

Data from all of the selected randomized controlled trials were
combined to estimate the pooled risk ratio (RR) with 95%
confidence intervals (CIs) using a random-effects model as
described by Der Simonian and Laird [32]. We performed
random meta-regression analyses to assess the association between
RR estimates from the trials and characteristics of trials and their
participating patients [33]. All study characteristics were selected
a priori as potentially influential. The small number of trials
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precluded the use of multivariable meta-regression. Selected study
characteristics were mean age, volume of contrast media
administered, total NAC dose, baseline SCr level, proportion
with diabetes, study size, publication date, and specific study
quality factors. The method used to estimate the between study
variance was the restricted maximum-likelihood (REML). A visual
mspection of funnel plots and Egger’s weighted regression statistics
were used to assess the presence of publication bias [34,35]. A p
value of less than 0.05 was judged significant with the exception of
the Q statistics, in which a significance level of less than 0.1 was
chosen. All statistical analyses were performed with Stata version
10.0 (StataCorp, College Station, TX).

Results

Study Selection

A flow chart summarizing search results is provided in Figure 1.
Our initial search yielded 476 citations. We excluded 187 of these
by title search due to duplicate publications. Then the titles and
abstracts of the remaining 289 articles were reviewed. Of these,
272 articles were excluded, with the most common reasons for
exclusion being the intervention of using NAC administered
orally, or the assessment of non—nephropathy-related outcomes or
use of nonhuman specimens, leaving 17 articles full articles for full
publication review. The full articles were then reviewed, and
a further 6 articles were excluded because the studies used
combined oral and intravenous NAC preparations (n = 3) [36-38],
study compared intravenous NAC plus intravenous sodium
bicarbonate to hydration alone (n=1) [39], CIN was not defined
in the study (n=1) [40], and study did not include a control
group(n = 1) [41], One of the remaining 11 articles was excluded
from our meta-analyses because no cases of contrast-induced acute
kidney injury were observed in either the treatment or control
group, and without other needed clinical endpoints reported [42].
Thus, the final analysis included 10 studies fulfilled our inclusion
criteria [16-25].

Study and Patient Characteristics

The pooled baseline clinical characteristics of the study patients
are displayed in Table S1. The 10 RCTs included a total of 1914
patients (range 80-447), randomly assigned to NAC (n=962) vs.
control (n=954) groups. All studies were performed in patients
undergoing cardiac catheterization or peripheral angiography,
except for the study by Poletti et al. [23], which was performed in
patients undergoing computed tomography. Of the 10 trials, one
trial evaluated the efficacy of N-acetylcysteine in patients with
normal kidney function, [22] five trials evaluated patients with
chronic kidney disease (CKD) [16-18,21,23], and the other four
trials evaluated patients with both normal renal function and CKD
[19,20,24,25]. Patients with diabetes mellitus were included in all
studies, with the prevalence varying between 12.5% and 46.9%.

The definition of CIN was variable across studies. One study
defined CIN as a =44.2 pmol/L increase in serum creatinine
from baseline [21], four used a =25% increase in serum creatinine
from baseline [16,23-25], five used either a =44.2 pmol/L or
a =25% increase in serum creatinine from baseline [17-20,22].

Table S1 also describes the protocols for the administration of
NAC as well as the regimen of intravenous fluid hydration. Studies
varied widely in their dosing regimen for NAC. Most of the trials
studied similar dosing regimens as in the oral NAC trials: 500—
1200 mg once or twice daily. No individual dose of intravenous
NAC was less than 500 mg. However, in the first study of IV NAC
treatment (RAPPID) [16], a substantially higher amount of NAC
was administered 150 mg/kg over 30 minutes, followed by
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50 mg/kg over 4 hours. In this study, the average dose of
mtravenous NAC was approximately 14 g for one person. Of the
10 studies, all patients were administered a hydration protocol
around their procedure and all received low or iso-osmolar non-
ionic contrast media, but the total amount of saline given was not
consistently reported and the dose of contrast agent varied widely.
The lowest average dose of contrast agent reported was 120 ml,
and the highest dose was 238 ml.

Assessment of Methodological Quality

Quality characteristics of each study are displayed in Table S2.
All of the studies included patients with similar baseline
characteristics. Seven of the 10 studies described the Randomi-
zation process. Participants in eight studies received a placebo. Six
of the 10 studies reported blinding of both patients and providers
to treatment assignment. Concealment of allocation and the
intention to treat analysis were not provided in most studies.

Contrast-induced Nephropathy

The reported incidence of contrast-induced nephropathy was
variable across studies. The incidence of CIN in the control group
ranged from 5.9% to 23.8% with an average of 14.3%. The
incidence of CIN in the treatment group ranged from 2.5% to
16.0% with an average of 7.9%. Three studies provided evidence
of a risk reduction for development of CIN with NAC [16-18],
whereas seven studies reported no evidence of benefit [19-25].

The overall pooled risk ratio (RR) of CIN using a random-
effects model was 0.68 (95% CI, 0.45-1.02, p=0.06) [16-25],
indicating a nonsignificant trend towards benefit in patients who
received NAC (Figure 2). However, there was significant
heterogeneity in the analysis comparing the occurrence of CIN
across studies (Q = 17.42, P=0.04; I> = 48%).

Sensitivity Analyses

We performed several sensitivity analyses. Analyses were
repeated in those trials involving cardiac catheterization or
peripheral angiography (all studies except Poletti et al. [23]).
The summary risk ratio for CIN associated with the use of NAC
was essentially unchanged at 0.72 (95% CI, 0.47-1.09, p=10.12),
and substantial heterogeneity remained (P =0.03). Analyses were
also repeated by removing the study by Webb et al. [21] which
used a much lower dose (500 mg IV) than the dose used in the
other studies. The summary risk ratio did not change substantially
but the results became statistically significant (RR =0.59; 95% CI,
0.36-0.97, p=0.04), and substantial heterogeneity was again
observed (P=0.03). Finally, restricting our analysis to the studies
with a quantified Jadad score of 3 or more demonstrated no
benefit for NAC with a summary risk ratio of 0.77 (95% CI, 0.50—
1.15, p=0.20), and no significant heterogeneity was observed (chi-
squared test of heterogeneity, P=0.23).

Meta-regression

Toassessanumber of study and patient factors that may have led to
heterogeneity between studies, we performed random effects meta-
regression examining one covariate at a time (Table 1). These
analyses suggested that the heterogeneity may be partially explained
by study size with a positive coefficient (coefficient = 0.98, p = 0.08).
Other analyses demonstrated that the heterogeneity could not be
accounted for by differences in baseline serum creatinine (p =0.16),
volume of contrast media (p = 0.92) or diabetes mellitus (p = 0.83).
Likewise, heterogeneity was not accounted for by differences in study
quality including use of double-blinding (p = 0.17), intention to treat
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Search results screened (n=476)

Excluded duplicates (n=187)

Potentially relevant publications
screened by abstracts (n=289)

Potentially relevant RCTs for
full-text review (n=17)

Excluded by abstracts (n=272)
Reason: NAC administered orally, irrelevant
topic, review articles, nonhuman trials,
letters, trial designs or posters.

RCTs excluded (n=6)

Reason: NAC administered intravenously
plus orally (n=3), combined NAC with other
antioxidants (n=1), CIN not defined (n=1), no
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Potentially appropriate RCTs to control group (n=1).

be included in meta-analysis
(n=11)

RCTs excluded (n=1)

and control group.

Reason: no CINs observed in both treatment

10 RCTs included in final analysis

Figure 1. Flow diagram of selection process. Abbreviations: RCT =randomized controlled trial.

doi:10.1371/journal.pone.0055124.g001

analysis (p =0.30), concealment of allocation (p =0.17) or overall

Jadad score (p = 0.59).

Publication Bias

As a measure of possible publication bias in the primary
analysis, an inverted funnel plot was used to explore visually the
RR for each study against a measure of its precision (the standard
error of the log RR). The funnel plot was asymmetry (Figure S1),
which was confirmed by formal statistical testing suggesting the
presence of publication bias (Egger’s test, p=0.013), particularly
the absence of small negative trials.

Secondary Outcomes

Renal failure requiring dialysis.
failure requiring dialysis was extremely low, occurred in 7 of the
1914 randomized patients (4 in NAC, 3 in placebo). The pooled
risk ratio of renal failure requiring dialysis was 0.72 (95% CI, 0.34
to 4.75, P=0.72). Heterogeneity was not significant (P =0.32).

Mortality. Complete data on the in-hospital mortality were
available from 4 trials [17,21,22,25]. The pooled relative risk of in-
hospital mortality with intravenous NAC in the four trials was 0.67
(95% CI, 0.32-1.40, P=0.29). Significant heterogeneity was not
observed (P=0.99). The study by Carbonell etal. [17] also
reported information on I-year mortality, which was not
significantly lower among NAC recipients (15.4% vs. 21.4%,
NAC vs. control, respectively, P =0.67).

Length of hospitalization. Only three trials provided in-
formation on the length of hospital stay [17,22,25] and none of
these trials found a significant reduction in length of stay among
NAC recipients. There was insufficient data available to be
pooled.

The incidence of renal
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Adverse events. Specific adverse events were only observed
in the study by Baker et al. [16], which found a high rate(14.6%)
of transient itching, flushing, and rash among patients receiving
the loading dose of 150 mg/kg over 30 minutes. However, these
events were mild and safely treated by stopping the therapy and
administering hydrocortisone.

Discussion

This meta-analysis combined results from 10 randomized
studies evaluating the effect of intravenous NAC on the incidence
of CIN in people receiving intravascular contrast. In our primary
analysis, the use of intravenous NAC was associated with
a reduction in the incidence of CIN, but this difference was of
borderline statistical significance (P=0.06), and there was
significant heterogeneity between trials. In addition, there is
msufficient data to show the efficacy of NAC on clinically
meaningful endpoints such as dialysis, length of hospital stay or
mortality. So the role of intravenous NAC in the prevention of
CIN has yet to be defined.

Statistical heterogeneity was present in our analysis. To isolate
potential sources of heterogeneity, we conducted a meta-regression
that took into account several clinical and study quality factors.
Although some baseline characteristics of included patients and
some study design details differed between the analysed trials,
particularly the mean contrast dose, mean baseline serum
creatinine and the proportion of diabetic patients, meta-regression
showed no significant relation between these covariates and the
relative risk of CIN as a dependent variable. Our meta-regression
analysis also explored the potential role of several study quality
factors, and none were identified as statistically significant
predictors of apparent NAC efficacy across trials. However,
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Figure 2. Forest plot of risk ratios (RRs) and 95% confidence intervals (Cls) for the incidence of contrast-induced acute kidney
injury in patients assigned to intravenous NAC therapy versus control. Abbreviations: NAC, N-acetylcysteine; RR, risk ratio; Cl, confidence

interval.
doi:10.1371/journal.pone.0055124.g002

meta-regression analyses demonstrated that heterogeneity may be
partially explained by study size, with the small studies having the

Table 1. Meta-regression of Possible Sources of
Heterogeneity.

Possible Source of Heterogeneity coefficient* 95% ClI p-value

Baseline Creatinine —1.02 —251t0 050 0.16
Contrast volume —0.08 —191t0 1.75 092
Diabetes mellitus —0.01 —0.08 to 0.07 0.83
Total NAC dose —0.04 —0.20t0 0.12 0.58
Study size 0.98 —0.12 to 2.07 0.08
Publication date —0.02 —0.18 to 0.15 0.80
Jadad score 0.13 —0.39 to 0.64 0.59
Double-blinding” 0.66 —035t0 1.66 0.17
Allocation concealment’ 0.73 —038t0 1.85 0.17
Intention to treat analysis’ —0.42 —1.67 t0 0.82 045

*A negative correlation coefficient implies more benefit as the tested
independent variable increases.

For each of these quality components, studies were dichotomized into high or
low quality and used through a dummy variable.
doi:10.1371/journal.pone.0055124.t001
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most strongly positive results. As the small studies tended to recruit
high-risk patients, at least some of the heterogeneity may be
explained by NAC having a greater effect for high-risk patients.
An alternative explanation may be that there is publication bias,
with small studies that failed to report an effect for NAC treatment
not being published.

In sensitivity analysis, because the effect of NAC appeared more
homogeneous when only studies with high quality scores were
included, it is possible that differences in study quality were
responsible for some of the heterogeneity. However, many of these
studies did not specify whether or not they fit the quality criteria,
with the true quality remaining uncertain.

NAC has antioxidant properties and acts as a vasodilatator. It
elevates levels of cyclic guanosine monophosphate and stimulates
the release of nitric oxide-derived relaxing factor [43]. The
mechanism by which NAC is postulated to be nephroprotective is
unclear. Recently, there has been a great increase in interest
regarding NAC’s antioxidant properties. Quintavalle et al. [44]
have demonstrated that the inhibition of reactive oxygen species
(ROS) activation may represent a key mechanism of the protective
effect of NAC. However, pharmacokinetic studies have confirmed
that only a small proportion of the orally administered NAC enters
the systemic circulation in its free form, mainly due to the first-pass
metabolism in the liver. Thus, the bioavailability of NAC in
individual patients is low [35,36]. However, a first pass effect after
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oral administration may allow effective conversion in the liver of
acetylcysteine into cysteine and then glutathione, which is
a powerful antioxidant with activity against free radicals. It is
therefore hypothesized that NAC’s main mechanism of action are
mediated through alterations in glutathione metabolism. If this is
true, NAC may need to be administered earlier because the oral
NAC procedure needs a certain amount of time for NAC to be
converted to GSH. However, some animal studies have failed to
show a correlation between glutathione levels and renal protection
after administration of NAC [45,46]. The alternative hypothesis is
that NAC may exert a direct protective effect on renal cells that
have sustained ischemic injury [47,48]. If this is true, intravenous
administration of NAC might be the optimal regimen to be
applied, given its rapid onset of effect, higher peak serum NAC
levels, and complete bioavailability. Unfortunately, mntravenous
NAC was not consistently beneficial in the prevention of CIN up
to now and there has been a substantial lack of pharmacokinetic or
pharmacodynamic components in the trials reported to date, so
the exact mechanism by which NAC acts remains unknown.

Intravenous NAC has been assessed for prevention of CIN in
contemplation of rapid effect in the situations needed emergency
catheterization and also as a result of controversial data obtained
from oral pretreatment. There was wide variance in dose of NAC
between these studies (from around 7 to 200 mg/kg total doses).
Previous studies have provided some evidence for a dose-de-
pendent effect of NAC [36,49], with more benefit observed when
double doses of NAC were administered to reduce CIN. Further,
results of a recent meta-analysis indicate that high-dose N-
acetylcysteine may decrease the incidence of CIN [50]. Therefore,
a study that directly compares the effect of various NAC dose
regimens on glomerular filtration rate, renal blood flow, and
plasma antioxidant balance might provide the rational selection of
NAC regimen for future studies.

In the present studies, the diagnosis of CIN was primarily based
on the absolute or relative change in plasma creatinine concen-
tration. However, there has been speculation that NAC may
directly decrease sCr without improving GFR, possibly by
increasing the metabolism of creatinine or by increasing tubular
secretion [51]. It should be noted that this NAC effect has not
been demonstrated in patients at high risk for CIN [52,53].
Nevertheless, serum creatinine may not be an ideal surrogate
marker for glomerular filtration rate (GFR), because alterations in
renal handling, filtration, secretion and reabsorption may have
a profound impact on sCR levels [43,54]. Furthermore, contrast
media themselves may decrease tubular creatinine secretion and
thereby leading to a small transient increase in plasma creatinine
level, independently of changes in GFR [55]. It has been suggested
that newer urinary biomarkers such as cystatin C, KIM-1 or
NGAL may be more sensitive to identify kidney damage [56].
However, at present, serum creatinine is the cheapest and most
broadly accepted marker of kidney function.

Our meta-analysis has several limitations that should be taken
into account. First, the asymmetrical appearance of the funnel plot
suggests that publication bias is present, particularly the absence of
small studies with negative results. Despite doing a broad search
including several international databases and manually searching
the conference proceedings and reference lists from identified
trials, we cannot rule out that publication bias might lead to an
overestimation of the true treatment effect. Although funnel plot
asymmetry is often interpreted to indicate publication bias, it is
important to consider that this asymmetry may also be due to
other sources of bias such as between-study heterogeneity (eg,
disparities in the underlying risk of CIN and the intensity of
interventions) [34].
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Second, meta-regression relies on aggregated data from studies
rather than data from individual patients. Therefore, the power to
detect a difference in aggregate or to identify explanatory variables
using meta-regression is greatly diminished compared with large
primary trials with patient-level data. Furthermore, interpretation
of any results for study or patient characteristics that must be
represented by study population average values or percentages (eg,
mean age and percentage with diabetes). Such variables are
difficult to model with meta-regression, particularly with a small
number of studies. This is known as the ecological fallacy [57].
Thus, meta-regression may fail to find some significant effects.
Furthermore, we are unable to assess the impact of hydration on
outcome in our meta-regression analyses due to the considerably
different hydration protocols among included studies, although
some studies have demonstrated that the adoption of hydration
may yield an influential efficacy of NAC on the protection of renal
functions in patients.

Third, all included studies used the surrogate endpoint of CIN as
aprimary outcome. Most often this has been defined as an increase in
baseline serum creatinine level of 25% or an absolute increase of
44 mmol/L. Despite earlier studies have demonstrated the associ-
ation of CIN with increased in-hospital morbidity, mortality, and
costs of medical care, especially in patients needing dialysis [6], no
trial was designed to investigate the effect of NAC on clinically
relevant outcomes. Thus, we could not have a sufficient amount of
publication data for a meta-analysis to assess the effect of NAC on
these relatively rare, but important outcomes.

Finally, studies included in this meta-analysis analyzed the
efficacy of NAC with different dose regimens for varied periods of
time. It is possible that dose and duration may have differential
effect in prevention of CIN. An accepted uniform NAC protocol
would ease comparison of clinical and research findings alike.

In conclusion, this meta-analysis showed that research on in-
travenous N-acetylcysteine and the incidence of CIN is too
inconsistent at present to warrant a conclusion on efficacy. In
addition, the long-term effect of NAC on more clinically important
outcomes has not been established. A large, well designed trial that
incorporates the evaluation of clinically relevant outcomes in
participants with different underlying risks of CIN is required to
more adequately assess the role for intravenous NAC in CIN
prevention.
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