Editorial
Minimizing the Renal Toxicity of Iodinated Contrast
Peter A. McCullough, MD, MPH; Sherezade Khambatta, DO, MHA; Ayad Jazrawi, MD

A

substantial proportion of adults with coronary disease
are at risk for contrast-induced acute kidney injury
(CI-AKI), manifested primarily by underlying chronic kidney
disease, defined as an estimated glomerular filtration rate
!60 mL ! min"1 ! /1.73"2.1 Although patients commonly understand that they have heart disease, studies have shown that
!10% of those with chronic kidney disease are actually
aware of this problem; thus, if not emphasized by the
cardiologist during the consent before angiography, CI-AKI
may come as a surprise to patients and their families after the
procedure.2– 4 All forms of intravascular iodinated contrast are
very water soluble, freely filtered by the glomerulus, and
avidly taken up by renal tubular cells in the loop of Henle,
and are retained in patients with chronic kidney disease
within tubular cells and the peritubular space for #7 days
where there is direct oxidative cellular damage, sloughing of
renal tubular cells and brush border material, and acute
tubular dysfunction.5 Thus, the interest in reducing CI-AKI
and its translation, if any, into improved clinical outcomes
after angiography and coronary intervention have long been
of interest among interventional cardiologists.

Articles see p 1250 and p 1260
In the current issue of Circulation are reports from 2
randomized trials using very different approaches in an
attempt to reduce CK-AKI. The Acetylcysteine for ContrastInduced Nephropathy (ACT) Trial Investigators6 present the
largest randomized, placebo-controlled trial to date of shortterm, oral N-aceytlcysteine 1200 mg twice a day given before
and after angiography. In convincing fashion, this high dose
of N-aceytlcysteine did not reduce rates of CK-AKI (12.7%
for both groups) as assessed with a single postprocedural
creatinine value at #58 hours after contrast exposure. The
trial recruited moderate-risk subjects (estimated glomerular
filtration rate, #69 mL ! min"1 ! /1.73"2; #60% with diabetes
mellitus; 100 cm3 of contrast) and was internally consistent,
with no significant differences in primary or alternative
definitions of CI-AKI or clinical outcomes. The implications
of this adequately powered, well-conducted clinical trial are
clear: The short-term use of N-aceytlcysteine for the prevenThe opinions expressed in this article are not necessarily those of the
editors or of the American Heart Association.
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tion of CI-AKI in clinical practice should be abandoned. For
researchers, this trial should invoke a check-down on all the
reasons for neutral findings, including reconsideration of the
therapeutic agent, dose, duration, and measurement of end
points. N-acetylcysteine has favorable renal hemodynamic
effects, acts as a relatively weak antioxidant, and therefore
remains an attractive therapeutic target.7 Future CI-AKI trials
should consider longer treatment periods, more extensive
collection of biomarkers, and relevant clinical end points.
The second trial reported in this issue is the Renal
Insufficiency Following Contrast Media Administration
(REMEDIAL II) trial, which, in high-risk subjects (estimated
glomerular filtration rate, #32 mL ! min"1 ! /1.73"2; #70%
with diabetes mellitus; #140 cm3 of contrast) tested a
strategy of forced diuresis using large volumes of intravenous
crystalloid and low-dose loop diuretic combined with a
device (RenalGuard, PLC Medical, Franklin, MA) that controls an intake/output matching algorithm and induces supraphysiological urine flow rates.7 With this strategy, subjects
randomized to the device achieved a urine flow rate of #350
mL/min compared with an unspecified but expected !150
mL/h in the control group. Using 2 different biomarkers
(creatinine and cystatin C) measured at multiple time points
out to 7 days, the investigators showed that there were lower
rates of CI-AKI (11.0% versus 20.5%; relative risk reduction,
63%; P$0.025) and clinical events in the experimental arm.
This prevention strategy theoretically works to reduce contrast exposure and reuptake by renal tubular cells and to
accelerate its urinary elimination. This trial could have been
improved with an attempt to measure the radiographic degree
of residual contrast in the kidneys and the quantity of contrast
removed by urinary losses.8,9 If these 2 measures were
consistent with the biochemical results, then the therapeutic
concept would have been solidified. Considering these
shortcomings, the authors and investigators should be congratulated on completing a difficult protocol, addressing
safety concerns and logistical difficulties, and bringing a
relatively clear result to the clinical and research community.
For very high-risk patients, forced diuresis appears to have
merit conceptually and is worthy of consideration in a
large, definitive-outcomes trial.
In summary, the ACT trial will influence clinical practice
by dissuading interventional cardiologists and other operators
from the routine use of short-term N-aceytlcysteine and
stimulate researchers to test antioxidants for much longer
durations of therapy to match the time iodinated contrast is
present in the renal tubular cells and peritubular space. The
REMEDIAL II trial should encourage investigators to consider reducing nephrotoxicity by reducing the transit time and
opportunity for tubular uptake of contrast using forced
diuresis in patients with severe baseline chronic kidney
disease. The forced diuresis approach should be balanced by
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the risks of precipitating pulmonary edema or electrolyte
shifts with this high-volume/high-output strategy. Finally,
future research can be enhanced by creative measures giving
insights into mechanism of benefit, by using complementary
modalities, and of course by the power of large-scale trials
that give valid and definitive results that change clinical
practice.10
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Acetylcysteine for Prevention of Renal Outcomes in Patients
Undergoing Coronary and Peripheral Vascular Angiography
Main Results From the Randomized Acetylcysteine for Contrast-Induced
Nephropathy Trial (ACT)
ACT Investigators*
Background—It remains uncertain whether acetylcysteine prevents contrast-induced acute kidney injury.
Methods and Results—We randomly assigned 2308 patients undergoing an intravascular angiographic procedure with at
least 1 risk factor for contrast-induced acute kidney injury (age !70 years, renal failure, diabetes mellitus, heart failure,
or hypotension) to acetylcysteine 1200 mg or placebo. The study drugs were administered orally twice daily for 2 doses
before and 2 doses after the procedure. The allocation was concealed (central Web-based randomization). All analysis
followed the intention-to-treat principle. The incidence of contrast-induced acute kidney injury (primary end point) was
12.7% in the acetylcysteine group and 12.7% in the control group (relative risk, 1.00; 95% confidence interval, 0.81 to
1.25; P"0.97). A combined end point of mortality or need for dialysis at 30 days was also similar in both groups (2.2%
and 2.3%, respectively; hazard ratio, 0.97; 95% confidence interval, 0.56 to 1.69; P"0.92). Consistent effects were
observed in all subgroups analyzed, including those with renal impairment.
Conclusions—In this large randomized trial, we found that acetylcysteine does not reduce the risk of contrast-induced
acute kidney injury or other clinically relevant outcomes in at-risk patients undergoing coronary and peripheral vascular
angiography.
Clinical Trial Registration— http://www.clinicaltrials.gov. Unique identifier: NCT00736866.
(Circulation. 2011;124:1250-1259.)
Key Words: acute kidney injury ! coronary angiogram ! contrast media ! angioplasty ! acetylcysteine

C

ontrast-induced acute kidney injury represents a serious
complication of procedures requiring administration of
iodinated contrast media and is associated with the need for
dialysis, prolonged hospitalization,1–3 increased costs, and
mortality.4,5

Editorial see p 1210
Clinical Perspective on p 1259
Acetylcysteine may prevent contrast-induced acute kidney
injury by diminishing direct oxidative stress and by improving renal hemodynamics.6 – 8 It also represents a safe, inexpensive, and easily administered intervention. Since the first
randomized trial testing acetylcysteine for the prevention of
contrast-induced acute kidney injury was published,9 several
trials were completed and reached inconsistent results.10 Such
studies are limited by low statistical power (the median study
size considering all previous trials was 80 patients), and most
failed to meet quality standards such as allocation conceal-

ment, blinding, and intention-to-treat analysis.10 Systematic
reviews have found high heterogeneity across studies, precluding definitive conclusions regarding the efficacy of acetylcysteine.10 –16 Current guidelines disagree on whether acetylcysteine should be recommended for high-risk patients,
although all recognize that more data are required.17–20
The conflicting results of previous evidence have left
clinicians uncertain about the effectiveness of acetylcysteine,
and several specialists highlighted the need for a large-scale
trial to inform clinical practice.13,21,22 To address this issue,
we conducted the Acetylcysteine for Contrast-Induced Nephropathy Trial (ACT), a multicenter randomized trial of
acetylcysteine in patients at risk for contrast-induced acute
kidney injury undergoing angiography.

Methods
Trial Design
ACT was an academic pragmatic randomized (concealed) controlled
trial of acetylcysteine versus placebo in patients at risk for contrast-
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induced acute kidney injury undergoing an intravascular angiographic procedure conducted in 46 sites in Brazil. Participants,
healthcare staff, data collectors, and outcome assessors were blinded
to whether patients received acetylcysteine or placebo. All analyses
followed the intention-to-treat principle. The trial was designed by
the steering committee. A detailed description of the study design
has been published previously,23 and the trial was registered at
http://www.clinicaltrials.gov (NCT00736866). The study was approved by the research ethics board of each participating institution.

Study Population
Patients undergoing coronary or peripheral arterial diagnostic intravascular angiography or percutaneous intervention were eligible for
the trial if they had at least 1 risk factor for contrast-induced acute
kidney injury: age !70 years, chronic renal failure (stable serum
creatinine concentrations !132.6 !mol/L [1.5 mg/dL]), diabetes
mellitus, clinical evidence of congestive heart failure, left ventricular
ejection fraction "0.45, or hypotension. We chose the inclusion
criteria on the basis of independent risk factors validated by previous
observational studies.24,25 We excluded patients on dialysis and those
with ST-segment elevation myocardial infarction undergoing primary angioplasty (because they were unable to receive the study
hydration protocol for at least 6 hours before the procedure). Women
were excluded if they were pregnant, breastfeeding, or aged "45
years and did not use contraceptive methods.

Randomization
After providing written informed consent, patients were randomized
in a 1:1 ratio to receive acetylcysteine or placebo. The allocation list
was generated in random permuted blocks of variable size (4, 6, 8, or
10) and was stratified by site. To guarantee concealment of the
allocation list, randomization was implemented through a 24-hour
Web-based automated randomization system.

Study Interventions
The study drugs were packed in identical envelopes containing either
600 mg of oral powder acetylcysteine (Medley, Brazil) or placebo to
be diluted in water. The powder and the solution were identical in
appearance, taste, and smell. A dose of 1200 mg (2 envelopes) of
acetylcysteine or placebo was administered orally every 12 hours, for
2 doses before and 2 doses after the procedure. All decisions about
management of patients were at the discretion of the medical team,
except that nontrial acetylcysteine was not allowed.
Hydration with 0.9% saline, 1 mL/kg per hour, from 6 to 12 hours
before to 6 to 12 hours after angiography, was strongly recommended. However, changes in the total volume or speed of administration were permitted.

Study Procedures
Data were obtained at baseline, on the day of the angiography, and
between 48 to 96 hours and at 30 days after angiography. Baseline
data were collected immediately after randomization and before
administration of hydration scheme and the study drugs. Data
collected at baseline included demographic and clinical characteristics and the most recent serum creatinine level measured within
the past 3 months under stable clinical conditions. On the day of the
angiography, we collected data regarding the administration of the
study drug, hydration scheme, and angiographic procedure. Between
48 to 96 hours after angiography, we assessed vital status, need for
dialysis, need for another angiogram, and data regarding the administration of the study drugs and hydration and collected a blood
sample for serum creatinine measurement. However, we strongly
recommended to all investigators that the creatinine sample be
collected within a 48- to 72-hour interval. Whenever !1 measurement was available during the period of 48 to 96 hours, the measure
closer to 72 hours was used. We contacted the patients 30 days after
the angiography to assess the need for dialysis and the vital status.

1251

End Points
The primary end point was contrast-induced acute kidney injury,
defined as a 25% elevation of serum creatinine above baseline
between 48 and 96 hours after angiography. The secondary end
points were as follows: a composite of death or need for dialysis in
48 to 96 hours and at 30 days; individual components of the
composite outcome; elevation "44.2 !mol/L (0.5 mg/dL) in serum
creatinine between 48 and 96 hours; cardiovascular deaths at 30
days; and other adverse events. Elevation "13.3 !mol/L (0.3
mg/dL) in serum creatinine, the Acute Kidney Injury Network
criteria for acute kidney injury, was a post hoc defined end point.26

Trial Management
The coordinating center resources included procedures manuals,
slide sets, and a study Web site. Trained investigators and study
coordinators at each site collected the data using a Web-based
system. Data quality control was guaranteed by automated data entry
checks, weekly contact with investigators, on-site monitoring, and
central statistical monitoring.27 General feedback was provided at
investigators’ meetings and in periodic newsletters.

Sample Size
On the basis of a recent meta-analysis, we anticipated an incidence
of contrast-induced acute kidney injury at 48 to 96 hours of #15%.10
To detect a 30% relative risk reduction, with 90% statistical power
and a 2-tailed # of 5%, we sought to include 2300 patients.

Statistical Analysis
All analyses were performed on an intention-to-treat basis, and no
postrandomization exclusions were performed. Differences in discrete variables were evaluated by the $2 test. Continuous variables
with skewed distributions were analyzed with the Wilcoxon rank
sum test. The results of comparisons of proportions are presented as
relative risks and their respective 95% confidence intervals (CIs).
Secondary outcomes evaluated 30 days after randomization were
analyzed with unadjusted Cox proportional hazards regression. The
composite outcome death or need for dialysis was presented as
Kaplan-Meier curves. Missing values were not imputed.
A subgroup effect was inferred when the $2 test for homogeneity
of effects was statistically significant. The following prespecified
subgroups were analyzed: age !70 or %70 years, gender, patients
with or without previous renal failure (serum creatinine
!132.6 !mol/L [1.5 mg/dL]), presence of diabetes mellitus, and
volume of contrast "140 mL. Subgroups were defined post hoc
according to the following: time of measurement of creatinine after
angiography, presence of acute coronary syndrome, type of contrast,
and estimated glomerular filtration rate.
We conducted a prespecified random-effects meta-analysis to
evaluate the results of the ACT in the context of previous randomized controlled trials of acetylcysteine versus placebo for preventing
contrast-induced acute kidney injury (see additional methods in the
online-only Data Supplement).28 Because several systematic reviews
addressing the same question were published to date, we screened
references from previous reviews. This strategy was complemented
by a comprehensive search on MEDLINE (2008 to present). The
terms included in the electronic search were contrast-induced nephropathy combined with a sensitive strategy for the identification of
randomized controlled trials.29 We placed no language or publication
status restrictions. We screened reference lists of all available
primary studies and review articles to identify additional relevant
citations. We found high heterogeneity between included trials.
Thus, in an attempt to explain the high heterogeneity between trials,
as a post hoc decision, we conducted stratified analyses according to
prespecified methodological characteristics.
Statistical analyses were performed with the use of STATA/SE
10.0 (STATA Corp LP, College Station, TX) and SPSS release
16.0.2 (SPSS Inc, Chicago, IL).
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Figure 1. Randomization, study drug
adherence, and follow-up of the study
patients.

Results
Study Participants
Between September 2008 and July 2010, a total of 2308
patients were enrolled in 46 sites in Brazil: 1172 patients
were allocated to acetylcysteine and 1136 to placebo (Figure
1). A follow-up serum creatinine was not collected in 19
patients (1.6%) in the acetylcysteine group and in 17 patients
(1.5%) in the placebo group. Information for outcomes at 30
days was available for all but 2 patients (99.9% with complete
follow-up).
The baseline characteristics were well balanced between
the groups (Table 1). The most common reasons for inclusion
were diabetes mellitus, which was present in 1395 patients
(60.4%), and age !70 years in 1202 patients (52.1%).
Approximately half of the patients (1138) had an estimated
creatinine clearance "60 mL/min (1 mL/s), and 35.4% of the
sample was included during an acute coronary syndrome
episode.

Compliance With Study Protocol and
Characteristics of Angiography
From all of the included patients, 67.2% underwent diagnostic coronary angiographies, 28.8% were submitted to percutaneous coronary interventions, and 2.8% were submitted to
peripheral vascular angiography (Table 2). Twenty-seven
patients (1.2%) had their angiography cancelled after randomization but were kept in the analysis according to the
intention-to-treat principle. Low-osmolarity contrast medium
was the most common type of contrast used (74.7% of the
cases). In approximately half of the included patients, the
volume of contrast administered was !100 mL.
Compliance with all 4 study drug doses was !95%, and
"1% of the patients did not receive the study drugs before
angiography (Figure 1). Ninety-eight percent of the patients
received intravenous hydration before and 98.0% after the
procedure (Table 2). The median duration of hydration was 6
hours before and after angiography for both groups.
The mean times between angiography and follow-up serum
creatinine sampling were 57.6#16.9 and 58.2#16.9 hours for

the acetylcysteine and placebo groups (P$0.48), respectively.
For most patients (76.4%), serum creatinine was collected
between 48 and 72 hours after angiography (Table 2).

End Points
The primary end point occurred in 147 of 1153 patients
(12.7%) in the acetylcysteine group and in 142 of 1119
patients (12.7%) in the placebo group (relative risk, 1.00;
95% CI, 0.81 to 1.25; P$0.97) (Table 3). Results were
similar when only patients ultimately submitted to angiography were considered: 144 of 1142 (12.6%) and 140 of 1111
(12.6%) patients in the acetylcysteine and placebo groups,
respectively (relative risk, 1.00; 95% CI, 0.81 to 1.24;
P$0.99). Elevation of !44.2 "mol/L (0.5 mg/dL) in creatinine after the procedure was similar between groups (relative
risk, 1.04; 95% CI, 0.69 to 1.57; P$0.85). Doubling of
creatinine was also similar in both groups (relative risk, 0.74;
95% CI, 0.36 to 1.52; P$0.41).
The incidence of the composite outcome death or need for
dialysis at 30 days was 2.2% in the acetylcysteine group and
2.3% in the placebo group (hazard ratio, 0.97; 95% CI, 0.56
to 1.69; P$0.92) (Table 3 and Figure 2). The incidence of the
composite outcome death, need for dialysis, or doubling in
serum creatinine, as well as the incidence of the individual
components of this composite outcome, was not statistically
different between the acetylcysteine and placebo groups.
Cardiovascular deaths at 30 days were similar between the
experimental and control groups (hazard ratio, 0.99; 95% CI,
0.51 to 1.90; P$0.97). There was also no difference between
groups for outcomes defined post hoc.

Subgroup Analysis
Effects on Patients With Impaired Renal Function
There was no effect of acetylcysteine in the 367 patients with
baseline serum creatinine !132.6 "mol/L (1.5 mg/dL) (acetylcysteine group: 12/188 and placebo group: 10/179;
P$0.75 for homogeneity of effects) or in the 823 patients
with estimated glomerular filtration rate between 30 and 60
mL/min per 1.73 m2 (acetylcysteine group: 30/425 and
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Baseline Characteristics of Patients
Acetylcysteine
(n"1172)

Characteristic

Placebo
(n"1136)
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Table 2. Procedure Characteristics, Protocol Adequacy, and
Hydration Scheme
Acetylcysteine
(n"1172)

Placebo
(n"1136)

447 (39.3)

Characteristic

68.0$10.4

68.1$10.4

Procedure, No. of
patients/total No. (%)

Serum creatinine #132.6 #mol/L
(1.5 mg/dL), No. (%)

180 (15.4)

182 (16.0)

Peripheral vascular
angiography

32 (2.7)

32 (2.8)

Diabetes mellitus, No. (%)

717 (61.2)

678 (59.7)

778 (66.4)

774 (68.1)

Known heart failure, No. (%)

Coronary diagnostic
angiography
Percutaneous coronary
intervention

347 (29.6)

318 (28.0)

15 (1.3)

12 (1.1)

Dose 1

1160 (99.0)

1128 (99.3)

0.28

Dose 2

1136 (96.9)

1099 (96.7)

0.61

Dose 3

1129 (96.3)

1090 (95.9)

0.71

Dose 4

1120 (95.5)

1076 (94.7)

0.39

Female sex, No. (%)

445 (38.0)

Age, mean$SD, y
Patients fulfilling inclusion criteria

116 (9.9)

104 (9.2)

Hypotension, No. (%)

3 (0.3)

2 (0.2)

Age #70 y, No. (%)

601 (51.3)

601 (52.9)

419 (35.8)

397 (34.9)

1,014 (86.5)

976 (85.9)

Acute coronary syndrome, No. (%)
History of hypertension, No. (%)
Previous medication
Use of NSAIDs #7 d, No. (%)

63 (5.4)

59 (5.2)

Use of ACE inhibitor, No. (%)

698 (59.6)

661 (58.2)

Use of diuretics, No. (%)

442 (37.7)

401 (35.3)

Use of metformin, No. (%)

362 (30.9)

336 (29.6)

Serum creatinine, mg/dL

1.2$0.5

1.2$0.5

Estimated creatinine clearance,
mL/min*
67.6$31.4

!30 mL/min, No. (%)

67.7$32.1

68 (5.8)

63 (5.5)

30 to 60 mL/min, No. (%)

515 (43.9)

492 (43.3)

#60 mL/min, No. (%)

589 (50.3)

581 (51.2)

Estimated glomerular filtration rate,
mL/min per 1.73 m2†
!30 mL/min, No. (%)

69.3$28.7

69.0$27.9

58 (4.9)

50 (4.4)

30 to 60 mL/min, No. (%)

428 (36.5)

404 (35.6)

#60 mL/min, No. (%)

686 (58.5)

682 (60.0)

73.1$13.9

73.3$14.7

Weight, mean$SD, kg

Adherence to study drug,
No. of patients/total No. (%)

Hydration before procedure,
No. of patients/total No. (%)
NaCl or bicarbonate

Mean$SD

Mean$SD

Not submitted to
angiography

NSAID indicates nonsteroidal anti-inflammatory drug; ACE, angiotensinconverting enzyme. There was no statistically significant difference for baseline
characteristics.
*Creatinine clearance estimated by the Cockcroft-Gault formula.
†Glomerular filtration rate estimated by the abbreviated Modification of Diet
in Renal Disease study equation.

placebo group: 27/398) or !30 mL/min per 1.73 m2 (acetylcysteine group: 6/56 and placebo group: 3/48; P"0.73 for
homogeneity of effects), as shown in Figure 3.
Effects on Other Subgroups
The neutral effect of acetylcysteine on the risk of contrastinduced acute kidney injury was also consistent in those with
or without diabetes mellitus (P"0.42) and across other
subgroups such as patients aged #70 or !70 years (P"0.52),
male or female patients (P"0.55), or exposure to high ("140
mL) or low (!140 mL) volumes of contrast media (P"0.79),
as shown in Figure 3. There was no effect of acetylcysteine in
the subgroup of patients who had serum creatinine collected
within 48 to 72 hours after angiography or in the subgroup in
which serum creatinine was collected between 72 and 96
hours (P"0.36).

P
0.79

1147 (97.9)

1119 (98.5)

0.25

NaCl 0.9%, 1 mL/kg per
hour for 6 h

552 (47.1)

540 (47.5)

0.83

NaCl 0.9%, any scheme

1090 (93.0)

1071 (94.3)

0.21

NaCl 0.45%
Bicarbonate 0.9%

3 (0.2)

0 (0.0)

0.25*

60 (5.1)

52 (4.6)

0.55

6 (4–6)

6 (4–6)

0.32

Duration of hydration before
procedure, h
Median (interquartile
range)
Hydration after procedure,
No. of patients/total No. (%)
NaCl or bicarbonate

1145 (97.7)

1115 (98.2)

0.53

NaCl 0.9%, 1 mL/kg per
hour for 6 h

814 (69.4)

792 (69.7)

0.92

NaCl 0.9%, any scheme

1129 (96.3)

1100 (96.8)

0.58

0 (0)

1.00*

66 (5.6)

62 (5.5)

0.85

6 (6–6)

6 (6–6)

0.71

High osmolarity

253 (21.9)

256 (22.8)

Low osmolarity

869 (75.1)

836 (74.4)

35 (3.0)

32 (2.8)

NaCl 0.45%
Bicarbonate 0.9%

1 (0.08)

Duration of hydration after
procedure, h
Median (interquartile
range)
Contrast type, No. (%)†

Iso-osmolar

0.86

Contrast volume, mL
Median (interquartile
range)
Additional angiography
within 48–96 h after first
procedure, No. (%)

100 (70–130)
38 (3.2)
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Acetylcysteine
(n!1172)

Characteristic

Placebo
(n!1136)

Timing of serum creatinine
sampling after angiography,
No. (%)‡

P
0.87

48 to !72 h

876 (76.3)

851 (76.6)

72 to 96 h

272 (23.7)

260 (23.4)

*Fisher exact test.
†In the acetylcysteine and placebo groups, 1157 and 1124 patients,
respectively, were ultimately submitted to angiography. These are the denominators for type of contrast.
‡Serum creatinine after angiography was available for 1148 and 1111
patients in the acetylcysteine and placebo groups, respectively.

Adverse Events
The incidence of other serious adverse events was 1.3% in the
acetylcysteine group and 2.2% in the placebo group (P!0.09)
(Table I in the online-only Data Supplement). There was no
difference between the study groups for any other adverse
events, except that vomiting was less common in the acetylcysteine than in the placebo group (0.3% and 1.2%, respectively; P!0.02).

Updated Meta-Analysis
We identified 46 randomized controlled trials comparing
acetylcysteine with placebo (or no acetylcysteine) in patients undergoing cardiac or peripheral angiography (Table
II in the online-only Data Supplement). One study was
excluded from our meta-analyses because no cases of
contrast-induced acute kidney injury were observed in
either the treatment or control group.30 There was important heterogeneity between studies (P"0.0001; I2!59%).
Therefore, we did not combine the results of all studies but
instead attempted to identify the sources of heterogeneity
by stratifying the analyses according to methodological
characteristics of the trials.
Table 3.

Figure 2. Probability of death or need for dialysis from the day
of randomization (day 0) to day 30 among patients in the acetylcysteine and placebo groups.

The pooled relative risk in studies with unclear or inadequate allocation concealment was 0.59 (95% CI, 0.43 to
0.82), with substantial heterogeneity across trials (I2!57%),
whereas in studies with allocation concealment, the effect
estimate (relative risk, 1.01; 95% CI, 0.75 to 1.37) was
similar to that found in our study, with no remaining
heterogeneity (I2!0%) (Figure 4). Meta-analyses stratified
according to adequacy of all methodological characteristics
(allocation concealment, double blinding, and intention-totreat analysis) revealed a similar pattern. The pooled relative
risk for low-quality studies was 0.63 (95% CI, 0.47 to 0.85;
I2!56%) and for studies meeting all 3 methodological criteria
was 1.05 (95% CI, 0.73 to 1.53; I2!0%).

Discussion
In this large randomized trial, acetylcysteine did not
reduce the incidence of contrast-induced acute kidney
injury. Acetylcysteine also did not show statistically sig-

End Points

Outcomes

Acetylcysteine

Placebo

Relative Risk
(95% CI)

P

147/1153 (12.7)

142/1119 (12.7)

1.00 (0.81–1.25)

0.97

Primary end point, No. of events/total No. (%)
Contrast-induced acute kidney injury
Other end points, No. of events/total No. (%)
End points in 48 to 96 h
Doubling in serum creatinine

13/1153 (1.1)

17/1119 (1.5)

0.74 (0.36–1.52)

0.41

Elevation "44.2 #mol/L (0.5 mg/dL) in serum creatinine

45/1153 (3.9)

42/1119 (3.8)

1.04 (0.69–1.57)

0.85

Elevation "13.3 #mol/L (0.3 mg/dL) in serum creatinine

140/1153 (12.1)

123/1119 (11.0)

1.10 (0.88–1.39)

0.39

Deaths or need for dialysis*

26/1171 (2.2)

26/1135 (2.3)

0.97 (0.56–1.69)

0.92

Death, need for dialysis, or doubling in serum creatinine

38/1171 (3.2)

41/1135 (3.6)

0.90 (0.58–1.39)

0.63

Deaths*

23/1171 (2.0)

24/1135 (2.1)

0.97 (0.54–1.73)

0.92

3/1171 (0.3)

3/1135 (0.3)

0.87 (0.17–4.35)

0.86

18/1171 (1.5)

18/1135 (1.6)

0.99 (0.51–1.90)

0.97

End points at 30 d

Need for dialysis*
Cardiovascular deaths*

CI indicates confidence interval.
*Results are hazard ratios with 95% CI and P values obtained by Cox regression.

Downloaded from http://circ.ahajournals.org/ by guest on December 13, 2011

ACT Investigators

Acetylcysteine and Renal Outcomes in Angiography

1255

Figure 3. Effect of acetylcysteine on
contrast-induced acute kidney injury
according to subgroup. CI indicates confidence interval; eGFR, estimated glomerular filtration rate.

nificant beneficial effects on other end points such as
all-cause mortality and need for dialysis at 30 days. These
results were consistent among all subgroups evaluated,
including higher-risk patients such as those with renal
failure, those with diabetes mellitus, and those who received the largest amounts of contrast.
Several strengths of the ACT reinforce our findings. It
represents the largest trial testing the effects of acetylcysteine

for the prevention of contrast-induced acute kidney injury
conducted to date. Although the incidence of contrastinduced acute kidney injury observed in the control group
(12.7%) was somewhat lower than anticipated in our sample
size calculation (15%), still the ACT would have adequate
statistical power (84%) to detect a 30% decrease in the risk of
contrast-induced acute kidney injury. We sought to ensure
adequate methodological quality by using concealed randomFigure 4. Meta-analyses of randomized
controlled trials of acetylcysteine for preventing contrast-induced acute kidney
injury stratified according to methodological criteria and the Acetylcysteine
for Contrast-Induced Nephropathy Trial
(ACT) main result. I2 represents the percentage of total variation across studies
due to heterogeneity rather than chance.
We considered all methodological criteria adequate when a trial had allocation
concealment and was blinded and the
analysis followed the intention-to-treat
principle. CI indicates confidence interval; NA, not applicable.
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ization; blinding patients, investigators, caregivers, and outcome assessors; analyzing data according to the intention-totreat principle; and by having !98% of patients with
complete follow-up data. We tested a high dose of acetylcysteine because previous evidence suggested that a dose of
1200 mg twice daily may be superior to a dose of 600 mg
twice daily.16,31 Compliance to the study drugs was !95%,
and cointerventions were well balanced between the groups.
We used different methods to guarantee data quality including on-site monitoring, central statistical monitoring of the
data, and data collection through a Web-based electronic data
capture system.
More than 40 acetylcysteine trials have been completed in
the past 10 years and have reached inconsistent results. One
plausible explanation for the contradictory findings may be
related to methodological quality.11,12,15 In this regard, our
meta-analysis of smaller high-quality studies published before the ACT found neutral effects of acetylcysteine for the
prevention of contrast-induced acute kidney injury with no
heterogeneity between studies. On the other hand, the metaanalysis of trials with inadequate methodology suggested a
beneficial effect of this intervention but with important
between-trial heterogeneity. These results are in accordance
with previous empirical evidence suggesting that trials with
inadequate or unclear concealment of allocation or unclear
description on blinding tend to overestimate the treatment
effects.32,33 The ACT confirms the findings of smaller highquality studies and, together with them, provides consistent
evidence to support the lack of effect of acetylcysteine for the
prevention of contrast-induced acute kidney injury.
Differences between the ACT and previous studies should
be noted. Although some trials have enrolled only patients
with renal failure, our trial sought to test the effects of
acetylcysteine over a broader population at risk for contrastinduced acute kidney injury.17–19 In this regard, besides renal
failure, our patients were selected on the basis of other
well-established independent risk factors such as age !70
years, diabetes mellitus, and heart failure.2,3,24,25 The adoption
of such broad inclusion criteria did not result in a low-risk
population, as indicated by an overall incidence of contrastinduced acute kidney injury close to 13%, which was consistent among subgroups and similar to the incidence of previous trials, as shown in a previous systematic review.10
Moreover, patients with diabetes mellitus or with renal
impairment represented !70% of our sample, and approximately half of our patients had a creatinine clearance "60
mL/min (1 mL/s). Thus, our higher-risk subgroups had a
larger sample size representation than the previous studies.
Finally, we did not find evidence of a subgroup effect in
higher-risk patients. In particular, there was no effect of
acetylcysteine in the subgroup of 367 patients with baseline
serum creatinine !132.6 !mol/L (1.5 mg/dL) or in the
subgroups with estimated glomerular filtration rate "60
mL/min per 1.73 m2 (total of 927 patients). Although the
power to draw definitive conclusions for any of the subgroups
is low, in all subgroups the results were very consistent.
Therefore, it is unlikely that a beneficial effect exists for any
subgroup. Although most of the previous studies tested oral
acetylcysteine, as we did in the ACT, some employed

intravenous formulations.34 –36 Even so, it is unlikely that the
choice of intravenous instead of oral administration of acetylcysteine would influence our results. In this sense, the
largest study using intravenous acetylcysteine also reached
neutral results.36
Our trial has limitations. First, we did not observe a large
number of events that allowed us to assess the effects of
acetylcysteine on end points such as mortality and need for
dialysis. However, despite the wide CIs, the point estimates
for these outcomes showed neutral effects of acetylcysteine.
Second, we used creatinine as our marker of kidney injury,
and some recent publications suggest that newer markers
such as cystatin C are more reliable for detecting contrastinduced acute kidney injury.37,38 Nevertheless, results based
on creatinine measures were consistent with those observed
for other clinical end points. Additionally, a cystatin C ACT
substudy involving !150 patients has now been completed,
and the results should be available soon. Third, the median
volume of contrast used was low (100 mL), and previous
studies demonstrated an association between contrast volume
and risk of contrast-induced acute kidney injury.2,24 However,
we found no evidence of a subgroup effect in patients who
received !140 mL of contrast. Fourth, cointerventions other
than hydration were at the discretion of the attending physician. Nevertheless, they were well balanced between groups.
Fifth, we used a definition for contrast-induced acute kidney
injury (25% elevation of serum creatinine from baseline) that
may have high sensitivity but lack specificity. However, this
definition has been used by most trials in the field.13 Furthermore, previous studies demonstrated that even such minor
increases predict a higher mortality and morbidity.2,5 In
addition, we found no effect of acetylcysteine when considering other definitions of contrast-induced acute kidney
injury, such as a 100% or a 44.2-!mol/L (0.5-mg/dL)
increase in serum creatinine, although the incidence of
contrast-induced acute kidney injury and the study power are
smaller with those definitions.
Studies have demonstrated persistence of contrast media
up to 7 days after angiography in patients with contrastinduced acute kidney injury.39,40 In this study, patients received acetylcysteine every 12 hours, 2 doses before and 2
doses after angiography. Thus, it may be suggested this was
not a long enough duration of therapy. Nonetheless, we
believe that extending acetylcysteine therapy would not
change the results of our trial because the peak of renal
dysfunction occurs shortly after angiography (2 to 5 days),
with fast normalization after it.41,42 Furthermore, previous
trials that suggested acetylcysteine to be effective administered the drug for only up to 48 hours after angiography.9,34,43
In conclusion, our trial showed that acetylcysteine did not
result in a lower incidence of contrast-induced acute kidney
injury or other renal outcomes. On the basis of our results, we
do not recommend routine use of acetylcysteine for patients
undergoing angiography. These findings have important implications for clinical practice and may prevent unnecessary
procedure delays and health expenditures associated with the
administration of acetylcysteine.
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CLINICAL PERSPECTIVE
Contrast-induced acute kidney injury is associated with the need for dialysis, prolonged hospitalization, and mortality. Its
incidence in patients with risk factors (kidney failure, diabetes mellitus, or advanced age) varies between 9% and 38%.
Previous acetylcysteine trials had substantial risk of bias and were underpowered. We conducted a randomized trial of
acetylcysteine versus placebo in 2308 patients at risk for contrast-induced acute kidney injury (age !70 years, renal failure,
diabetes mellitus, heart failure, or hypotension) undergoing an intravascular angiographic procedure. Allocation was
concealed; patients, health staff, and outcome assessors were blinded, and analysis followed the intention-to-treat principle.
We administered 1200 mg of acetylcysteine or placebo every 12 hours, twice before and twice after the angiography. We
found no effect of acetylcysteine on contrast-induced acute kidney injury, the primary end point (12.7% vs 12.7% in
the acetylcysteine and placebo groups, respectively; relative risk, 1.00; 95% confidence interval, 0.81 to 1.25; P"0.97).
There was also no effect on any of the secondary outcomes or for any subgroup. We conducted a meta-analysis to assess
the results of the Acetylcysteine for Contrast-Induced Nephropathy Trial in the context of 45 trials on the same subject and
found a huge variation in the effect on contrast-induced acute kidney injury, although those with adequate methodological
criteria did not show any clinical benefit of acetylcysteine. In conclusion, our trial, the largest conducted to date, showed
that acetylcysteine is ineffective to prevent contrast-induced acute kidney injury. Therefore, we do not recommend routine
use of acetylcysteine for patients undergoing angiography.

Downloaded from http://circ.ahajournals.org/ by guest on December 13, 2011

Supplemental Material

Methods for the Updated Meta-Analysis

Eligibility Criteria
We included randomized placebo-controlled trials that evaluated pharmacological interventions NAcetylcysteine to prevent contrast-induced acute kidney injury (CI-AKI) in patients undergoing
diagnostic and therapeutic coronary or peripheral angiography. Trials were eligible regardless of their
publication status, language or primary objectives. We excluded: trials that did not evaluate the
number of patients with CI-AKI, duplicate publications or sub studies of included trials.
Search Strategy
Since many systematic reviews on CI-AKI prevention methods were published to date, as a starting
point, we decided to screen references from previous reviews. This strategy was complemented by a
comprehensive search on MEDLINE/PubMed version (2008 to the present). We placed no language or
publication status restrictions. We screened reference lists of all available primary studies and review
articles to identify additional relevant citations. The search results were uploaded into a reference
management program (Reference Manager 12.0).
The  terms  included  in  the  electronic  search  were  “Contrast-induced  nephropathy”  combined  with  a  
sensitive strategy for the identification of randomized controlled trials.1
Assessment of Study Eligibility
We screened all citations (i.e., titles and abstracts) identified in our search. Screeners (A.B.C. and
O.B.) only excluded citations if it was clear that the article was not a report of a randomized
controlled trial or the trial did not include a pharmacological intervention to prevent CIN as an
experimental intervention. We obtained the full text article of all citations selected to undergo full
review in the screening process. Individuals then determined eligibility of these full text articles. All
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screening and eligibility decisions were conducted by two independent reviewers, and disagreements
were resolved by third party adjudication.
Data collection
Two reviewers (A.B.C. and O.B.) independently extracted data from all trials that fulfilled our eligibility
criteria. Disagreements were settled by a third reviewer.
We extracted the following descriptive data from all eligible trials: first author or study name, year of
publication, patient population, treatment and control interventions, definition of CI-AKI and the
number of patients randomized to the treatment and control groups, as well as the number of
patients who had CI-AKI in each group.
Quality Assessment
We assessed the methodological quality of the trials by evaluating the original reports, the trial
protocols (when published) and through attempted contact of the authors. We assessed the following
risk of bias domains:
Allocation concealment
Adequate (A): Randomisation method described that would not allow investigator/participant to know
or influence intervention group before eligible participant entered in the study.
Unclear (B): Randomisation stated but no information on method used is available.
Inadequate (C): Method of randomisation used such as alternate medical record numbers or unsealed
envelopes; any information in the study that indicated that investigators or participants could influence
intervention group.

Blinding
Blinding of investigators: Yes/no/not stated/ Unclear or inadequate (if the study was described as
double blind, but the method of blinding was not described or is not compatible with blinding).
Blinding of participants: Yes/no/not stated/ Unclear or inadequate (if the study was described as
double blind, but the method of blinding was not described or is not compatible with blinding).
Blinding of outcome assessors: Yes/no/not stated/ Unclear or inadequate (if the study was described as
double blind, but the method of blinding was not described or is not compatible with blinding).

Intention-to-treat
Yes: Specifically reported by authors that intention-to-treat analysis was undertaken and this was
confirmed on study assessment.
Yes: Not stated but confirmed on study assessment.
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No: Not reported and lack of intention-to-treat analysis confirmed on study assessment.(Patients who
were randomised were not included in the analysis because they did not receive the study
intervention, they withdrew from the study or were not included because of protocol violation).
No: Stated but not confirmed upon study assessment.
Not stated.
* Obs.: Our evaluation will be independent  of  authors’  claim  of  ITT  analysis,  i.e.,  a  study  might be considered by
us as analyzed according to ITT principle even if there is no such statement as long as we confirme that on
study assessment. The opposite is also true, if a study is reported as being ITT but we might consider it not to
be ITT depending on our evaluation.

Statistical Analysis
CI-AKI from all included RCTs was combined to estimate the pooled risk ratio (RR) with 95%
confidence interval (CI) using a random-effects model.2 The presence of heterogeneity across studies
was evaluated using I² statistics and standard Chi² tests for homogeneity for each outcome analysis.3
An I² value represents the percentage of total variation across studies due to heterogeneity rather
than chance. We conducted the analyses using Stata 11.0 (College Station, Texas, USA) and RevMan
5.1 (Cochrane Collaboration, Oxford, UK).
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Supplemental Table 1. Adverse Events. *
Acetylcysteine

Placebo

Relative risk

p

(CI 95%)
No. of events / total no. (%)
Any  Serious  adverse  events†

15/1172 (1.3)

25/1136 (2.2)

0.58 (0.31; 1.10)

0.09

Any Adverse Events

89/1172 (7.6)

80/1136 (7.0)

1.08 (0.81; 1.44)

0.61

Chest pain

25/1172 (2.1)

14/1122 (1.2)

1.73 (0.90; 3.31)

0.09

Dyspnea

19/1172 (1.6)

13/1123 (1.1)

1.42 (0.70; 2.85)

0.33

Nausea

8/1172 (0.7)

15/1136 (1.2)

0.52 (0.22; 1.21)

0.12

Vomit

4/1172 (0.3)

14/1136 (1.2)

0.28 (0.09; 0.84)

0.02

Diarrhea

7/1172 (0.6)

6/1136 (0.5)

1.13 (0.38; 3.35)

0.82

* CI denotes Confidence Interval.
†  Includes stroke, myocardial infarction, pneumonia, sepsis and acute pulmonary edema.
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Supplemental Table 2. Summary of results and study quality characteristics of randomized controlled
trials evaluating acetylcysteine for preventing contrast-induced nephropathy in patients undergoing
invasive angiography.
Study

Year

Acetylcysteine

Control

Allocation

Double-blind

concealment
no. of events

total no.

no. of events

total no.

Intention-totreat analysis

Allaqaband5

2002

8

45

6

40

Not reported

No

No

Amini6

2009

5

45

6

42

Yes

Yes

Yes

Azmus7

2005

14

196

17

201

Not reported

Yes

No

Baker8

2003

2

41

8

39

Not reported

No

Yes

Baskurt9

2009

7

73

5

72

Not reported

No

Yes

Briguori10

2002

6

92

10

91

Not reported

No

No

Carbonell11

2007

11

107

11

109

Yes

Yes

Yes

Carbonell12

2010

2

39

10

42

Not reported

Yes

No

Castini13

2010

9

53

7

51

Not reported

No

Yes

Coyle14

2006

6

68

1

69

No

No

No

Diaz-Sandoval15

2002

2

25

13

29

Yes

Yes

No

Drager16

2004

1

13

2

11

Not reported

Yes

No

Durham17

2002

10

38

9

41

Not reported

No

No

Efrati18

2003

0

24

2

25

Not reported

Yes

No

El Mahmoud19

2003

3

60

2

60

Not reported

No

No

Ferrario20

2009

8

99

6

101

Yes

Yes

Yes

Fung21

2004

8

46

6

45

Yes

No

Yes

Goldenberg22

2004

4

41

3

39

Yes

Yes

No

Gomes23

2005

8

77

8

79

Yes

Yes

No

Gulel24

2005

3

25

2

25

Not reported

No

No

Heng25

2008

2

28

3

32

Not reported

Yes

No

Kay26

2003

4

102

12

98

Not reported

Yes

No

Kefer27

2003

2

53

3

51

No

No

No

Kim28

2010

3

80

7

86

Not reported

No

Yes

Kimmel29

2008

1

19

2

17

Not reported

Yes

Yes

Kinbara30

2009

0

15

4

15

Not reported

No

Yes
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Kotlyar31

2005

0

41

0

19

Yes

No

No

Lawlor32

2007

2

25

2

25

Yes

Yes

Yes

Loutrianakis33

2003

6

24

3

23

Not reported

Not reported

Not reported

MacNeill34

2003

1

21

7

22

Not reported

Yes

No

Marenzi35

2006

17

235

39

119

Not reported

No

No

Miner36

2004

9

89

18

22

Not reported

Yes

Yes

Moore37

2006

3

11

0

9

Not reported

No

Yes

Namgung38

2005

4

25

10

23

No

No

No

Ochoa39

2004

3

36

11

44

Not reported

Yes

Yes

Oldemeyer40

2003

4

49

3

47

Not reported

Yes

No

Rashid41

2004

3

46

3

48

Yes

Yes

No

Reinecke42

2007

6

114

7

115

Not reported

Not reported

Yes

Sadat43

2010

1

21

3

19

Not reported

No

Yes

Sandhu44

2006

3

53

0

53

Yes

No

No

Seyon45

2007

1

20

2

20

No

Yes

Yes

Shyu46

2002

2

60

15

61

Not reported

No

No

Sinha47

2004

5

35

6

35

No

No

No

Thiele48

2010

18

123

25

126

Not reported

No

Yes

Vallero49

2002

4

47

4

53

Not reported

No

Not reported

Webb50

2004

25

220

24

227

Yes

Yes

Yes
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Renal Insufficiency After Contrast Media Administration
Trial II (REMEDIAL II)
RenalGuard System in High-Risk Patients for Contrast-Induced Acute
Kidney Injury
Carlo Briguori, MD, PhD; Gabriella Visconti, MD; Amelia Focaccio, MD; Flavio Airoldi, MD;
Marco Valgimigli, MD, PhD; Giuseppe Massimo Sangiorgi, MD; Bruno Golia, MD;
Bruno Ricciardelli, MD; Gerolama Condorelli, MD, PhD; for the REMEDIAL II Investigators
Background—The RenalGuard System, which creates high urine output and fluid balancing, may be beneficial in
preventing contrast-induced acute kidney injury.
Methods and Results—The Renal Insufficiency After Contrast Media Administration Trial II (REMEDIAL II) trial is a
randomized, multicenter, investigator-driven trial addressing the prevention of contrast-induced acute kidney injury in
high-risk patients. Patients with an estimated glomerular filtration rate !30 mL ! min!1 ! 1.73 m!2 and/or a risk score
"11 were randomly assigned to sodium bicarbonate solution and N-acetylcysteine (control group) or hydration with
saline and N-acetylcysteine controlled by the RenalGuard System and furosemide (RenalGuard group). The primary end
point was an increase of "0.3 mg/dL in the serum creatinine concentration at 48 hours after the procedure. The
secondary end points included serum cystatin C kinetics and rate of in-hospital dialysis. Contrast-induced acute kidney
injury occurred in 16 of 146 patients in the RenalGuard group (11%) and in 30 of 146 patients in the control group
(20.5%; odds ratio, 0.47; 95% confidence interval, 0.24 to 0.92). There were 142 patients (48.5%) with an estimated
glomerular filtration rate !30 mL ! min!1 ! 1.73 and 149 patients (51.5%) with only a risk score "11. Subgroup analysis
according to inclusion criteria showed a similarly lower risk of adverse events (estimated glomerular filtration rate !30
mL ! min!1 ! 1.73 m!2: odds ratio, 0.44; risk score "11: odds ratio, 0.45; P for interaction"0.97). Changes in cystatin
C at 24 hours (0.02#0.32 versus !0.08#0.26; P"0.002) and 48 hours (0.12#0.42 versus 0.03#0.31; P"0.001) and
the rate of in-hospital dialysis (4.1% versus 0.7%; P"0.056) were higher in the control group.
Conclusion—RenalGuard therapy is superior to sodium bicarbonate and N-acetylcysteine in preventing contrast-induced
acute kidney injury in high-risk patients.
Clinical Trial Registration—URL: http://www.clinicaltrial.gov. Unique identifier: NCT01098032.
(Circulation. 2011;124:1260-1269.)
Key Words: complications " contrast media " kidney " prevention

C

ontrast-induced acute kidney injury (CI-AKI) is a powerful predictor of unfavorable early and late outcomes.1–3
Although still controversial,4,5 several studies have shown the
advantages of CI-AKI prophylaxis with N-acetylcysteine
(NAC)6 and sodium bicarbonate solution.7,8 In the Renal
Insufficiency After Contrast Media Administration Trial I
(REMEDIAL I) trial, we demonstrated that the combined
strategy of volume supplementation with sodium bicarbonate
solution and NAC was superior to the administration of
normal saline and NAC alone or a combination of normal
saline, ascorbic acid, and NAC in preventing CI-AKI in

patients at low to medium risk.8 However, in high-risk
patients, the rate of CI-AKI remains high.3 Data from the
Prevention of Radiocontrast Induced Nephropathy Clinical
Evaluation (PRINCE) study indicate that increasing the urine
flow rate ("150 mL/h) reduces the toxic effect of contrast
media (CM).9 Currently, a forced diuresis regimen is usually
achieved by administering high doses of furosemide. Theoretically, furosemide should protect the kidney by reducing
the outer medullary hypoxia caused by CM by blocking the
Na-K-2Cl transporter in the medullary thick ascending
limb.10 This approach, however, has actually been shown to

Received March 8, 2011; accepted July 7, 2011.
From the Laboratory of Interventional Cardiology and Department of Cardiology, Clinica Mediterranea, Naples (C.B., G.V., A.F., B.G., B.R.);
Laboratory of Interventional Cardiology IRCCS Multimedica, Milan (F.A.); Cardiovascular Research Centre, University of Ferrara, Ferrara (M.V.);
Division of Cardiology, University of Modena-Reggio Emilia, Modena (G.M.S.); and Department of Cellular and Molecular Biology and Pathology,
“Federico II” University of Naples (G.C.), Italy.
Correspondence to Carlo Briguori, MD, PhD, Interventional Cardiology, Clinica Mediterranea, Via Orazio, 2, I-80121, Naples, Italy. E-mail
carlobriguori@clinicamediterranea.it
© 2011 American Heart Association, Inc.
Circulation is available at http://circ.ahajournals.org

DOI: 10.1161/CIRCULATIONAHA.111.030759

Downloaded from http://circ.ahajournals.org/
by guest on December 13, 2011
1260

Briguori et al

RenalGuard System and Contrast-Induced Acute Kidney Injury

1261

Figure 1. Diagram showing the flow of participants through each stage of the trial according to the Consolidated Standards of Reporting Trials (CONSORT) guidelines.

be deleterious and to increase the rates of CI-AKI.11 It has
been suggested that the deleterious effect observed is a result
of a negative fluid balance.11,12 The availability of a device
that would guide the physician in achieving high urine output
while simultaneously balancing urine output and venous fluid
infusion to prevent hypovolemia would be the ideal solution.
Preliminary data suggest that the RenalGuard System may
have these properties.13

Editorial see p 1210
Clinical Perspective on p 1269

Methods
Patient Population
This multicenter, randomized, investigator-driven study compared 2
different strategies to prevent CI-AKI in patients at high risk. The
design of the REMEDIAL II trial has previously been reported.14
Briefly, all consecutive patients with chronic kidney disease scheduled for coronary and/or peripheral angiography and/or angioplasty
with an estimated glomerular filtration rate (eGFR) !30
mL ! min!1 ! 1.73 m!2 and/or a risk score "11 were considered
eligible for the study (Figure 1). The eGFR was calculated by
applying the Levey-modified Modification of Diet in Renal Disease
formula: (186.3"serum creatinine!1.154)"(age!0.203)"(0.742 if female).15 Chronic kidney disease was defined as an eGFR #60
mL ! min!1 ! 1.73 m!2. The risk score for predicting CI-AKI was
calculated according to the following algorithm: hypotension (integer score 5), intra-aortic balloon pump support (integer score 5),
congestive heart failure (integer score 4), age $75 years (integer
score 4), diabetes mellitus (integer score 3), eGFR #60
mL ! min!1 ! 1.73 m!2 (integer score 2 to 6), preexisting anemia
(integer score 3), and CM volume (integer score 1 for each 100 cm3).
The global scores !5, 6 to 10, 11 to 16, and "16 predict a CI-AKI
risk of 7.5%, 14%, 26.1%, and 57.3%, respectively.16

Recruitment, Enrollment, and Allocation
All patients with chronic kidney disease scheduled for coronary
and/or peripheral angiography/angioplasty from January 2009 to
December 2010 were screened for inclusion/exclusion criteria (Fig-

ure 1). Exclusion criteria were acute myocardial infarction; acute
pulmonary edema; cardiogenic shock; dialysis; multiple myeloma;
administration of sodium bicarbonate, theophilline, dopamine, mannitol, and/or fenoldopam; recent (!48 hours) administration of
iodinated CM; and current enrollment in any other study when
enrollment in the REMEDIAL II would involve deviation from
either protocol. All patients who met the inclusion/exclusion criteria
and signed an informed consent were enrolled in the study. Patients
were randomized according a computer-generated randomization
list. The REMEDIAL II trial was conducted in 4 interventional
cardiology centers in Italy according to the principles of the
Declaration of Helsinki17 and Good Clinical Practice18 and has been
approved by our ethics committees. The trial was registered with
http://www.clinicaltrial.gov (trial identifier: NCT01098032).

Protocol
After enrollment, patients were randomly assigned to either the
control group or the RenalGuard group (Figure 1). Both therapies
were instituted before and after administration of the contrast agent.
The left ventricular end-diastolic pressure was measured by a pigtail
catheter at the beginning of the procedure.

Control Group
Patients allocated to this group received 154 mEq/L sodium bicarbonate in dextrose and H2O, according to the protocol reported by
Merten et al.7 The initial intravenous bolus was 3 mL/kg per hour for
at least 1 hour before contrast injection. Then, all patients received
the same fluid at a rate of 1 mL/kg per hour during contrast exposure
and for 6 hours after the procedure. All patients enrolled in this group
received NAC (Fluimucil, Zambon Group SpA, Milan, Italy) orally
at a dose of 1200 mg twice daily the day before and the day of
administration of the contrast agent (for a total of 2 days).19 In this
group, an additional NAC dose (1200 mg diluted in 100 mL normal
saline) was administered intravenously during the procedure. The
total NAC dose was "6 g.

RenalGuard Group
Patients enrolled in this group were treated by hydration with normal
saline plus NAC controlled by the RenalGuard system (PLC Medical
Systems, Inc, Franklin, MA). The characteristics of this system have
previously been reported.14 This RenalGuard system includes a
closed-loop fluid management system, a high-volume fluid pump, a
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Table 1. Clinical Characteristics of the Patients Enrolled in
the 2 Groups
Control Group
(n"146)

RenalGuard
Group (n"146)

75#9

76#8

Male, n (%)

103 (70.5)

88 (60.5)

Weight, kg

78#15

77#14

1.65#0.7

1.65#0.7

29#5

28#5

Age, y

Height, m
Body mass index, kg/m2
Blood pressure, mm Hg
Systolic

152#27

Diastolic
Mean
LV ejection fraction, %
LV end-diastolic pressure, mm Hg

1.80 (1.15– 4.78)

eGFR, mL[ ! ]min%1 ! 1.73 m%2

32#7

32#9

Contrast nephropathy risk score

12#2

12#3

!5, n (%)

3 (2)

2 (1.5)

"6–10, n (%)

18 (13)

"11–15, n (%)

103 (72.5)

95 (67)

18 (12.5)

17 (12)

"16, n (%)

27 (19)

77#13

48#10

46#11

Baseline

78#31

80#35

14#7

After 48 h

70#30

71#35

20 (13.5)

42 (29)

Serum urea nitrogen, mg/dL

Serum sodium, mEq/L
Baseline

140#5

140#3

After 2 h

140#5

141#4

22 (15)

After 6 h

139#5

140#5

After 24 h

139#3

141#5

After 48 h

139#6

140#5

36#10

Systemic hypertension, n (%)

144 (98)

143 (98)

Diabetes mellitus, n (%)

104 (71)

101 (69)

Peripheral chronic artery disease, n (%)

1.79 (1.15–3.85)

Serum creatinine, median
(range), mg/dL

102#15

36#8

LV ejection fraction !30%, n (%)

RenalGuard
Group (n"146)

78#10

41 (28)

LV ejection fraction, %

Control Group
(n"146)

103#13
14#7

LV dysfunction and/or unstable
hemodynamic conditions, n (%)

152#27

Table 2. Clinical Characteristics of the Patients Enrolled in
the 2 Groups

Serum potassium, mEq/L

27 (18.5)

28 (19)

Baseline

4.7#0.7

4.6#0.7

ACE inhibitor

67 (46)

70 (48)

After 2 h

4.4#0.7

4.1#0.7

Calcium channel blocker

44 (30)

36 (25)

After 6 h

4.4#0.6

4.2#0.6

Angiotensin II receptor inhibitor

45 (31)

42 (29)

After 24 h

4.3#0.6

4.1#0.6

Diuretics

85 (58)

93 (64)

After 48 h

4.3#0.6

4.2#0.6

#-blockers

88 (60)

92 (63)

111 (76)

108 (74)

Drugs, n (%)

Statins
Procedure performed, n (%)

Serum magnesium, mg/dL*
Baseline

1.91#0.4

After 2 h

1.71#0.4

Coronary angiography

60 (41)

51 (35)

After 6 h

1.72#0.4

PCI

58 (40)

71 (49)

After 24 h

1.76#0.4

Coronary angiography and ad hoc PCI

17 (12)

11 (7.5)

After 48 h

1.83#0.4

Peripheral procedure

11 (6)

13 (9)

Volume of contrast media, mL

145#79

135#76

eGFR indicates estimated glomerular filtration rate.
*Serum magnesium was measured in 137 patients.

Contrast ratio $1, n (%)

35 (24%)

28 (19)

LV indicates left ventricular; ACE, angiotensin-converting enzyme; and PCI,
percutaneous coronary intervention.

high-accuracy dual weight measuring system, motion-detection artifact reduction, a single-use intravenous set and urine collection
system that interfaces with a standard Foley catheter, real-time
display of urine and replacement fluid volume, timely alerts to drain
the urine bag or to replace the hydration fluid bag, and safety features
such as automatic air and occlusion detection. An initial bolus
(priming) of 250 mL was infused over 30 minutes (preprocedural
phase). In the presence of left ventricular dysfunction (ejection
fraction !30% as assessed by 2-dimensional echocardiography)
and/or unstable hemodynamic conditions (recent [!7 days] pulmonary edema or acute heart failure), priming was reduced to !150
mL. After the priming, furosemide (0.25 mg/kg) was administered
intravenously to achieve an optimal urine flow of "300 mL/h. As
soon as the urine flow reached the target value, the patient was
moved into the catheterization laboratory, and the procedure was
started (procedural phase). Controlled hydration by the RenalGuard
system continued during the procedure and for 4 hours after the
procedure (postprocedural phase). Urine flow was monitored and
maintained at the target value throughout the procedure and during

the next 4 hours. Additional furosemide doses were allowed in
instances when there was a decrease in urine flow below the target
value. In the RenalGuard group, NAC was administered only
intravenously (1500 mg in 1 L saline) during the 3 phases (preprocedural, intraprocedural, and postprocedural) of the RenalGuard
therapy. The conventional oral regimen was not used in the RenalGuard group because this is part of the conventional prophylactic
approach.

Biomarkers of Kidney Function
Serum creatinine (sCr), serum cystatin C (sCyC), blood urea nitrogen, sodium, and potassium were measured the day before the
procedure and at 2, 6, 12, 24, and 48 hours and 1 week after
administration of the contrast agent. Additional measurements were
performed in all instances when there was a deterioration of baseline
renal function. In the RenalGuard group, magnesium was also dosed
the day before and at 2, 6, 24, and 48 hours after the procedure
(Dimension Clinical Chemistry System, Siemens Healthcare Diagnostics Inc, Newark, NJ). Urinary pH was measured at the time of
enrollment and during treatment (in the control group, after infusion
of the bolus when the patient spontaneously voided; in the RenalGuard group, soon after the optimal urine flow was achieved).
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Figure 2. A, Temporally matched fluid
replacement during treatment by using
the RenalGuard system (continuous line
indicates infusion; dashed line, urine). B,
Mean urine flow in the RenalGuard group.
Urine output (mL/h) was recorded every
15 minutes during RenalGuard therapy
and every hour after RenalGuard interruption. Pre-CM phase indicates precontrast
media exposure or preprocedural time;
CM phase, contrast media exposure or
intraprocedural time; and post-CM phase,
postcontrast media or postprocedural
time.

Contrast Agents

Data Collection and Monitoring

Iodixanol (Visipaque, GE; a nonionic, iso-osmolar (290 mOsm per 1
kg water) contrast agent was used in all patients.

Patient demographic details, medical history, current medication,
eGFR, risk score for CI-AKI, and left ventricular ejection fraction
were recorded at baseline. Total hydration volume administered
according to the prophylaxis and total urine volume were recorded.
The preprocedural sCr level was considered to be that before the
initiation of any prophylaxis. All adverse events were recorded on
the case report form, and the data coordinating center was informed
by facsimile within 72 hours of any events. Serious adverse events
and any other safety issues were reviewed by an independent Data
Monitoring and Safety Committee. All events were adjudicated by a
Clinical Events Committee, and members were blinded to treatment
assignment.

Study End Points
The primary outcome measure was the development of CI-AKI,
defined as an increase in sCr concentration !0.3 mg/dL above the
baseline value at 48 hours after administration of CM or the need for
dialysis.20 Secondary end points reported here are an increase in sCr
concentration !25% and !0.5 mg/dL at 48 hours after CM
exposure, changes in the sCyC concentration at 24 and 48 hours after
contrast exposure, the rate of acute renal failure requiring dialysis
(defined as a decrease in renal function necessitating acute hemodialysis, ultrafiltration, or peritoneal dialysis within the first 5 days
after intervention), and the rate of in-hospital and 1-month major
adverse events. Major adverse events were considered to be death,
renal failure requiring dialysis, and acute pulmonary edema. The
severity of AKI was also assessed according to the Acute Kidney
Injury Network criteria: stage 1, an sCr increase of !0.3 mg/dL from
baseline or !1.5 to 1.9 times baseline; stage 2, an sCr increase of
!2.0 to 2.9 times baseline; and stage 3, an sCr increase of !3.0
times baseline or the need for dialysis.20

Table 3.
Patient

Statistical Analysis
The treatment assignment between the 2 groups was determined by
randomization in a 1:1 ratio. To ensure that almost equal numbers of
patients receive each of the 2 treatments, a randomization block of 4
was used (Plan Procedure of SAS, version 8.2). The sample size was
selected to demonstrate a reduction in the primary end point of
CI-AKI from 25% in the control group to 10% in the RenalGuard
group.1,3,16,21,22 With the use of a 2-sided "2 test with a significance

Characteristics of Patients Who Developed Acute Pulmonary Edema
Group

Age,
y

Sex

LVEF,
%

LVEDP,
mm Hg

GFR,
mL[ ! ]min!1 ! 1.73 m!2

SBP,
mm Hg

Risk
Score

Contrast
Volume, mL

CI-AKI

1

Control

61

M

42

14

40

110

12

200

Yes

2

RenalGuard

80

F

55

12

35

120

15

250

No

3

RenalGuard

86

F

45

12

36

130

12

150

No

4

RenalGuard

81

F

43

13

35

120

13

250

No

LVEF indicates left ventricular ejection fraction; LVEDP, left ventricular end-diastolic pressure; GFR, glomerular filtration rate; SBP, systolic blood pressure before
the procedure; and CI-AKI, contrast-induced acute kidney injury.
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Results
Patient Population
Two enrolled patients did not undergo the scheduled treatment because of fever (n$1 in the control group) and
gastrointestinal bleeding (n$1 in the RenalGuard group;
Figure 1). The clinical and biochemical characteristics
were well matched between the 2 groups (Tables 1 and 2).
There were 142 patients (48.5%) with an eGFR "30
mL ! min%1 ! 1.73 m%2 regardless of their risk score (68 in the
control group and 75 in the RenalGuard group), whereas 149
patients (51.5%) had only a risk score #11 (78 in the control
group and 71 in the RenalGuard group; P$0.41). The mean
eGFR in the subgroup who met only the risk score criterion
was 38!8 mL ! min%1 ! 1.73 m%2 (quartiles 1 to 3, 33–50
mL ! min%1 ! 1.73 m%2).

Prophylaxis Regimen

Figure 3. Fluid match in the 3 patients who developed acute
pulmonary edema in the RenalGuard group. Pulmonary edema
(arrow) occurred in all instances soon after the end of the coronary procedure. Œ Indicates infusion volume; ", urine volume.

level of 0.05, a total of at least 266 randomized patients (133 in each
arm) provided the study 90% power.
Continuous variables are given as mean!SD or median and
first and third quartiles when appropriate. The Student t test and
the nonparametric Mann-Whitney tests were used to determine
differences between mean values for normally and nonnormally
distributed variables, respectively. Categorical variables were
reported as percentage and were analyzed by either the !2 or
Fisher exact test as appropriate. To test the impact of prophylactic
regimen (as defined by the 2 groups of treatment) on rate of
CI-AKI, we used repeated measures ANOVA models after
transforming sCr and sCyC levels into a natural logarithm (to
overcome the problem of nonnormal distribution). In the ANOVA
model, we considered the treatment strategy (as defined in the
control group and RenalGuard group), time period, and
time"treatment strategy interaction as fixed effects and patients
as a random effect. Values of P#0.05 were considered significant
throughout the analysis. Data were analyzed with SPSS 13.0
(SPSS Inc, Chicago, IL) for Windows.
The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as written.

The total volume of intravenous hydration associated with the
treatment regimen was higher in the RenalGuard group (2312
mL [quartiles 1 to 3, 1928 to 2999 mL] versus 1438 mL
[quartiles 1 to 3, 1390 to 1487 mL]; P#0.001). In the
RenalGuard group, the priming volume was 250 mL (quartiles 1 to 3, 200 to 250 mL), whereas the furosemide dose to
reach the target urine flow was 14!8 mg (quartiles 1 to 3, 0
to 50 mg). In the 42 patients with left ventricular dysfunction
and/or unstable hemodynamic conditions, priming volume
was 150 mL (quartiles 1 to 3, 150 to 200 mL). In the
RenalGuard group, we observed highly accurate, temporally
matched fluid replacement during the treatment (Figure 2A),
and the mean urine flow was 352!131 mL/h (quartiles 1 to
3, 99 to 778 mL/h; Figure 2B). The target urine flow was
reached in the 93% of patients (mean value, 416!119 mL/h),
whereas in the remaining 7%, it was constantly below the
target during the treatment (mean, 177!48 mL/h). In 13
patients (9%), the target urine flow was reached and maintained after the priming bolus alone without the need for any
furosemide administration. On the contrary, additional doses
of furosemide (25!35 mg [quartiles 1 to 3, 5 to 260 mg])
were necessary during the treatment in 42.5% of patients
owing to the occurrence of urine flow reduction below the
target value or pulmonary edema. The length of RenalGuard
therapy was on average 5 hours 75 minutes (range, 3 to 9
hours). The preprocedural phase (ie, the time needed to reach
the target urine flow rate) was 58!19 minutes (quartiles 1 to
3, 30 to 120 minutes); the intraprocedural time was 48!27
minutes (quartiles 1 to 3, 15 to 150 minutes); and the
postprocedural time was 239!23 minutes (quartiles 1 to 3,
135 to 265 minutes; Figure 2B). Urine pH increased significantly in the control group (5.4!0.4 to 6.0!0.6; P#0.001),
whereas it remained unchanged in the RenalGuard group
(5.5!0.6 to 5.5!0.5; P$0.38). The NAC dose was higher in
the control group than in the RenalGuard group (6.0!0.5
versus 4.5!0.9; P#0.001).
Pulmonary edema occurred in 3 patients (2.1%) in the
RenalGuard group versus 1 patient (0.7%) in the control
group (P$0.62). In all instances, pulmonary edema occurred
after the coronary procedure. The characteristics of these 4
patients are shown in Table 3 and Figure 3. Four patients
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Figure 4. Serum electrolytes changes in the RenalGuard group, A, Potassium; B, magnesium; C, sodium. *P!0.05 vs baseline.

(2.7%) in the RenalGuard group experienced pain on micturition caused by the Foley catheter; in 1 patient, it was
necessary to interrupt the RenalGuard therapy prematurely at
2.5 hours after the procedure. Changes in serum electrolytes
in the RenalGuard group are shown in Figure 4. Asymptomatic hypokalemia (serum potassium !3.5 mEq/L) occurred in
12 patients (8.2%) in the control group and 11 patients (7.5%)
in the RenalGuard group (Table 2). Potassium replacement
occurred in 3 patients (2.1%) in the control group and in 6
patients (4.1%) in the RenalGuard group (P"0.50). Hypomagnesemia (serum magnesium !1.7 mg/dL) occurred in 16
patients (11.5%) in the RenalGuard group; none of them,
however, had severe (!1.0 mg/dL) hypomagnesemia. No
patients developed hypernatremia.

Contrast-Induced Acute Kidney Injury
The sCr kinetic in the 2 groups is given in Figure 5. As Figure
6A shows, CI-AKI was lower in the RenalGuard group (11%)
than in the control group (20.5%). Subgroup analysis according to inclusion criteria (ie, eGFR !30 mL ! min#1 ! 1.73
m#2 and risk score "11) showed a similarly lower risk of
adverse events compared with the control group (Figure 6B).
The distribution of different cutoffs of sCr increase at 48
hours is given in Table 4. In the RenalGuard group, 8 of the

16 patients (50%) who developed CI-AKI had a mean urine
flow rate "300 mL/h during the treatment period. Furthermore, 11 of these patients (75%) had a mean urine flow rate
"150 mL/h.
The majority of patients in the 2 groups had a mild (stage
1) AKI (control group, 23 of 30 patients [77%] versus
RenalGuard group, 15 of 16 ]94%[); more severe (stage 2 and
3) damage occurred more often in the control group (7 of 30
patients [23%] versus 1 of 16 patients [6%]; P"0.14). The
rate of in-hospital renal failure requiring dialysis occurred in
6 patients in the control group (4.1%) compared with 1
patient in the RenalGuard group (0.7%; P"0.056; odds ratio,
0.16; 95% confidence interval, 0.02 to 1.13).
Values of sCyC were available for 137 patients in each
group. Values of sCyC increased significantly more in the
control group than in the RenalGuard group (Figure 7). The
distribution of different cutoffs of sCyC increase at 24 and 48
hours is given in Table 4.
Length of in-hospital stay (from admission to discharge)
was similar in the 2 groups (control group, 6.7$6.7 days
versus RenalGuard group, 7.2$7.1 days; P"0.39). On the
contrary, length of in-hospital stay (from admission to discharge) was longer in patients who developed CI-AKI (10$7
versus 6.5$6.7 days; P"0.008). The 1-month major adverse

Figure 5. Serum creatinine concentration at
baseline and 24 and 48 hours after contrast
media administration in the control (continuous
line) and RenalGuard (dashed line) groups.
P"0.008; F"4.97 by repeated measures
ANOVA.
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Figure 6. Incidence of contrast-induced
acute kidney injury (CI-AKI) in the control
and RenalGuard groups. A, All enrolled
patients; B, patients stratified according to
enrollment criteria: estimated glomerular
filtration rate (eGFR) !30 mL ! min"1 ! 1.73
m"2 regardless of the risk score and risk
score "11 alone with eGFR #30
mL ! min"1 ! 1.73 m"2.

event rate was 9.6% (14 of 146) in the control group versus
6.8% (10 of 146) in the RenalGuard group (P!0.52; Table 5).
All 8 patients who needed dialysis within 1 month had
developed CI-AKI. Furthermore, the 1-month death rate was
higher (although not statistically significant) in patients who
developed CI-AKI (3 of 46 [6.5%] versus 9 of 246 [3.6%];
P!0.41).

Discussion
The main results of the REMEDIAL II trial are that the
RenalGuard therapy (hydration with saline and NAC at a high
dose plus a low dose of furosemide controlled by the
RenalGuard system) is superior to the combination of sodium
bicarbonate solution and NAC at a high dose in preventing
CI-AKI in patients with GFR !30 mL ! min"1 ! 1.73 m"2
and/or a risk score "11 and that the majority of patients
(93%) in the RenalGuard group reached the target urine flow
rate "300 mL/h with a limited furosemide dose and without
significant impairment in electrolytes balance.

Prophylactic Strategies for Contrast-Induced
Acute Kidney Injury
The present trial compares 2 different approaches for preventing CI-AKI: controlled forced diuresis and conventional
hydration with sodium bicarbonate solution. In both strategies, a high dose of NAC was also administered. Although
the effectiveness of NAC in preventing CI-AKI is still
controversial, its antioxidant and antiapoptotic properties may
have a clinically appreciable effect in high-risk patients.23–25
Data from the PRINCE study indicate that increasing the
urine flow rate ("150 mL/h) reduces the toxic effect of CM.9
Indeed, a secondary analysis of the PRINCE study demonstrated that no patient with a mean urine flow rate #150 mL/h
developed acute renal failure with the need for dialysis. The
high urine flow rate may reduce the incidence of CI-AKI via
a combination of its known physiological effects,26,27 including a lower concentration of CM in the kidneys, a more rapid

transit of CM through the kidneys, less overall exposure to
toxic CM, a potential reduction of oxygen consumption in the
medulla, and maintenance of flow in the renal tubules and
collecting ducts, which reduces sludging and precipitation of
CM in tubular cells. Preclinical testing in a canine model
supported the ability of matched hydration to blunt the
decrease in renal function after CM exposure.28 However,
concerns regarding both volume overload and high furosemide dose have precluded attempts to confirm this hypothesis in the clinical setting until now. Indeed, previous studies
that included hydration and forced diuresis did not always
show favorable outcomes.11 The major reasons were the lack
of adequate matching between hydration and urine flow29 and
the high diuretic dose used, potentially forcing diuresis too
drastically.30
The RenalGuard System, with its matched fluid replacement capability, enables the physician to achieve high urine
output safely with a low furosemide dose by maintaining the
intravascular volume and minimizing the risk of overhydration or underhydration.13,31 We observed highly accurate,
temporally matched fluid replacement during the treatment
(Figure 2A). In the pilot clinical trial, a 250-mL bolus of
saline, along with the administration of up to 0.5 mg/kg
furosemide, was used to create a high urine rate, and matched
replacement helped maintain high urine output (620$400
mL/h) without the risk of overhydration or underhydration.13
The protective action of the sodium bicarbonate solution in
preventing CI-AKI has not been determined. The higher
amount of HCO3" in the proximal convoluted tubule may
buffer the higher amount of H% as a result of cellular hypoxia
and/or facilitate Na% reabsorption through the electrogenic
Na%/HCO3" cotrasposter.32 In addition, differences in tubuloglomerular feedback activation related to characteristic
intrarenal hormonal environments created by different sodium salt solutions may have a role.33
In the present study, we demonstrated that the approach of
controlled, forced diuresis with RenalGuard therapy is more
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Table 4. Distribution of the Changes in Serum Creatinine and
Cystatin C Levels in the 2 Groups
Control Group
(n"146)

RenalGuard
Group (n"146)

P

0.14#0.46

!0.05#0.32

$0.001

Changes in creatinine at 48 hours
Absolute difference from
baseline, mg/dL
Increase "25%, n (%)

19 (13)

4 (2.7)

Increase "50%, n (%)

11 (7.5)

1 (0.7)

Increase "0.5 mg/dL, n (%)

22 (15)

9 (6)

Changes in cystatin C at 24 h*
Absolute difference from
baseline, mg/dL

0.02#0.32

!0.08#0.26

Increase "0.3 mg/dL, n (%)

21 (15.5)

11 (8.5)

Increase "10%, n (%)

33 (24)

22 (16)

Increase "15%, n (%)

23 (17)

17 (12)

Increase "25%, n (%)

14 (10)

5 (3.5)

0.002

Changes in cystatin C a 48 h*
Absolute difference from
baseline, mg/dL

0.12#0.42

!0.0#0.3

Increase "0.3 mg/dL, n (%)

29 (21)

16 (12)

Increase "10%, n (%)

47 (34)

29 (22)

Increase "15%, n (%)

35 (25.5)

21 (16)

Increase "25%, n (%)

23 (17)

11 (8.5)

0.001

*Serum cystatin C values were available in 137 patients in each group.

effective in preventing CI-AKI in high-risk patients. In the
RenalGuard group, we observed a 53% relative risk reduction
rate compared with the control group. Subgroup analysis
according to inclusion criteria (ie, eGFR !30
mL ! min!1 ! 1.73 m!2 and risk score "11) showed a similarly lower risk of adverse events compared with the controls.
The beneficial effect was also documented by a lower
severity of kidney damage, a lower rate of in-hospital
dialysis, and a smaller increase in sCyC in the RenalGuard
group than in the control group. Cystatin C is a marker of
renal function that is superior to sCr in detecting both chronic
and acute changes in GFR.34,35

Urine Flow Rate and Side Effects
In the RenalGuard group, 8 of the 16 patients (50%) who
developed CI-AKI had a mean urine flow rate "300 mL/h
during the treatment period. Furthermore, 11 of those patients
(75%) had a mean urine flow rate "150 mL/h. These data

Table 5.
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Major Adverse Events at 1 Month in the 2 Groups
Control Group
(n"146), n (%)

RenalGuard Group
(n"146), n (%)

P

14 (9.6)

10 (6.8)

0.52

Death

6 (4.1)

6 (4.1)

1.00

Dialysis

7 (4.8)

1 (0.7)

0.031

Acute pulmonary edema

1 (0.7)

3 (2.1)

0.62

Cumulative major adverse
events

indicate that the beneficial effect may be due to furosemide.
By blocking the Na-K-2Cl transporter in the medullary thick
ascending limb, furosemide reduces outer medullary hypoxia
caused by CM.10 In addition, in this subset of patients,
additional strategies (other than increasing urine flow rate)
should be attributed to RenalGuard therapy in the prevention
of CI-AKI. Plus, the extremely sensitive definition of CI-AKI
used in this trial did not exclude the possibility that there were
non–CM-related causes for the increase in sCr.
The high urine flow rate obtained in the present study may
raise concerns regarding the potential hazards of hypovolemia and impairment in electrolyte balance. However, no
clinically significant changes in electrolyte balance were
documented, and the highly accurate, temporally matched
fluid replacement observed reduced the risk of hypovolemia.
On the contrary, we observed a slightly higher rate of
pulmonary edema in the RenalGuard group. The reported rate
of pulmonary edema in patients treated by saline infusion for
the prevention of CI-AKI ranges from 0% to 11%; the highest
rate has been reported in high-risk patients21 such as those
enrolled in the present trial. We observed a perfect temporally
matched fluid replacement even in the 3 patients who
developed acute pulmonary edema. Interestingly, all patients
experienced clinical signs of pulmonary edema after the
coronary intervention, suggesting a potential role of the volume
of CM. These data support the concept that the suggested
priming volume (250 mL) should be reduced not only in
patients with left ventricular dysfunction and/or unstable
hemodynamic conditions (as we did in the present study) but
also when the expected final volume of CM is higher than
recommended. The larger volume infused in the RenalGuard
group and variations of extracellular or intracellular volume
expansion affected by infusion of the 2 different sodium
solutions could be responsible for this side effect. It has been
demonstrated that short-term infusion of similar volumes of
various sodium solutions (like NaCl or NaHCO3) determines

Figure 7. Serum cystatin C concentration at
baseline and 24 and 48 hours after contrast
media administration in the control (continuous
line) and RenalGuard (dashed line) groups.
P"0.004; F"5.52 by repeated measures
ANOVA.
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a similar degree of extracellular volume expansion.33,36 Experimental studies showed that an equal infusion of chloride
and nonchloride sodium salts resulted in a greater GFR
increase for the chloride- but not for the nonchlorideexpanded animals.33 This is due to inhibition of the tubuloglomerular feedback in the chloride sodium salt group.33

Study Limitations
We performed an open-label study because blinding of both
the patient and the operator was not feasible. The study was
powered on CI-AKI (ie, an increase !0.3 mg/dL of sCr
concentration within 48 hours) but not on hard clinical end
points (namely dialysis and death); this may explain the lack
of differences between groups in respect to hard clinical
outcomes. However, CI-AKI predicts poor clinical outcome
and therefore is accepted as a surrogate marker. In addition,
assessment of sCyC overcomes the limitation of sCr as a
marker of kidney damage. The larger NAC exposure in the
control group might provide an advantage to this group over
the RenalGuard group; this reinforces the better prophylactic
effectiveness of the RenalGuard therapy. However, in the
control group, NAC was administered mostly orally, whereas
in the RenalGuard group, NAC was administered only
intravenously. Because of the limited bioavailability of the
oral form, it may be that the intravenous administration of
NAC is more effective in preventing kidney damage. Finally,
the results of the present study refer to patients with an eGFR
"30 mL ! min!1 ! 1.73 m!2 and/or risk score !11. This
subset represents "30% of all patients with chronic kidney
disease assessed for eligibility during the study period. In this
subgroup of patients, the effectiveness of hemofiltration has
been reported.21 However, the applicability of this approach
to current clinical practice is unclear. Hemofiltration is
expensive and logistically cumbersome, and its effectiveness
compared with other less expensive strategies is not well
established.37

Conclusions
RenalGuard therapy, including hydration with normal saline
plus high doses of NAC in combination with a limited (0.25
mg/kg) dose of furosemide, seems to be an effective
renoprotective strategy for patients at high risk for CIAKI. The preliminary results of the Matched Hydration
Compared to Standard Hydration for Contrast-Induced
Nephrophaty Prevention (MYTHOS) trial support the effectiveness of the RenalGuard system also in patients with
less severe chronic kidney disease (ie, eGFR #60
mL ! min!1 ! 1.73 m!2). Indeed, the rate of CI-AKI was 16%
in the group treated with standard hydration and 5% in the
RenalGuard group.31 Additional studies are warranted to
define the role of RenalGuard therapy in preventing CI-AKI,
taking into account both safety and cost-effectiveness.

Disclosures
None.
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CLINICAL PERSPECTIVE
The use of the RenalGuard System to create high urine output and fluid balancing may be beneficial in preventing
contrast-induced acute kidney injury (CI-AKI). Patients with an estimated glomerular filtration rate !30 mL ! min!1 ! 1.73
m!2 and/or a risk score "11 were randomly assigned to sodium bicarbonate solution and N-acetylcysteine (control group)
or the RenalGuard therapy, ie, hydration with saline and N-acetylcysteine controlled by the RenalGuard System and
furosemide (RenalGuard group). Contrast-induced acute kidney injury (defined as an increase of "0.3 mg/dL in the serum
creatinine concentration at 48 hours after the procedure) occurred in 16 of 146 patients in the RenalGuard group (11%) and
in 30 of 146 patients in the control group (20.5%; P"0.025; odds ratio, 0.47; 95% confidence interval, 0.24 to 0.92). Serum
cystatin C values (P"0.004; F"5.52 by ANOVA model) and the rate of in-hospital dialysis (4.1% versus 0.7%; P"0.056)
were higher in the control group. RenalGuard therapy is superior to sodium bicarbonate and N-acetylcysteine in preventing
contrast-induced acute kidney injury in high-risk patients. The present study supports that concept that increasing the urine
flow rate reduces the toxic effect of contrast media. The RenalGuard system is helpful in guiding the physician in achieving
high urine output ("300 mL/h) while simultaneously balancing urine output and venous fluid infusion to prevent
hypovolemia.
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