DiaGgNosTIC UPDATE
]

Contrast-Induced Nephropathy
(CIN) Consensus Working Panel:
Executive Summary

Peter A. McCullough, MD, MPH, FACC, FACP, FCCP, FAHA,*

Fulvio Stacul, MD," Christoph R. Becker, MD,* Andy Adam, MB, BS?
Norbert Lameire, MD," James A. Tumlin, MD, FACP,7 Charles ]. Davidson,
MD, FACC,” on behalf of the CIN Consensus Working Panel

*William Beaumont Hospital, Royal Oak, MI; TDepartment of Radiology, University of Trieste,
Trieste, Italy; Department of Clinical Radiology, University Hospital Grosshadern, Munich,
Germany; *Department of Radiology, St Thomas’ Hospital, London, UK; "Renal Division,
Department of Medicine, University Hospital, Ghent, Belgium; ISoutheast Renal Research
Institute, Charlotte, NC; *Northwestern Memorial Hospital, Chicago, IL

With the advances made in radiology and cardiology, greater numbers of patients are
expected to undergo exposure to iodinated contrast media in the years to come.
Contrast-induced nephropathy (CIN) accounts for a significant number of cases of
hospital-acquired renal failure, with adverse effects on prognosis and healthcare costs.
The CIN Consensus Working Panel is an international multidisciplinary group convened
to address the challenges of CIN. The group reviewed 865 published papers, chosen for
potential relevance from a comprehensive literature search that identified over 4000
references. The results were used to compile reviews covering the epidemiology and
pathogenesis of CIN, baseline renal function measurement, risk assessment, identifica-
tion of high-risk patients, contrast medium use, and preventive strategies. In this execu-
tive summary, consensus statements and an algorithm for the risk stratification and
management of CIN are presented.
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use of iodinated contrast media, accounting for a significant number of
cases of hospital-acquired renal failure.'* This iatrogenic condition has
an adverse effect on prognosis and adds to healthcare costs. Several factors
contribute to the increasing importance of this subject to radiologists, cardiol-
ogists, and nephrologists. The numbers of imaging and interventional
procedures continue to increase, which inevitably means that more patients

Contrast-induced nephropathy (CIN) is an important complication in the
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Contrast-Induced Nephropathy continued

Table 1

Consensus Statements from the CIN Consensus Working Panel

Consensus Statement 1

CIN is a common and potentially serious complication following the administration of contrast media in patients at risk for acute

renal injury.
Consensus Statement 2

The risk of CIN is elevated and of clinical importance in patients with chronic kidney disease (particularly when diabetes is also
present), recognized by an estimated glomerular filtration rate < 60 mL/min/1.73 m?.

Consensus Statement 3

When serum creatinine or estimated glomerular filtration rate is unavailable, then a survey may be used to identify patients at
higher risk for CIN than the general population.

Consensus Statement 4

In the setting of emergency procedures, where the benefit of very early imaging outweighs the risk of waiting, the procedure can be
performed without knowledge of serum creatinine or eGFR.

Consensus Statement 5

The presence of multiple CIN risk factors in the same patient or high-risk clinical scenarios can create a very high risk (~50%) for
CIN and acute renal failure requiring dialysis (~15%) after contrast exposure.

Consensus Statement 6

In patients at increased risk for CIN undergoing intra-arterial administration of contrast, ionic high osmolality agents pose a
greater risk for CIN than low-osmolality agents. Current evidence suggests that for intra-arterial administration in high-risk
patients with chronic kidney disease, particularly those with diabetes mellitus, nonionic, iso-osmolar contrast is associated

with the lowest risk of CIN.
Consensus Statement 7

Higher contrast volumes (> 100 mL) are associated with higher rates of CIN in patients at risk. However, even small (~30 mL) volumes
of iodinated contrast in very high-risk patients can cause CIN and acute renal failure requiring dialysis, suggesting the absence of a

threshold effect.
Consensus Statement 8

Intra-arterial administration of iodinated contrast appears to pose a greater risk of CIN above that with intravenous administration.

Consensus Statement 9

Adequate intravenous volume expansion with isotonic crystalloid (1.0 mL/kg/h to 1.5 mL/kg/h) for 3 to 12 hours before the
procedure and continued for 6 to 24 hours afterwards can lessen the probability of CIN in patients at risk. The data on oral
fluids as opposed to intravenous volume expansion as a CIN prevention measure are insufficient.

Consensus Statement 10

No adjunctive medical or mechanical treatment has been proven to be efficacious in reducing the risk of CIN. Prophylactic
hemodialysis or hemofiltration have not been validated as effective strategies.

CIN, contrast-induced nephropathy; eGFR, estimated glomerular filtration rate.

will be exposed to intravascular
iodinated contrast media. At the
same time, the incidence and preva-
lence of chronic kidney disease
(CKD), the most important risk fac-
tor for CIN, are increasing world-
wide; approximately 11% of Ameri-
can adults have some degree of CKD.

The CIN Consensus Working Panel
is an international multidisciplinary
group convened to address the chal-
lenges of CIN.! The group systemati-
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cally reviewed the published evidence
on CIN and used these data, together
with expert opinion drawn from clin-
ical practice, to compile a series of
consensus statements (Table 1) and a
management algorithm (Figure 1).

CIN Consensus Working Panel
The Working Panel comprised 2 radi-
ologists, a computed tomography
(CT) expert, 2 cardiologists, and 2
nephrologists practicing in Europe
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and the US.® At the first meeting in
November 2004, the overall scope
and strategy for the project were
agreed upon. At the second meeting
in September 2005, the Working
Panel reviewed and discussed all the
evidence and developed a series of
consensus statements.

Methodology
A systematic search of the literature
was undertaken to identify all
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Figure 1. Algorithm for management of patients receiving iodinated contrast media. *Plans should be made in case
CIN occurs and dialysis is required. TIntravenous volume expansion consisting of intravenous isotonic crystalloid
1 mL/kg/h to 1.5 mL/kg/h for 3 to 12 hours before and 6 to 24 hours after the procedure. *Consider potential ben-
eficial agents, such as theophylline, 3-hydroxy-3 methylglutaryl coenzyme A reductase inhibitors (statins), ascorbic
acid (vitamin C), and prostaglandin E; (not approved for this indication). eGFR, estimated glomerular filtration rate;
CIN, contrast-induced nephropathy; NSAID, nonsteroidal anti-inflammatory drug; Cr, creatinine.
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references relevant to the subject of
CIN, as a result of which 865 poten-
tially relevant papers were identified
and reviewed. The results of the liter-
ature search were used to compile re-
views covering the epidemiology
and pathogenesis of CIN, baseline
renal function measurement, risk as-
sessment, identification of high-risk
patients, contrast medium use, and
preventive strategies.®

Epidemiology of CIN

The reported incidence of CIN varies
widely across the literature, depend-
ing on the patient population and
the baseline risk factors. Moreover, as

with any clinical event, the inci-
dence also varies depending on the
criteria by which it is defined. CIN is
typically defined in the recent litera-
ture as an increase in serum creati-
nine typically occurring within the
first 24 hours after contrast exposure
and peaking up to S days afterwards.
In most instances, the rise in serum
creatinine is expressed either in ab-
solute terms (0.5 mg/dL to 1.0 mg/dL
[44.2 pmol/L to 88.4 pmol/L]) or as a
proportional rise of 25% or 50%
above the baseline value. The
most commonly used definitions in
clinical trials are a rise of 0.5 mg/dL
(44.2 pmol/L) or a 25% increase

from the baseline value, assessed at
48 hours after the procedure. Fewer
studies used the more stringent defi-
nitions of a 1.0 mg/dL (88.4 p.mol/L)
increase or a 50% increase from the
baseline value. Indeed, the review of
CIN definitions in the contemporary
literature suggests that in the past
5 years, there has been a move to-
ward recognizing CIN at lower
threshold levels of serum creatinine,
namely at an absolute increase of
0.5 mg/dL or a rise from baseline of
25%. This shift has probably been
driven by the desire for more end-
point events in clinical trials to in-
crease the likelihood of the results
reaching statistical significance. The
Contrast Media Safety Committee of
the European Society of Urogenital
Radiology (ESUR) defines CIN as
impairment in renal function (an in-
crease in serum creatinine of more
than 25% or 44.2 pumol/L [0.5 mg/dL])
within 3 days after intravascular
administration of contrast medium,
without an alternative etiology.’
Other definitions have been used
for CIN, including decreases in
the glomerular filtration rate (GFR)
or creatinine clearance in addition
to increases in serum creatinine®!°
and increases in blood urea nitrogen
(BUN) of 20% to 50%,!"12 and
any increase in serum creatinine.'
However, defined serum creatinine
changes appear to be the universal
benchmark measure for the occur-
rence of CIN.

CIN Frequency

Large-scale studies in general hospi-
tal patients provide the best indica-
tor of the healthcare impact of CIN.
The frequency of CIN has decreased
over the last decade from a general
incidence of ~15% to ~7% due to a
greater awareness of the problem,
better risk prevention measures, and
improved iodinated contrast media
with less renal toxicity.'* However,
many cases of CIN continue to occur
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Contrast-Induced Nephropathy continued

because of the ever-increasing num-
bers of procedures requiring contrast
medium. Recently, Nash and col-
leagues® found that some degree of
renal insufficiency occurred in 7.2%
of 4622 general hospital patients.
Radiographic contrast media were
the third most common cause of
hospital-acquired renal failure, after
decreased renal perfusion and
nephrotoxic medications, and were
responsible for 11% of cases. The
mortality rate in cases of CIN was

neous signs, Hollenhorst plaques,
eosinophilia, and hypocomple-
mentemia.'”? It may be precipitated
by angiography; warfarin use has
also been reported as a risk factor.
Renal impairment caused by
atheroemboli can be mild and
asymptomatic or life threatening.
The decline in renal function typi-
cally occurs over 3 to 8 weeks, unlike
the pattern seen with CIN,' but the
presentation can also be acute or
hyperacute.?!

The mortality rate in cases of contrast-induced nephropathy was 14%.

14%. The proportion of cases of
hospital-acquired renal failure attrib-
uted to contrast media (11%) was
almost identical to the 12% propor-
tion reported from an earlier series
published in 1979. However, there
was a change in the pattern of proce-
dures associated with CIN in the
later study, with more cases follow-
ing cardiac procedures and fewer
after non-cardiac angiography.

Using a CIN definition of a 25%
rise in serum creatinine, it has been
suggested that the previous fre-
quency of CIN after use of contrast
media in an unselected group of car-
diology patients may be up to
15%.1%1¢ In patients with impaired
renal function at baseline, the risk is
considerably higher. The significance
of renal impairment as a risk marker
is reviewed later in this article.

Differential Diagnosis

Cholesterol embolism can also be a
cause of renal impairment after radi-
ological procedures and may be diffi-
cult to distinguish from CIN.!78
Atheroembolic renal failure charac-
teristically occurs in elderly patients
with cardiovascular disease and risk
factors, and is usually accompanied
by other indicators, such as cuta-
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Increased Mortality Risk

It has been recognized for some time
that the development of acute renal
failure (ARF) after administration of
contrast medium is linked to an
increased risk of death. In a large ret-
rospective study of over 16,000 hos-
pital inpatients undergoing proce-
dures requiring contrast medium, a
total of 183 subjects developed CIN
(defined as a 25% increase in serum
creatinine).??> Although the inci-
dence of CIN in this series was under
2%, the risk of death during hospi-
talization was 34% in subjects who
developed CIN compared with 7% in
matched controls who had received
contrast medium but did not de-
velop CIN. Even after adjusting for
comorbid disease, patients with CIN
had a 5.5-fold increased risk of death
and a clinical course characterized by
complications associated with renal
failure.?” The high risk of in-hospital
death associated with CIN has also
been noted in a retrospective analy-
sis of 7586 patients, 3.3% of whom
developed CIN after exposure to con-
trast medium. The hospital mortality
rate was 22% in the patients who
developed CIN, compared with only
1.4% in patients who did not
develop ARE?* The increased risk of
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death persisted long term, with
significantly higher mortality rates
after development of CIN of 12.1%
at 1 year and 44.6% at 5 years, com-
pared with rates of 3.7% and 14.5%,
respectively, in patients who did not
develop CIN (P < .001).

Another study confirmed the high
mortality in patients who develop
CIN: the hospital mortality rate was
7.1% in CIN patients and 35.7% in
patients who required dialysis. By
2 years, the mortality rate in patients
who required dialysis was 81.2%.'3
In another study of 439 patients
with renal impairment (baseline
serum creatinine = 1.8 mg/dL) un-
dergoing percutaneous coronary in-
tervention (PCI), CIN (defined as an
increase = 25% in serum creatinine)
occurred in 37%.%* In this group, the
hospital mortality rate was 14.9%
compared with 4.9% in patients
without CIN (P = .001). The cumula-
tive 1-year mortality rates were
37.7% and 19.4%, respectively. The
1-year mortality rate was 45.2% for
patients with CIN requiring dialysis
and 35.4% for those with CIN not
requiring dialysis.?* In patients un-
dergoing primary PCI for myocardial
infarction (MI), short- and long-term
mortality rates were also significantly
higher in those who developed CIN:
16.2% in hospital and 23.3% at
1 year for those with CIN, compared
with 1.2% and 3.2%, respectively, for
those without CIN (P < .0001 for
both comparisons).?® Another study
also documented the higher hospital
mortality rate for primary PCI pa-
tients with CIN: the incidence was
31%, compared with 0.6% in those
without CIN (P = .0001).2

CIN Clinical Course and Outcome

CIN is associated with other adverse
outcomes, including late cardiovas-
cular events and increased risk of
death. In one registry series of 5967
PCI patients, the development of
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CIN was associated with an increased
incidence of MI (24% in CIN subjects
vs 11.6% in subjects without CIN;
P < .001) and target vessel revascu-
larization at 1 year (28.8% in CIN
subjects vs 20.3% in subjects without
CIN; P < .008).>” Another large PCI
study from the same group high-
lighted the links between contrast-
induced rises in serum creatinine,
post-procedural increases in creati-
nine kinase MB subfraction (CK-MB),
and the risk of late cardiovascular
events.?® The investigators examined
risk factors for late mortality and car-
diovascular events in a group of 5397
patients and found that a postproce-
dural rise in serum creatinine was a
more powerful predictor of late mor-
tality than CK-MB. Creatinine in-
creases were linked to a 16% rate of
death or MI, rising to 26.3% when
CK-MB levels were also elevated.?®

A higher incidence of in-hospital
events was observed in patients
who developed CIN, regardless of
whether they had previous renal dys-
function. Bypass surgery, bleeding
requiring transfusion, and vascular
complications were all more com-
mon in patients with CIN. At 1 year,
the cumulative rate of major adverse
cardiac events was significantly
higher in patients who had devel-
oped CIN (P < .0001 for patients
with and without chronic kidney
disease).?’ However, others have ob-
served no difference in the rates of
MI and target vessel revasculariza-
tion in patients with CIN.?*

Several reports document an asso-
ciation between the development of
CIN and a protracted hospital stay.
In one series, the postprocedure hos-
pital stay was longer in patients who
developed CIN, regardless of base-
line renal function (6.8 = 7.1 days vs
2.3 = 2.5 days in patients with prior
CKD and 3.6 = 5.1 days vs 1.8 = 2.4
days in patients without CKD).?’ In a
recent study of more than 200

patients undergoing PCI for acute
MI, patients who developed CIN had
a longer hospital stay than those
who did not (13 = 7 days vs 8 = 3
days; P = .001), and had a more com-
plicated clinical course in addition to
a significantly increased risk of
death.”®

Risk of CIN Requiring Dialysis

Although most cases of CIN reflect
mild transient impairment of renal
function, a small proportion of pa-
tients require dialysis. The literature
review conducted by the CIN pre-
vention consensus group suggests
that the need for dialysis after CIN
varies according to the patients’ un-
derlying risks at the time of contrast
administration but is generally less
than 1%.'33%3! Tt was considerably
higher, however, in some older stud-

mortality rate of 4.9% for patients
who did not develop CIN, 14.9% in
patients who developed CIN, and
22.6% in the 31 patients who re-
quired dialysis as a result of CIN.** At
1 year after PCI, the mortality rate in
dialysis patients had risen to 45.2%,
as compared to 35.4% in CIN pa-
tients and 19.4% in patients who did
not develop CIN. In a large study in-
volving 1575 patients with diabetes
who underwent PCI, 66% of subjects
had preserved renal function at base-
line, while 31% had baseline evi-
dence of CKD (baseline serum creati-
nine > 1.5 mg/dL) that did not
require dialysis, and 2.3% had CKD
that did require dialysis.3* After PCI,
CIN developed in 15% of the pa-
tients without CKD and in 27% of
patients with CKD. The PCI proce-
dure led to a de novo need for dial-

At 1 year after percutaneous coronary intervention, the mortality rate in
dialysis patients had risen to 45.2%, as compared to 35.4% in contrast-
induced nephropathy patients and 19.4% in patients who did not develop

contrast-induced nephropathy.

ies with high osmolar contrast
medium (HOCM).3?*? In contempo-
rary studies, CIN requiring dialysis
developed in almost 4% of patients
with underlying renal impairment3*
and 3% of patients undergoing pri-
mary PCI for ML?® Although CIN
requiring dialysis is relatively rare,
the impact on patient prognosis is
considerable. A group of patients
who developed CIN after coronary
intervention had a hospital mortal-
ity rate of 7.1%, whereas patients
with CIN that led to dialysis had a
35.7% hospital mortality rate—and
only 19% of these dialysis patients
survived 2 years." Similar high mor-
tality rates linked with CIN-associated
dialysis were reported in a study of
439 consecutive patients undergoing
PCL.* This study recorded a hospital

ysis in 0.1% of diabetic patients
with normal renal function and in
3.1% of patients with pre-existing
CKD.

Pathophysiology of Contrast-
Induced Renal Injury

The properties of contrast media that
could contribute to possible adverse
effects on the kidneys include direct
chemotoxicity of the molecule (ion-
icity, iodine content), osmotoxicity,
and the possible viscosity-related tox-
icity of the formulation. The panel
concluded that there is insufficient
information to make a definitive
statement about the relative contri-
butions to renal toxicity. However, it
seems clear that the higher osmolal-
ity of the contrast medium and,
hence, the osmotic load delivered to
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the kidneys, appear to play a critical
role in the pathogenesis of CIN.

Effects on Renal Blood Flow

In dogs undergoing selective renal
angiography, there is a transient in-
crease in renal blood flow (lasting
seconds) after contrast medium ad-
ministration followed by sustained
vasoconstriction (lasting minutes to
hours).>® A pronounced decrease in
outer medullary blood flow was ob-
served in animals after contrast
medium injection.*® In humans un-
dergoing intravenous pyelography,
HOCM infusion was associated with
a decrease in renal plasma flow
(determined by para-amino hippuric
acid clearance), with the greatest ef-
fect at 60 minutes and a return to
baseline at 120 minutes. The vaso-
constrictive effects of higher osmolar
agents are greater than those of the
low osmolar contrast medium
(LOCM).3”38 Plasma endothelin, in
correspondence with intrarenal vaso-
constriction, increased within 5 min-
utes of contrast medium administra-
tion and returned to baseline by
30 minutes. Other studies indicate that
nitric oxide availability is reduced.*

Direct Tubular Toxicity

The term osmotic nephrosis has been
used to describe the characteristic
histological picture observed in renal
biopsies from patients with renal im-
pairment after HOCM.*® The main
feature is intense vacuolization of
the cytoplasm of the proximal
tubules, which can be focal or dif-
fuse. Of 211 patients undergoing
renal biopsy within 10 days of renal
arteriography or intravenous pyelog-
raphy, evidence of osmotic nephrosis
was found in 47 cases; it was accom-
panied by tubular atrophy and/or
necrosis in 29 cases.”” Postmortem
examination of the kidneys of 34 in-
fants who had died after cardiac
catheterization with HOCM showed
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evidence of medullary necrosis in 3
and vacuolization of the cytoplasm
of the proximal tubular epithelium
in 4.*! The toxicity was attributed to
osmotic diuresis and renal ischemia.
In addition, there may be precipita-
tion of uric acid and plugging of
renal tubules with Tamm-Horsfall
protein, which add injury to the
organ.*? In patients undergoing se-
lective renal angiography, a transient
increase in glomerular permeability
led to proteinuria in the first few
hours after contrast injection that
resolved within 24 hours. The in-
crease in urinary B,-microglobulin
was attributed to a possible overload
of tubular resorption.*® Other toxic
effects of iodinated contrast include
cellular energy failure, apoptosis, dis-
turbance of calcium, and alterations
in tubular cell polarity.

Oxidative Stress

After renal vasoconstriction and
direct cellular toxicity, oxidative
stress is believed to propagate, if not
to play a major role in, renal injury.
Increased oxidative stress is present
in chronic renal failure and diabetes
mellitus and is an important contrib-
utor to impaired endothelial func-
tion.***” It has been found to medi-
ate age-associated renal cell injury
and cell death, particularly apopto-
sis. Recent studies suggest that
oxygen free radicals contribute to en-
hanced basal vascular tone, tubu-
loglomerular feedback, and impaired
endothelium-dependent relaxation
in the diseased kidney.*” In renal fail-
ure caused by other nephrotoxic
agents, such as cisplatin or gentam-
icin, production of oxygen free radi-
cals is associated with death of tubular
epithelial cells mediated by caspases
and/or endonucleases.*® It is not
surprising therefore that attention
has focused on the potential contri-
bution of oxidative stress to CIN,
although the evidence is limited. An
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increase in the ratio of urinary mal-
ondialdehyde (a marker of oxidative
stress) to creatinine was observed
after contrast medium injection, sug-
gesting increased renal production of
free radicals.*® Increased levels of free
3-nitrotyrosine (a marker of peroxy-
nitrite generation from superoxide)
in patients undergoing cardiac
catheterization indicate that contrast
medium administration may in-
crease oxidative stress. Plasma levels
of this marker increased slightly but
significantly over 72 hours, whereas
urinary levels peaked at the end of
the procedure and were proportional
to contrast medium volume.* Uri-
nary levels of F,-isoprostane, another
marker of oxidative stress, also in-
creased immediately after coronary
angiography in patients with renal
impairment.*®

Renal Retention of Contrast Media
Many investigators have reported on
the association between renal reten-
tion of contrast medium and CIN,>!-%?
and one study indicated that renal
cortical retention at 24 hours (as
determined by CT) had better predic-
tive value for the development of CIN
than the 24-hour creatinine level. A
high incidence of renal cortical reten-
tion and CIN was observed in patients
who either had impaired renal func-
tion or were older than 73 years, or
both. A correlation was observed be-
tween mean cortical attenuation on
CT scan at 22 hours to 26 hours and
levels of BUN and serum creatinine.>
Another study showed that severe
renal cortical retention was associated
with a higher frequency of CIN than
the lesser degrees of retention, but
renal cortical retention was not always
associated with CIN.>

Assessment of Baseline Renal
Function

Renal impairment at baseline (esti-
mated glomerular filtration rate
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[eGFR] < 60 mL/min/1.73 m?) is the
most important risk marker to pre-
dict the risk of CIN in patients
receiving iodinated contrast media.®
Hence, it is important to assess renal
function before administration of
contrast medium to ensure that ap-
propriate steps are taken to reduce
the risk. Serum creatinine alone does
not provide a reliable measure of
renal function, hence the National
Kidney Foundation Kidney Disease
Outcome Quality Initiative (K/DOQI)
recommends that clinicians use an
eGFR calculated from the serum crea-
tinine as an index of renal function
rather than measurement of serum
creatinine alone, and that laborato-
ries supply clinicians with a report of
the eGFR along with the results of
the serum creatinine measurement.%*
Laboratory-reported eGFR may be
easier for patients and physicians to
interpret than serum creatinine
levels.®> The CIN Consensus Work-
ing Panel agreed that eGFR should be
determined prior to contrast admin-
istration. The preferred equation for
the calculation of eGFR in adults is
the abbreviated Modification of Diet
in Renal Disease (MDRD) formula,
which is recommended by K/DOQI
because it is based on a validated
method for measuring GFR (renal
clearance of *’I-iothalamate) and on
the widely used alkaline picrate
method for measuring serum creati-
nine, and it is suitable for assessment
of renal insufficiency. The modified
MDRD equation is:

GFR (in mL/min/1.73 m?)
= 186 X [serum creatinine™
(pmol/L)] X [Age %]
X [0.742 if the patient is female]
X [1.21 if the patient is black]

1.154

The MDRD equation has been
validated extensively in different
patient populations including Cau-
casians, African Americans, patients
with diabetic and non-diabetic

kidney disease, and renal transplant
recipients. When a serum creatinine
measurement or eGFR is not avail-
able, a simple survey or question-
naire can be used before contrast
agent administration to identify pa-
tients at higher risk of CIN than the
general population.®® In emergency
situations, where the benefit of very
early imaging outweighs the risk of
waiting, the CIN Consensus Working
Panel agreed that the procedure can
be done without assessment of renal
function.

Risk Stratification

Overview of Major Risk Markers

The panel preferred the use of the
term “risk marker” to “risk factor”
since many of these indicators are
non-modifiable patient characteris-
tics that are not necessarily directly
causative. The most important ele-
ment of risk stratification is baseline
renal filtration function, which is a

surrogate for reduced nephron mass
and renal parenchymal function. In
general, CKD defined as an eGFR <
60 mL/min/1.73 m? is both neces-
sary and sufficient as a risk marker
for CIN. All the other risk markers do
not meet both of these tenants.

Impaired Renal Function

Virtually every report describing risk
factors for CIN lists abnormal base-
line serum creatinine, low GFR, or
underlying renal disease as risk fac-
tors, and almost every multivariate
analysis has shown that pre-existing
renal impairment is an independent
risk predictor for CIN.®” Figure 2
shows the incidence of CIN accord-
ing to baseline renal function, mod-
eled from published data. The con-
sensus view of the group, after
reviewing the published data, was
that the risk of CIN is increased in pa-
tients with an eGFR < 60 mL/minute
(equivalent to serum creatinine of

Figure 2. The risk of contrast-induced nephropathy (CIN) according to the baseline renal function (estimated
glomerular filtration rate [eGFR] or creatinine clearance in milliliters per minute, as reported) modeled from

published data. The fitted function is a drawn quadratic.
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= 1.3 mg/dL [115 pmol/L] in men
and = 1.0 mg/dL [88.4 pmol/L] in
women) and that special precautions
should be taken in these patients.

Older Age

Increasing age is associated with a
higher prevalence of CIN in many
studies, possibly reflecting the decline
in renal function with age. However,
in some studies, age remains an inde-
pendent predictor in multivariate
analyses.!>?*33%8 Aging is associated
with increased vascular stiffness and a
decline in endothelial function result-
ing in reduced vasodilator responses,
as well as a reduced capacity for vascu-
lar repair with pluripotent stem cells.*’
These factors may increase the risk of
CIN in the elderly patient and reduce
the potential for prompt recovery.

Diabetes Mellitus

Most studies have shown that dia-
betes mellitus is a predictor of CIN,
and it remains significant as an inde-
pendent predictor in most, though
not all, multivariate analyses.!>2%6870
However, it is not clear whether the
risk of CIN is significantly increased
in diabetic patients without renal im-
pairment. In a large study in patients
with normal baseline serum creati-
nine levels, diabetes mellitus was an
independent predictor of CIN (odds
ratio [OR], 1.90; 95% confidence in-
terval [CI], 1.38-2.61).2” Dangas and
colleagues® also showed that dia-
betes mellitus was an independent
risk factor for CIN (OR, 1.55; 95% CI,
1.26-1.91) in patients with normal
renal function (mean baseline eGFR
in CIN patients was 88.0 mL/min/
1.73 m?, and in non-CIN patients it
was 81.1 mL/min/1.73 m?). Among
PCI patients with diabetes mellitus,
impaired renal function was an inde-
pendent predictor of CIN; however,
CIN also developed in 15% of diabetic
patients with preserved renal func-
tion (serum creatinine < 1.5 mg/dL
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or eGFR > 60 mL/min/1.73 m?).>* In
another retrospective analysis, the
presence of diabetes increased the
risk of post-PCI renal failure in pa-
tients with normal or mildly im-
paired renal function (serum creati-
nine < 1.2 mg/dL or 1.2 to 1.9 mg/dL),
but it was not associated with a sig-
nificant additional increase in risk in
patients with more severe renal im-
pairment.?> However, in an older
study, the risk of renal impairment
after contrast administration in pa-
tients with diabetes mellitus without
renal insufficiency was no higher
than in control patients not receiving
contrast.”! Longer duration of dia-
betes and the presence of diabetic
complications have been reported to
increase the risk of CIN.”> A recent
prospective observational study indi-
cated that acute hyperglycemia was a
risk factor, with CIN occurring in
42% of 19 diabetic patients with
acute hyperglycemia compared with

increased risk of CIN, although this
association has been documented
only in patients undergoing car-
diac catheterization.®” Use of
digoxin and diuretics (particularly
furosemide) has been linked to in-
creased CIN risk, but these agents
may be serving as markers for HF
because they have not been shown
to act independently.”*”>

Periprocedural Hemodynamic
Instability

Several large series of PCI patients
have shown an association between
CIN and indicators of hemodynamic
instability, such as periprocedural hy-
potension and use of an intra-aortic
balloon pump (IABP).?”# 1t is not sur-
prising that hypotension increases the
risk of CIN because it increases the
likelihood of renal ischemia and is a
significant risk factor for ARF in
acutely ill patients. The effect of IABP
use on CIN risk is probably complex,

Use of digoxin and diuretics (particularly furosemide) has been linked to
increased CIN risk, but these agents may be serving as markers for heart
failure because they have not been shown to act independently.

1 of 19 patients who were normo-
glycemic at the time of cardiac an-
giography.”> The most appropriate
characterization of diabetes with re-
spect to CIN is that it acts as a risk
multiplier. That is, in the setting of a
reduced eGFR < 60 mL/min, diabetes
amplifies the risk of CIN and compli-
cates the postprocedure management
with respect to glycemic control and
management of other comorbidities.
Conversely, diabetes alone, in the set-
ting of normal renal function, is nei-
ther necessary nor sufficient to result
in CIN.

Heart Failure
Heart failure (HF) has frequently
been shown to be associated with an
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and several potential mechanisms
may contribute, including its signifi-
cance as a marker of hemodynamic in-
stability, as an indicator of procedural
complications, and as a sign of severe
atherosclerotic disease. Use of an IABP
may also dislodge atheroemboli from
aortic lesions, which may compromise
renal function. Finally, other markers
of an increased risk of CIN include a
procedure-related fall in hematocrit’®
and surgical repair of the access site?”
(which could be a surrogate for blood
loss and/or hypotension).

Nephrotoxic Drugs

Alamartine and colleagues’” reported
a trend toward a higher incidence of
CIN (P = .07) in patients receiving
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nephrotoxic drugs (including diuret-
ics, NSAIDs, cyclo-oxygenase-2 in-
hibitors, aminoglycosides, and am-
photericin B). The use of diuretics has
been reported to be associated with
an increased risk, but this risk may
indicate the presence of HF. The
evidence on the use of angiotensin-
converting enzyme (ACE) inhibitors
is conflicting. In patients with pre-
existing renal insufficiency, ACE in-
hibitor use was reported to increase
the risk of CIN, and there was a trend
toward increased risk in patients with
prior ACE inhibitor use who received
fenoldopam (P = .08).”% However,
Dangas and coworkers®* showed that
pre-procedure ACE inhibitor use was
associated with a lower risk of CIN in
patients with chronic renal disease
(OR, 0.61; P = .005). One clinical trial
showed that periprocedural captopril
reduced the risk of CIN compared
with an untreated control group.”
Given the overall long-term benefi-
cial effect of ACE inhibitors and an-
giotensin II receptor antagonists,
many believe these drugs should
remain the foundation of treatment
for CKD and diabetes, irrespective of
contrast administration. In general,
these drugs account for a 10% to
25% rise in baseline serum creati-
nine, and this increase should be
kept in mind when evaluating a
patient before and after contrast ex-
posure. Cis-platinum causes dose-
related and cumulative nephrotoxic-
ity, which is related to tubular
epithelial cell necrosis.®*%* Two cases
of ARF (one irreversible) have been
reported after contrast administration
in patients previously treated with
cis-platinum.>#3

Other Comorbidities

Anemia. It has recently been shown
that a low hematocrit at baseline is a
predictor of CIN in patients under-
going PCL.’® The rate of CIN in the
highest hematocrit quintile (23.3%)

was more than twice the rate in the
lowest quintile (10.3%). Patients
with the lowest eGFR and hematocrit
had the highest rates of CIN. The
threshold hematocrit at which the
risk of CIN increased was < 41.2% in
men and < 34.4% in women. The
pO, of the outer medulla in the kid-
ney is very low during normal func-
tion, and hence the combination of
contrast-induced vasoconstriction
and anemia may decrease oxygen de-
livery enough to cause renal
medullary hypoxia.®® Thus, it is intu-
itive that anemia may play a role in
CIN risk.

Liver disease. One study indicated
that the risk of CIN was particularly
high in patients with the combina-
tion of renal and hepatic impair-
ment.?® However, more recent stud-
ies addressing the role of hepatic
impairment showed that cirrhosis it-
self is not a risk indicator.?”®® One, a
retrospective case-control study
comparing patients with and with-
out hepatic cirrhosis undergoing CT
scans, showed no difference in the
incidence of CIN.¥ Other investiga-
tors showed prospectively that con-
trast medium administration had no
adverse effects on renal function in
patients with cirrhosis.®® Moreover,
no cases of renal failure were attrib-
uted to contrast medium among 60
patients with both cirrhosis and
renal failure.®® The situation may be
different in patients undergoing
transarterial chemoembolization for
liver tumors, in whom severe cirrho-
sis was found to be a risk factor for
CIN.89’90

Additive Risk

The effect of risk factors is additive,
and the likelihood of CIN rises
sharply as the number of risk factors
increases. This additive risk was first
documented by Cochran and col-
leagues in a study of renal angiogra-
phy that showed that the risk of CIN

was 50% in patients with multiple
risk factors.”’ Other researchers have
consistently shown a relationship
between multiple risk factors and an
increased risk of CIN, both in periph-
eral angiography and in PCIL. One
study in patients undergoing angio-
graphy for peripheral arterial disease
documented a 50% risk of CIN when
all 4 independent risk factors were
present.”” In patients undergoing
primary PCI for acute MI, all patients
with 4 or 5 risk factors developed
CIN.?® A similar pattern of additive
risk has been documented for
nephropathy requiring dialysis. The
incidence of CIN requiring dialysis in
patients with the highest risk scores
has been reported to reach 12.6%°%
and 16%,* and another model pre-
dicted a probability of 84% in dia-
betic patients with severe renal im-
pairment.’® The additive nature of
risk has allowed the development of
prognostic scores to facilitate risk pre-
diction in clinical practice.

Review of Main Scoring Schemes

A risk model combines 2 or more
characteristics to help clinicians
make predictions about future health
outcomes. The identification of
major risk markers for CIN and
quantification of the effect of these
baseline and periprocedural charac-
teristics on the likelihood of a CIN
event among patients undergoing
various radiological procedures have
allowed the development of risk
models. All the recently published
models have been originated from
large databases of PCI patients,
with the data usually divided into a
derivation set and a validation
set.!#153068 Hence, they have been
validated retrospectively but not in a
prospective study. Importantly, no
risk models have been developed or
validated in patients receiving intra-
venous contrast medium. Neverthe-
less, it was the consensus view of the
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group that the same pattern of addi-
tive effects of risk factors can be ex-
trapolated to patients undergoing
contrast-enhanced computed to-
mography.

High-Risk Scenarios

Coronary Angiography Followed by
Coronary Artery Bypass Surgery

ARF is a common complication fol-
lowing cardiac surgery, and up to 5%
of patients in a large series may re-
quire renal replacement therapy in
the postoperative period.”*S Angiog-
raphy to assess the coronary
anatomy normally precedes CABG
surgery, which therefore raises the
question of whether exposure to
contrast medium prior to surgery in-
creases the risk of renal failure in the
postoperative period. In a prospec-
tive study of 649 patients undergo-
ing normothermic CABG or valve
surgery, renal dysfunction (= 30% in-
crease in serum creatinine) occurred
in 17% of patients, and 3.2% re-
quired dialysis. Contrast medium
administration within the previous
48 hours was an independent predic-
tor of postoperative renal dysfunc-
tion.’® In a larger multicenter study
in 2222 patients undergoing CABG
with or without valve surgery, 7.7%
experienced renal dysfunction and
1.4% required dialysis after surgery.
The small subset of patients who
had undergone angiography within
24 hours of surgery were at higher
risk of postoperative renal dysfunc-
tion.”” However, contrast administra-
tion within the previous 5 days was
not a significant risk factor for ARF
in patients undergoing complex aor-
tic surgery. There was no significant
association between recent contrast
administration and the occurrence
of postoperative acute renal failure.”®

Liver Disease

A high incidence of ARF that was as-
sociated with the severity of cirrhosis
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has been reported in patients under-
going transarterial chemoemboliza-
tion (TACE) for hepatocellular carci-
noma.® Patients with cirrhosis are at
an increased risk of developing renal
failure and may develop the hepa-
torenal syndrome, which is charac-
terized by impaired renal function in
the absence of specific renal pathol-
ogy. Systemic and splanchnic vasodi-
lation leads to a fall in arterial pres-
sure with a subsequent activation of
compensatory mechanisms leading
to intense renal vasoconstriction.
This process, in turn, causes a de-
crease in renal blood flow and a de-
cline in the GFR.”’ This renal failure
is functional and potentially re-
versible after liver transplantation. In
view of the compromised renal func-
tion in hepatorenal syndrome, it
would be expected that the risk of
nephropathy after contrast medium
administration might be increased,
but no relevant reports could be iden-
tified in the literature. The consensus
view of the panel was that many risk
markers for CIN may be present in
patients with the hepatorenal syn-
drome, and these factors should be
considered in assessing risk. Trans-
jugular intrahepatic portosystemic
shunts (TIPS) are often used in the
management of cirrhosis and hepa-
torenal syndrome, and the procedure
is generally associated with an im-
provement in renal function.'® Spe-
cific data on the effect on renal func-
tion are limited, but one study
showed that TIPS placement im-
proved renal function and reduced
neurohormonal activation in 7 cir-
rhotic patients with type I hepatore-
nal syndrome.'” Transient deteriora-
tion of renal function after TIPS
placement has been reported, with
17% of patients with previously nor-
mal renal function experiencing tem-
porary renal failure in one series.'%?
Radiocontrast image-guided TACE
is typically performed in patients
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with hepatic tumors that are consid-
ered unresectable. In a retrospective
review of 235 patients with hepa-
tocellular carcinoma treated with
TACE (843 treatment sessions), ARF
within 7 days after TACE occurred
in 23.8%, with a risk of 6.6% per
treatment session. Severity of cirrho-
sis (Child-Pugh class B) and number
of sessions were independent risk
factors for acute renal failure. Child-
Pugh class B and diabetes were risk
factors for prolonged renal failure.
It was concluded that ARF appeared
to be related to the dose of contrast
medium and the severity of cirrhosis.
A prospective study by the same
group evaluating serial changes in
renal function also showed that
cirrhosis was a risk factor. In 140
patients undergoing TACE for hepa-
tocellular carcinoma, ARF (= 50%
increase in serum creatinine or
absolute increase = 0.5 mg/dL
[44.2 pmol/L] to above 1.5 mg/dL
[132.6 pmol/L] within 7 days) oc-
curred in 8.6%. Severity of cirrhosis
(Child-Pugh class B), number of
previous TACE sessions, and occur-
rence of severe post-embolization
syndrome were risk factors.” In 24
patients with cirrhosis and hepato-
cellular carcinoma, neither angiog-
raphy (8 patients) nor TACE (16 pa-
tients) had adverse effects on renal
hemodynamics (renal artery pulsatil-
ity index).!® In a series of 180 TACE
procedures in 121 patients, almost
all with hepatocellular carcinoma,
nephropathy occurred after 6% of
procedures. Renal cortical retention
of contrast medium was detected
by CT in 45%.% In a similar study
in 18 patients with high serum
creatinine levels, nephropathy
occurred in 39% and renal cor-
tical retention in 89%, whereas
nephropathy developed in half the
patients with severe renal cortical
retention, compared with none of
those without retention.®® It was
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concluded that renal cortical reten-
tion of contrast medium may be an
early indication of nephropathy after
TACE.

Renal Transplantation

Renal transplant recipients are po-
tentially at increased risk of CIN be-
cause they may have underlying
renal impairment from chronic re-
jection or recurrence of the primary
disease and because they may be re-
ceiving nephrotoxic immunosup-
pressive agents, such as cyclosporine.
The evidence from recent studies,
since the introduction of cy-
closporine for immunosuppression,
is also conflicting with respect to
CIN risk. In a series of 21 transplant
patients with stable renal function
undergoing either intravenous urog-
raphy or arteriography with
ioxaglate, no changes in serum crea-
tinine, GFR, or renal plasma flow
were observed. In addition, there
were no cases of CIN.'™ No adverse
effects of ioxaglate were observed in
the subset treated with cyclosporine
or in those with GFR < 60 mL/min,
indicating that a LOCM can be used
in this population. However, a rela-
tively recent retrospective analysis
suggested that transplant recipients
do have a higher incidence of CIN,
although in this case all patients re-
ceived HOCM.'® A total of 44 trans-
plant recipients, most of whom were
receiving cyclosporine, underwent
intravenous or intra-arterial contrast
studies at various intervals after
transplantation (mean 56.3 months).
The incidence of CIN (= 25% increase
in serum creatinine) was 21.2%. The
incidence was lower in those who re-
ceived intravenous volume expan-
sion (15.3%) compared with those
who received no intravenous fluids
(3 out of 7; 42.8%).!% Another sce-
nario in which a kidney graft may be
exposed to contrast medium is
through cerebral angiography of the

donor to confirm brain death prior
to nephrectomy. However, a study in
211 transplant recipients showed
that there were no differences in
renal function or graft survival be-
tween 132 patients receiving kidneys
exposed to contrast medium and 79
receiving kidneys not exposed to
contrast medium.'%

Peritoneal Dialysis

Preservation of even a small amount
of residual renal function is regarded
as an important goal in patients with
end-stage renal disease maintained
on continuous or intermittent peri-
toneal dialysis.'”” Surprisingly, in a
study of factors affecting loss of renal
function in patients on continuous
peritoneal dialysis, contrast studies
were not significant.'® In a com-
ment on this report, it was noted
that the reason for this is not clear,
bearing in mind the importance of
chronic renal failure as a predictor of
CIN in predialysis patients.'"’

Choice of Contrast Medium

An association between the use of io-
dinated contrast media and renal im-
pairment was first reported at least
50 years ago with iodopyracet, a di-
iodinated pyridine derivative.'%-1!!
This class was soon replaced by tri-
iodinated benzene acid derivatives,
which became the standard water-
soluble contrast agents for intravas-
cular contrast studies. The first of
these were the ionic monomeric
compounds, which were described as
HOCM because they had an osmolal-
ity up to 8 times that of human
plasma. These included diatrizoate,
metrizoate, ioxithalamate, and io-
thalamate. Several approaches were
taken to develop contrast media
with lower osmolality without re-
ducing the iodine content. Osmolal-
ity depends on the number of mole-
cules in a solution that can be
reduced through the production of

non-ionic agents that do not dissoci-
ate in solution and by the produc-
tion of dimeric molecules containing
2 benzoic acid rings. Iohexol,
iopamidol, iopentol, iopromide,
iomeprol, iobitridol, and ioversol are
all nonionic monomers, whereas
ioxaglate is the only ionic dimer
available for clinical use. These com-
pounds are all classified as LOCM.
Nonionic dimers with lower osmo-
lality have been produced: iodixanol
is the only agent in this class avail-
able for intravascular use and is iso-
osmolar to blood at all iodine con-
centrations. Iodixanol is described as
an iso-osmolar contrast medium
(IOCM). It is widely acknowledged
that the osmolality of HOCM is a
major contributor to its adverse ef-
fects and that a reduction in osmo-
lality is desirable. There has been
considerable discussion of the rela-
tive contribution of other properties,
such as viscosity, to clinical toxicity
but there is no clinical evidence to
support an association. The viscos-
ity of contrast media is temperature
dependent and lower at higher
temperatures.

LOCM Versus HOCM

A meta-analysis was undertaken to
compare the relative nephrotoxicity
of HOCM and LOCM. This analysis
included all trials meeting the speci-
fied criteria that were identified by a
search of the literature undertaken in
1991.1" A total of 31 studies com-
paring HOCM and LOCM were iden-
tified, and the pooled data showed
that LOCM is significantly less
nephrotoxic than HOCM (P = .02).
The mean rise in serum creatinine in
24 trials was less with LOCM than
with HOCM, but the pooled effect
size favoring LOCM, —0.058 stan-
dard deviation units (equivalent to a
difference in mean serum creatinine
of 0.2 pmol/L to 6.2 pmol/L [0.002
mg/dL to 0.07 mg/dL] between
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groups), was not significantly differ-
ent from zero. The pooled odds ratio
for the prevalence of CIN events (rise
in serum creatinine of > 44.2 pmol/L
[> 0.5 mg/dL]) in 25 trials was 0.61
(95% (I, 0.48-0.77), indicating a sig-
nificant reduction in risk with
LOCM. Studies published since the
meta-analysis generally support
these findings. The largest study was
the Iohexol Cooperative study,
which was a prospective, random-
ized, double-blind, multicenter trial
comparing iohexol (a non-ionic
LOCM) with sodium-meglumine dia-
trizoate (an ionic HOCM) in 1196
patients undergoing cardiac angiog-
raphy.'’? The overall incidence of
nephrotoxicity, defined as an in-
crease of = 1 mg/dL (88.4 pmol/L) in
serum creatinine at 48 to 72 hours,
was 3.2% in the iohexol group com-
pared with 7.1% in the diatrizoate
group (P = .002). The results were
also analyzed in prespecified sub-
groups according to the presence of
diabetes mellitus and/or renal im-
pairment. The reduction in nephro-
toxicity was almost completely con-
fined to the high-risk groups with
diabetes and renal impairment
(11.8% vs 27%) or renal impairment
alone (4% vs 7.4%).

IOCM Versus LOCM

A pooled analysis has been under-
taken of all patients included in 16
double-blind comparative clinical tri-
als of intra-arterial contrast medium,
in which iodixanol was compared
with LOCM. This analysis included a
total of 2727 patients: 1382 who
received iodixanol and 1345 who
received LOCM (iohexol, iopromide,
iopamidol, or ioxaglate)."® CIN
occurred significantly less often
after iodixanol than after LOCM,
whether it was defined as an in-
crease of 0.5 mg/dL (44.2 pmol/L)
or 1.0 mg/dL (88.4 pmol/L). CIN
was also significantly less frequent
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following iodixanol than after
LOCM in the subgroups of patients
with renal impairment and with
both renal impairment and diabetes
mellitus. An additional systematic
review by Solomon'' also found
iodixanol to have the lowest risk of
contrast nephropathy (OR, 0.262;
P = .0019), compared to all other
contrast agents. A total of 17 prospec-
tive clinical trials (1365 patients) was
included. However, only 2 of these
trials were randomized comparisons
of LOCM and IOCM, and both com-
pared iodixanol and iohexol. The
other data came from the placebo
arms of 13 trials of preventive strate-
gies for CIN (dopamine, N-acetylcys-
teine, theophylline, hemofiltration)
and the LOCM arms of 2 trials com-
paring LOCM and HOCM. The over-
all incidence of CIN was 16.8%; the
incidence was the lowest with iodix-
anol (9.5%) as compared to iopami-
dol (11.3%) and iohexol (21.6%).
There was no statistical difference in
the incidence of CIN between iodix-
anol and iopamidol, whereas the dif-
ference was significant when consid-
ering iodixanol versus iohexol and
iopamidol versus iohexol. These
were not all head-to-head compara-
tive trials, and the data further sup-
port that iodixanol is associated with
the lowest rates of CIN in patients
entered into randomized trials of
contrast media evaluating CIN pre-
vention. Finally, a meta-analysis of
the renal tolerability of another iso-
osmolar contrast medium, iotrolan
280, provides further evidence that
iso-osmolar contrast is associated
with a lower risk of postprocedure
renal impairment.'’® On the basis of
these results, the CIN Consensus
Working Panel concluded that in pa-
tients with CKD and, particularly,
those with diabetes mellitus under-
going angiographic procedures, cur-
rent evidence suggests that non-
ionic, iso-osmolar contrast presents

REVIEWS IN CARDIOVASCULAR MEDICINE

the lowest risk for CIN. This consen-
sus view was incorporated in an al-
gorithm for patient management
that indicates that in patients with
CKD (eGFR < 60 mL/min/1.73 m?),
IOCM should be used when intra-
arterial administration is required.
IOCM or LOCM is appropriate for
patients requiring intravenous ad-
ministration and lower risk scenarios
with iodinated contrast.

Volume of Contrast Medium

Both the volume of contrast medium
and the iodine concentration need to
be considered. Contrast media are
available at a range of different io-
dine concentrations, with 300 mg to
370 mg iodine per mL being most
commonly used. The iodine content
is the determinant of the degree of at-
tenuation and, hence, of the image
enhancement achieved. As more
complex coronary lesions are man-
aged by PCI, the volumes of contrast
medium used for coronary interven-
tions may be high. For CT, with
the introduction of multislice CT
scanners, there is a trend to use
lower volumes of contrast medium
with higher intravenous injection
rates.!'®!7 Doses usually do not ex-
ceed 100 mL for coronary CT angiog-
raphy. However, many patients may
require multiple iodinated contrast
studies, which can further increase
the risk of CIN. Most multivariate
analyses have shown that contrast
volume is an independent predictor
of CIN, both in PCI and peripheral
angiography.?*7® A significant corre-
lation has been observed between
postprocedure serum creatinine in-
crease and/or CIN incidence and con-
trast dose. It has been reported that
CIN is infrequent if the contrast vol-
ume is below 5 mL/kg divided by the
serum creatinine level in mg/dL, and
higher above this threshold. In a
large registry of more than 16,000
PCI procedures, the contrast volume
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adjusted for body weight and renal
function was the strongest predictor
of nephropathy requiring dialysis.>
The odds ratio for the development
of CIN requiring dialysis was 6.2
(95% CI, 3.0-12.8) in patients receiv-
ing more than the “adjusted contrast
volume,” which is defined as:

Adjusted contrast volume
= (5 mL X body weight [kg])/
baseline serum creatinine

Another group adapted this ap-
proach using the ratio of contrast
volume to estimated creatinine clear-
ance at baseline, thus adjusting for
the effects of age and gender. In a
prospective study, CIN occurred in
61% of patients when this ratio was
above 6.0 and 1% when it was below
6.0 (P < .01)."8

was incorporated into an algorithm
for patient management that indi-
cates that a contrast volume of less
than 100 mL is preferable in patients
with an eGFR < 60 mL/min/1.73 m?.

Route of Administration

A number of studies have provided
circumstantial evidence that the risk
of CIN may be higher after intra-
arterial administration than after in-
travenous injection. In 478 patients
studied in clinical trials comparing
ioxaglate, iohexol, and iopamidol,
arterial administration was associ-
ated with a greater increase in serum
creatinine than peripheral venous
administration (P = .08).!* The CIN
Consensus Working Panel recog-
nized that there is modest evidence
to support a higher risk of CIN after

In patients at risk, the use of volumes of contrast medium above 100 mL is
associated with a higher rate of contrast-induced nephropathy.

Even small volumes of contrast
medium can have adverse effects on
renal function in patients at particu-
larly high risk. A 26% incidence of
CIN was reported in patients with di-
abetes and chronic renal failure
(mean serum creatinine 5.9 mg/dL
[521.6 pmol/L]) who were receiving
less than 30 mL."" Nevertheless,
those who developed CIN received
significantly more contrast medium
that those who did not (30 mL vs
20 mL; P = .004). After reviewing the
evidence, the CIN Consensus Work-
ing Panel concluded that, in patients
at risk, the use of volumes of contrast
medium above 100 mL is associated
with a higher rate of CIN. The panel
also concluded that there may not be
a threshold volume below which
CIN does not occur, since even small
(~30 mL) volumes of iodinated con-
trast can cause CIN in patients at
very high risk. This consensus view

intra-arterial administration com-
pared with intravenous administra-
tion, with the pathophysiological
basis being that the greater contrast
load (concentration) reaching the
kidneys occurs when the contrast
medium is injected directly into the
renal arteries or abdominal aorta.
The amount reaching the kidneys is
lower after injections into the coro-
naries and aortic arch because some
enters the branches of the aorta, and
it is even lower after injection below
the origin of the renal arteries be-
cause it recirculates to the heart be-
fore reaching the kidneys. Similarly,
contrast medium injected intra-
venously mixes with the rest of the
venous return to a greater or lesser
extent before reaching the kidneys.

Staged Procedures
Situations commonly occur in clini-
cal practice in which further admin-

istration of contrast medium is re-
quired for diagnostic or therapeutic
reasons soon after the index proce-
dure. The most common example is
the case of a patient who undergoes
diagnostic coronary angiography at a
peripheral hospital and is then re-
ferred for angioplasty at another hos-
pital. Several analyses of risk factors
indicate that repeat contrast admin-
istration is a risk factor for CIN.'?0-122
One study identified contrast
medium administration in the previ-
ous 72 hours as an independent risk
factor for CIN.°! A study of serial
serum creatinine levels over time
showed that renal impairment may
persist for at least 10 days after con-
trast injection and that baseline
renal function is a major determi-
nant of the duration of creatinine el-
evation.'” This fits with observa-
tions that the recovery phase after
ischemic acute renal failure—
characterized by redifferentiation
and repolarization of tubular cells
and recovery of GFR—typically be-
gins about 8 days after the ischemic
insult.'** Recognizing that clinicians
need practical guidance, the CIN
Consensus Working Panel therefore
recommended that, when possible,
2 weeks be allowed between proce-
dures, since this duration corre-
sponds to the expected recovery time
for the kidney after an acute insult.
The panel also recommended that
the serum creatinine level be mea-
sured again prior to further contrast
administration.

Preventive Measures

Volume Expansion

Volume expansion has a well-estab-
lished role in reducing the risk of
CIN, although few studies address
this theme directly. Many patients
described in early case reports of CIN
were dehydrated.”>!%5-1%? [ntravascu-
lar volume expansion may increase
renal blood flow, reduce intrarenal
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vasoconstriction, reduce the dwell
time of contrast within the kidney,
improve tubular flow of uric acid and
cast material, and exert a variety of
favorable neurohormonal effects
that reduce the rate of CIN in
patients. A trial by Mueller and
colleagues'*® randomized 1620 pa-
tients to receive either 0.9% saline or
0.45% saline, 1 mL/kg/h for 24 hours
beginning early on the day of angio-
plasty. The incidence of CIN (in-
crease in serum creatinine of at least
0.5 mg/dL [44.2 pmol/L] within 48
hours) was significantly lower with
0.9% saline than with 0.45% saline
(0.7% vs 2%; P = .04). In another
randomized trial of 119 patients,
intravenous sodium bicarbonate was
compared with sodium chloride
(154 mEq/L of each; 3 mL/kg/h for
1 hour before and 1 mL/kg/h for
6 hours after the procedure).’®! The
risk of CIN (increase of = 25% in
serum creatinine within 48 hours)
was significantly lower in the group
receiving bicarbonate: 1.7% versus
13.6% (P = .02). It has been specu-
lated that alkalinizing the urine re-
duces the nephrotoxicity of iodi-
nated contrast media by changing
the redox potential or by decreasing
the viscosity of the agents within the
vasa recta.

A prospective randomized study
showed that intravenous volume ex-
pansion (at least 2000 mL saline over
12 hours before and after contrast
exposure) was more effective than a
300 mL-saline bolus during contrast
administration as shown by the sig-
nificantly (P < .05) lower decline in
GFR. The incidence of CIN was also
lower.” Another randomized trial
showed a trend to a lower incidence
of CIN with overnight volume ex-
pansion rather than bolus fluid.!?
Overnight intravenous volume ex-
pansion is not possible for outpa-
tients, and several investigators have
evaluated the role of oral regimens.
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One study showed that an outpa-
tient protocol including oral fluids
(1000 mL clear liquid over 10 hours)
followed by 6 hours of intravenous
fluids (0.45% saline solution at
300 mL/h) beginning just before the
procedure was as effective as
overnight intravenous volume ex-
pansion (0.45% saline solution at
75 mL/h for 12 hours pre- and post-
catheterization).!3* However, in this
trial, the oral regimen was compared
with 0.45% saline, which may be less
effective than normal saline. A ran-
domized trial in 53 patients showed
that the incidence and severity of
CIN was lower in patients who re-
ceived intravenous normal saline at
a rate of 1 mL/kg/h for 12 hours be-
fore the procedure than in patients
who received unrestricted oral flu-
ids.’** The CIN Consensus Working
Panel agreed that oral fluids may
have some benefit; the reference
standard should be intravenous vol-
ume expansion with an isotonic
crystalloid solution. A reasonable
protocol to reduce the risk of CIN is
1 to 1.5 mL/kg/h of intravenous iso-
tonic crystalloid initiated 12 hours
before the procedure and continued
for 6 hours to 24 hours afterwards—
a regimen that is achievable in hos-
pitalized patients. Outpatients, in
whom this regimen is impractical,
should receive intravenous crystal-
loid for up to 3 hours before the pro-
cedure and for up to 12 hours after-
wards, depending on the timing of
the procedure and the expected
discharge time.

Hemofiltration

Although hemodialysis is effective in
removing iodinated contrast from
the body, once iodinate contrast
passes through the kidney, the CIN
process has started and hemodialysis
directly after contrast exposure has
no impact on outcomes. However,
hemofiltration for hours before and
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then immediately after contrast ex-
posure has been a promising ap-
proach in patients with severe CKD.
One study in 114 subjects showed
that in patients with severe chronic
renal impairment (serum creatinine
> 2 mg/dL [> 176.8 pmol/L]), con-
tinuous venovenous hemofiltration
(1000 mL/h without weight loss)
was more effective than intravenous
volume expansion in reducing the
risk of CIN (normal saline was
1 mL/kg/h)."*> Hemofiltration and
intravenous volume expansion were
both started 4 to 8 hours before PCI
and continued for 18 to 24 hours
afterwards. It is important to note
that CIN was defined in this study as
a > 25% increase in serum creati-
nine; this outcome occurred less fre-
quently in the group receiving he-
mofiltration than in the group
treated with intravenous volume ex-
pansion (5% vs 50%, P < .001). How-
ever, since the intervention of he-
mofiltration itself affected the
primary endpoint for the study, it
cannot be determined whether there
was a beneficial effect of hemofiltra-
tion. Although the in-hospital and
1-year mortality rates were signifi-
cantly lower in the patients who un-
derwent hemofiltration, the flawed
nature of the trial design does not
allow for definitive conclusions re-
garding this technique.'®® The CIN
Consensus Working Panel concluded
that hemofiltration deserves further
investigation using endpoints unaf-
fected by the experimental interven-
tion, but the high cost and need for
ICU admission also will limit the
utility of this prophylactic approach.

Pharmacological Agents

The CIN Consensus Working Panel
reviewed published reports describ-
ing various pharmacological agents
evaluated for reduction in the risk of
CIN. Many of the trials have given
negative or conflicting results, and
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there are no drugs with robust and
consistent trial evidence to support
clinical use in patients at risk of CIN.
The majority of clinical trials of po-
tentially protective agents have been
undertaken in patients receiving
intra-arterial contrast medium—PCI
in most cases—and there are very
few trials in patients receiving intra-
venous contrast media. Moreover, no
drugs for prevention of CIN are ap-
proved by regulatory authorities any-
where in the world.

For most of the pharmacological
agents that have been evaluated for
reduction in the risk of CIN, the ra-
tionale for use has been based on
current understanding of the patho-
genesis of CIN. Thus, 3 main groups
have been assessed: vasodilators,
antagonists of intrarenal mediators,
and cytoprotective agents.

After reviewing the evidence, the
CIN Consensus Working Panel divided
the drugs that have been evaluated
in patients at risk of CIN into 3 cat-
egories (Table 2):

e Positive results: Potentially bene-
ficial agents that need further
evaluation but could be consid-
ered for use in patients at risk

e Neutral results: Agents that have
not been shown to be consis-
tently effective in reducing the
risk of CIN

* Negative results: Potentially
detrimental agents
Positive results. Theophylline/

Aminophylline. Because adenosine is
an intrarenal vasoconstrictor and a
mediator of the tubuloglomerular
feedback mechanism, it was logical
to evaluate adenosine antagonists for
risk reduction in CIN. Eleven studies
were identified evaluating adenosine
antagonists in patients at risk of CIN.
Of the 9 randomized controlled trials
(8 with theophylline, 1 with amino-
phylline), 3 showed a reduction in
the rate of CIN.!3¢!* Various oral
and intravenous dosage regimens

Table 2
Pharmacologic Agents Evaluated
for Contrast-Induced
Nephropathy Risk Reduction

Positive results (Potentially beneficial)
Theophylline/Aminophylline
Statins
Ascorbic acid
Prostaglandin E,

Neutral results (No consistent effect)
N-acetylcysteine
Fenoldopam
Dopamine
Calcium channel blockers

Amlodipine
Felodipine
Nifedipine
Nitrendipine
Atrial natriuretic peptide
L-Arginine

Negative results (Potentially
detrimental)

Furosemide

Mannitol

Endothelin receptor antagonist

have been evaluated; a single intra-
venous dose before the procedure is a
convenient option.

A meta-analysis of 7 trials (480
patients) showed that the adminis-
tration of theophylline or amino-
phylline had a statistically signifi-
cant effect on the decline in renal
function following contrast medium
administration.'*® The CIN Consen-
sus Working Panel considered that
these results were sufficiently posi-
tive for clinicians to consider the
prophylactic use of theophylline in
patients at high risk of CIN, al-
though further studies are required
for validation.

Statins. It has been suggested that
hydroxymethylglutaryl-CoA in-
hibitors (statins) may reduce the risk
of CIN because they have beneficial
effects on endothelial function,
maintain nitric oxide production,
and reduce oxidative stress.!*¢147 A

retrospective review of 1002 patients
with renal impairment (baseline
serum creatinine = 1.5 mg/dL
[= 132.6 pmol/L]) undergoing coro-
nary angiography suggested that the
risk of CIN was lower in patients in
whom a statin was initiated just be-
fore the procedure. The results of a
large PCI registry study published
after the literature search for this re-
view also support this conclusion;
the CIN Consensus Working Panel
considered that these findings were
of such importance for clinicians
that this report should be included.
Records of 29,409 patients were re-
viewed and the results showed that
patients who were receiving statin
therapy before the procedure had a
lower incidence of both CIN and
nephropathy requiring dialysis than
patients not receiving statin therapy.
The incidence of CIN, defined as an
increase in serum creatinine of
= 0.5 mg/dL (= 44.2 pmol/L), was
4.37% in the statin group and 5.93%
in the non-statin group (P < .0001);
the incidence of nephropathy requir-
ing dialysis was 0.32% and 0.49%,
respectively (P = .03).!*® These data
reinforce the rationale for the intro-
duction of statin therapy before PCI.
However, there is not enough evi-
dence to support the use of statins in
radiology patients in whom these
drugs are not otherwise indicated.
Ascorbic acid. In view of the possi-
ble role of oxidative stress and free
radical production in CIN, ascorbic
acid was assessed because it is a
widely available and well-tolerated
antioxidant with an extensive safety
record as a dietary supplement. In
a double-blind, placebo-controlled
trial in 231 patients undergoing car-
diac catheterization, the incidence of
CIN was significantly lower in pa-
tients receiving ascorbic acid.'*
Prostaglandin E,. Since renal vaso-
constriction is believed to con-
tribute to the pathogenesis of CIN,

VOL. 7 NO. 4 2006 REVIEWS IN CARDIOVASCULAR MEDICINE 191



Contrast-Induced Nephropathy continued

preliminary studies have been under-
taken with vasodilator prostaglandins.
One study showed that misoprostol
attenuated the decline in creatinine
clearance after radiological proce-
dures,® and another showed that
the increase in serum creatinine
was reduced in patients receiving
prostaglandin E,.!51/152

Neutral. N-acetylcysteine. The pos-
sible role of reactive oxygen radicals
in the pathogenesis of CIN led to the
evaluation of the antioxidant N-
acetylcysteine (NAC). Twenty-six tri-
als and 9 published meta-analyses
were identified, all documenting the
significant heterogeneity between
studies.®1031,50.153-184 A standard oral
regimen of 600 mg twice daily for
24 hours the day before and the day
of the procedure has been evaluated
in many studies, compared with a
placebo group or an untreated con-
trol group. However, a number of
different dosing regimens have also
been evaluated. Briguori and col-
leagues'® compared the standard
oral dose (600 mg twice daily) with a
double dose of NAC (1200 mg twice
daily). CIN, defined as an increase in
the serum creatinine of = 0.5 mg/dL
(= 44.2 pmol/L) at 48 hours, oc-
curred in 3.5% of the double-dose
group, compared with 11% in the
single-dose group (P = .038). The dif-
ference was significant in patients re-
ceiving higher volumes of contrast
medium but not in the subgroup re-
ceiving less than 140 mL of contrast
medium.'® A beneficial effect on
creatinine clearance was observed
with 1-g doses in patients with mild
renal impairment undergoing coro-
nary angiography. However, in other
studies, 1200-mg or 1500-mg doses
were not effective.!”®

The largest NAC trial, in which
500 mg NAC was given intra-
venously immediately before the
procedure, was terminated early for
futility after the randomization of
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487 patients. The primary endpoint,
defined as a fall in creatinine clear-
ance from baseline of at least
5 mL/min, occurred in 23.3% in the
NAC group and 20.7% in the placebo
group (P = .57).1°

The published meta-analyses in-
clude different numbers of trials, be-
tween 5 and 20, depending on the
inclusion criteria adopted and the
date on which they were under-
taken.37718 Some included trials
that were published only as abstracts
or were unpublished, whereas others
were confined to trials published in
the peer-reviewed literature. All the
meta-analyses highlight the hetero-
geneity in NAC trials that is gener-
ally unexplained and limits the con-
clusions that can be drawn. Some
analyses include Begg plots indicat-
ing that there may be a publication
bias, with smaller negative trials
under-represented. A recent study
has suggested that the apparent ben-
efit of NAC observed in some trials
may be a consequence of an effect
on serum creatinine levels that does
not reflect a real improvement in
GFR. In normal volunteers not re-
ceiving contrast medium, NAC treat-
ment was associated with a decrease
in serum creatinine levels and an in-
crease in the eGFR calculated from
the serum creatinine, but it had no
effect on serum levels of cystatin C, a
better marker of GFR. It is possible
that NAC causes a decrease in serum
creatinine through other mecha-
nisms such as renal tubular secretion
or increased muscle metabolism.!8

Fenoldopam/Dopamine. The hy-
pothesis that dopamine might re-
duce the risk of CIN by causing renal
vasodilation and increasing renal
blood flow led to its clinical evalua-
tion. A prospective, randomized,
double-blind trial showed that low-
dose dopamine (2 pg/kg/min) in ad-
dition to intravenous 0.45% saline
was no more effective than adequate
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volume expansion in reducing the
risk of CIN in patients with mild or
moderate renal impairment.'®® In pa-
tients with peripheral vascular dis-
ease, the increase in serum creatinine
was greater in patients receiving
dopamine, suggesting a deleterious
effect in this subgroup.

Fenoldopam is a selective agonist
acting at dopamine A, receptors that
might in theory selectively increase
the blood flow to the renal medulla.
However, 2 prospective randomized
trials gave negative results.’> In the
first trial, patients were randomized
to saline alone or to fenoldopam
(0.1 pg/kg/min for 4 hours before
and after the procedure); a third arm
was treated with N-acetylcysteine.
The incidence of CIN was similar in
fenoldopam (15.7%) and control
(15.3%) groups, and there was no
benefit over volume expansion
alone. A second larger trial also con-
firmed the lack of benefit with
fenoldopam. In this double-blind
trial, 315 patients, all hydrated with
0.45% saline, were randomized to
fenoldopam (0.05 pg/kg/min titrated
to 0.1 pg/kg/min) or placebo starting
1 hour before the procedure and con-
tinuing for 12 hours afterwards.
There was no significant difference in
the incidence of CIN in the 2 groups
(fenoldopam 33.6%, placebo 30.1%)
or in the rates of dialysis, rehospital-
ization, or death at 30 days.'®’

Calcium channel blockers. Calcium
channel blockers have been evalu-
ated for reduction in the risk of CIN
because of their vasodilator proper-
ties. Various dihydropyridine cal-
cium antagonists have been evalu-
ated for CIN prophylaxis with no
consistent evidence of benefit.
Nifedipine,'®¥1° nitrendipine,'!!*?
felodipine,'” and amlodipine!®®
have all been tested in small studies
of patients at risk of CIN, and none
have proved beneficial in reducing
rates of CIN.
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Atrial natriuretic peptide. Atrial na-
triuretic peptide (ANP) has multiple
effects on the kidney and has been
shown to be beneficial in animal
models of CIN."® One study showed
no significant difference in the inci-
dence of ARF following contrast
medium administration between pa-
tients receiving ANP (50 pg bolus,
followed by an infusion of 1 (g/min)
or mannitol (15%, 100 mL/h) for
2 hours before and during cardiac
catheterization. Renal blood flow
was maintained in both groups.'®®
In a subsequent double-blind,
placebo-controlled trial, the inci-
dence of CIN was not reduced by
ANP at any of 3 doses (0.01
pg/kg/min, 0.05 pg/kg/min, and 0.1
prg/kg/min for 30 minutes before
and 30 minutes after the procedure)
compared with placebo.'”” A small
hemodynamic study suggested that
the use of ANP and other vasodilator
agents was associated with an in-
creased risk of CIN in diabetic pa-
tients but might be protective in
nondiabetic patients.!

L-arginine. Theoretically, L-arginine
might be renoprotective because it is
a substrate for nitric oxide synthesis.
However, a single injection of

L-arginine (300 mg/kg) administered
immediately before coronary angiog-
raphy did not prevent a decrease in
creatinine clearance at 48 hours in
patients with mild to moderate renal
failure in a randomized, double-
blind, placebo-controlled trial.'*®
Negative results. Furosemide. In
general, studies have not found
furosemide to be beneficial because
of its effects on reducing intravascu-
lar volume and reducing renal blood
flow. Although forced diuresis to re-
duce the renal transit time of iodi-
nated contrast is an attractive hy-
pothesis, testing in a trial that
included intravenous crystalloid,
mannitol, furosemide, and low-dose
dopamine showed no effect on the
overall incidence of CIN.?
Mannitol. Randomized prospec-
tive trials provide no evidence to
support a benefit from mannitol in
patients at risk of CIN. In one trial,
mannitol (25 g just before the pro-
cedure) plus saline was less effective
than 0.45% saline alone in prevent-
ing acute decreases in renal func-
tion after cardiac angiography.?”! A
forced diuresis regimen including
intravenous crystalloid, mannitol,
furosemide, and low-dose dopamine

had no effect on the overall inci-
dence of CIN. The trial design
allowed for the effects of mannitol
to be evaluated independently, and
the results showed that mannitol
provided no additive benefit.?%

Dual endothelin receptor antagonist.
A nonselective dual endothelin A
and B receptor antagonist was shown
to have a detrimental effect and to
exacerbate CIN. The incidence of
CIN was 56% in the patients receiv-
ing the endothelin receptor antago-
nist compared with 29% in the con-
trol group (P = .002).20

Conclusion

Ten consensus statements and an
accompanying algorithm have
been developed; these can be used
to guide the management of pa-
tients receiving iodinated contrast
medium. This consensus program is
important as it is the first attempt to
systematically review all relevant in-
formation on CIN, a common and
serious problem. It integrates the
viewpoints of cardiologists, nephrol-
ogists, and radiologists. Guidelines
and quality programs can be devel-
oped from this base of work in the
future. [ |

Main Points

e Contrast-induced nephropathy (CIN) is an important complication of the use of iodinated contrast media that
accounts for a significant number of cases of hospital-acquired renal failure.

e Patients with CIN had a 5.5-fold increased risk of death and a clinical course characterized by complications associ-

ated with renal failure.

e The preferred equation for the calculation of estimated glomerular filtration rate in adults is the abbreviated Modifi-
cation of Diet in Renal Disease formula.

e High-risk scenarios for developing CIN include coronary angiography followed by coronary artery bypass surgery, liver
disease, renal transplantation, and peritoneal dialysis.

e There is modest evidence to support a higher risk of CIN after intra-arterial administration compared with intravenous

administration.

e [so-osmolar iodixanol is the contrast media of choice when the risk of CIN exceeds 5% (high-risk scenario).

e Agents that could potentially reduce the risk of CIN include theophylline/aminophylline, statins, ascorbic acid, and

prostaglandin E,.

VOL. 7 NO. 4 2006 REVIEWS IN CARDIOVASCULAR MEDICINE 193



Contrast-Induced Nephropathy continued

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

194 VOL. 7 NO. 4 2006

McCullough P, Stacul F, Davidson C, et al.
Overview. Am ] Cardiol. 2006;98(6 suppl 1):2-4.
McCullough PA, Soman SS. Contrast-induced
nephropathy. Crit Care Clin. 2005;21:261-280.
Gleeson TG, Bulugahapitiya S. Contrast-
induced nephropathy. AJR Am ] Roentgenol.
2004;183:1673-1689.

Nash K, Hafeez A, Hou S. Hospital-acquired
renal insufficiency. Am ] Kidney Dis. 2002;
39:930-936.

McCullough PA, Adam A, Becker C, et al. Epi-
demiology and prognostic implications of
contrast-induced nephropathy. Am ] Cardiol.
2006;98(6 suppl 1):5-13.

CIN Consensus Working Panel. Contrast-
induced nephropathy: clinical insights and
practical guidance. Am ] Cardiol. 2006;98
(6 suppl 1):1-78.

Thomsen HS, Morcos SK. Contrast media and
the kidney: European Society of Urogenital
Radiology (ESUR) guidelines. Br ] Radiol.
2003;76:513-518.

Fung JW, Szeto CC, Chan WW, et al. Effect of
N-acetylcysteine for prevention of contrast
nephropathy in patients with moderate to se-
vere renal insufficiency: a randomized trial. Am
J Kidney Dis. 2004;43:801-808.

Bader BD, Berger ED, Heede MB, et al. What is
the best hydration regimen to prevent contrast
media-induced nephrotoxicity? Clin Nephrol.
2004;62:1-7.

Webb JG, Pate GE, Humphries KH, et al. A
randomized controlled trial of intravenous N-
acetylcysteine for the prevention of contrast-
induced nephropathy after cardiac catheteriza-
tion: lack of effect. Am Heart ]. 2004;148:
422-429.

Kerstein MD, Puyau FA. Value of periangiogra-
phy hydration. Surgery. 1984;96:919-922.
Eisenberg RL, Bank WO, Hedgock MW. Renal
failure after major angiography can be avoided
with hydration. AJR Am ] Roentgenol. 1981;
136:859-861.

Campbell DR, Flemming BK, Mason WF, et al.
A comparative study of the nephrotoxicity of
iohexol, iopamidol and ioxaglate in peripheral
angiography. Can Assoc Radiol ]. 1990;41:133-
137.

Bartholomew BA, Harjai KJ, Dukkipati S, et al.
Impact of nephropathy after percutaneous
coronary intervention and a method for risk
stratification. Am J Cardiol. 2004;93:1515-1519.
McCullough PA, Wolyn R, Rocher LL, et al.
Acute renal failure after coronary intervention:
incidence, risk factors, and relationship to mor-
tality. Am J Med. 1997;103:368-375.

Iakovou I, Dangas G, Mehran R, et al. Impact of
gender on the incidence and outcome of
contrast-induced nephropathy after percuta-
neous coronary intervention. J Invasive Cardiol.
2003;15:18-22.

Bonser RS, Buckels JAC, Woodward DAK,
Bullen BR. Athero-embolic renal failure after
transfemoral aortography: a case report. Vasc
Surg. 1985;19:439-442.

Vassalotti JA, Delgado FA, Whelton A.
Atheroembolic renal disease. Am | Ther. 1996;3:
544-549.

Thadhani RI, Camargo CA, Jr, Xavier RJ, et al.
Atheroembolic renal failure after invasive
procedures. Natural history based on 52

20.

21.

22.

23.

24.

23.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

histologically proven cases. Medicine (Baltimore).
1995;74:350-358.

Saklayen MG, Gupta S, Suryaprasad A, Azmeh
W. Incidence of atheroembolic renal failure
after coronary angiography. A prospective
study. Angiology. 1997;48:609-613.

Hauben M, Norwich J, Shapiro E, et al. Multiple
cholesterol emboli syndrome—six cases identi-
fied through the spontaneous reporting sys-
tem. Angiology. 1995;46:779-784.

Levy EM, Viscoli CM, Horwitz RI. The effect of
acute renal failure on mortality. A cohort analy-
sis. JAMA. 1996;275:1489-1494.

Rihal CS, Textor SC, Grill DE, et al. Incidence
and prognostic importance of acute renal fail-
ure after percutaneous coronary intervention.
Circulation. 2002;105:2259-2264.

Gruberg L, Mintz GS, Mehran R, et al. The prog-
nostic implications of further renal function
deterioration within 48 h of interventional
coronary procedures in patients with pre-
existent chronic renal insufficiency. ] Am Coll
Cardiol. 2000;36:1542-1548.

Sadeghi HM, Stone GW, Grines CL, et al. Im-
pact of renal insufficiency in patients undergo-
ing primary angioplasty for acute myocardial
infarction. Circulation. 2003;108:2769-2775.
Marenzi G, Lauri G, Assanelli E, et al. Contrast-
induced nephropathy in patients undergoing
primary angioplasty for acute myocardial in-
farction. ] Am Coll Cardiol. 2004;44:1780-1785.
Lindsay J, Apple S, Pinnow EE, et al. Percuta-
neous  coronary intervention-associated
nephropathy foreshadows increased risk of late
adverse events in patients with normal baseline
serum creatinine. Catheter Cardiovasc Interv.
2003;59:338-343.

Lindsay J, Canos DA, Apple S, et al. Causes of
acute renal dysfunction after percutaneous
coronary intervention and comparison of late
mortality rates with postprocedure rise of crea-
tine kinase-MB versus rise of serum creatinine.
Am J Cardiol. 2004;94:786-789.

Dangas G, lakovou I, Nikolsky E, et al.
Contrast-induced nephropathy after percuta-
neous coronary interventions in relation to
chronic kidney disease and hemodynamic
variables. Am ] Cardiol. 2005;95:13-19.
Freeman RV, O’Donnell M, Share D, et al.
Nephropathy requiring dialysis after percuta-
neous coronary intervention and the critical
role of an adjusted contrast dose. Am ] Cardiol.
2002;90:1068-1073.

Birck R, Krzossok S, Markowetz F, et al. Acetyl-
cysteine for prevention of contrast nephropa-
thy: meta-analysis. Lancet. 2003;362:598-603.
Martin-Paredero V, Dixon SM, Baker JD, et al.
Risk of renal failure after major angiography.
Arch Surg. 1983;118:1417-1420.

Gomes AS, Baker JD, Martin-Paredero V, et al.
Acute renal dysfunction after major arteriogra-
phy. AJR Am ] Roentgenol. 1985;145:1249-1253.
Nikolsky E, Mehran R, Turcot D, et al. Impact of
chronic kidney disease on prognosis of patients
with diabetes mellitus treated with percuta-
neous coronary intervention. Am ] Cardiol.
2004;94:300-305.

Tumlin J, Stacul F, Adam A, et al. Pathophysiol-
ogy of contrast-induced nephropathy. Am |
Cardiol. 2006;98(6 suppl 1):14-20.

Wang YX, Jia YF, Chen KM, Morcos SK. Radi-
ographic contrast media induced nephropathy:

REVIEWS IN CARDIOVASCULAR MEDICINE

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

experimental observations and the protective
effect of calcium channel blockers. Br ] Radiol.
2001;74:1103-1108.

Liss P, Nygren A, Olsson U, et al. Effects of con-
trast media and mannitol on renal medullary
blood flow and red cell aggregation in the rat
kidney. Kidney Int. 1996;49:1268-1275.

Nygren A. Contrast media and regional renal
blood flow. A study of the effects of ionic and
non-ionic monomeric and dimeric contrast
media in the rat. Acta Radiol Suppl. 1992;378:
123-135.

Palm F, Carlsson PO, Fasching A, et al. Effects of
the contrast medium iopromide on renal he-
modynamics and oxygen tension in the dia-
betic rat kidney. Adv Exp Med Biol. 2003;530:
653-659.

Moreau JF, Droz D, Noel LH, et al. Tubular
nephrotoxicity of water-soluble iodinated
contrast media. Invest Radiol. 1980;15(6 suppl):
$54-S60.

Gruskin AB, Oetliker OH, Wolfish NM, et al.
Effects of angiography on renal function
and histology in infants and piglets. ] Pediatr.
1970;76:41-48.

Dawson P, Freedman DB, Howell M], Hine AL.
Contrast-medium-induced acute renal failure
and Tamm-Horsfall proteinuria. Br ] Radiol.
1984;57:577-579.

Massy ZA, Nguyen-Khoa T. Oxidative stress and
chronic renal failure: markers and manage-
ment. ] Nephrol. 2002;15:336-341.

Scott JA, King GL. Oxidative stress and antioxi-
dant treatment in diabetes. Ann N Y Acad Sci.
2004;1031:204-213.

Schnackenberg CG. Oxygen radicals in cardio-
vascular-renal disease. Curr Opin Pharmacol.
2002;2:121-125.

Conesa EL, Valero F, Nadal JC, et al. N-acetyl-L-
cysteine improves renal medullary hypoperfu-
sion in acute renal failure. Am J Physiol Regul In-
tegr Comp Physiol. 2001;281:R730-737.

Heyman SN, Goldfarb M, Shina A, et al. N-
acetylcysteine ameliorates renal microcircula-
tion: studies in rats. Kidney Int. 2003;63:634-
641.

Sandhu C, Newman DJ, Morgan R, et al. The
role of oxygen free radicals in contrast induced
nephrotoxicity. Acad Radiol. 2002;9(suppl 2):
S436-S437.

Fiaccadori E, Maggiore U, Rotelli C, et al.
Plasma and urinary free 3-nitrotyrosine follow-
ing cardiac angiography procedures with non-
ionic radiocontrast media. Nephrol Dial Trans-
plant. 2004;19:865-869.

Drager LF, Andrade L, Barros de Toledo JF, et al.
Renal effects of N-acetylcysteine in patients at
risk for contrast nephropathy: decrease in
oxidant stress-mediated renal tubular injury.
Nephrol Dial Transplant. 2004;19:1803-1807.
Jakobsen JA. Renal effects of iodixanol in
healthy volunteers and patients with severe
renal failure. Acta Radiol Suppl. 1995;399:191-
195.

Yamazaki H, Oi H, Matshushita M, et al. Renal
cortical retention of contrast medium on de-
layed CT and nephropathy following trans-
catheter arterial chemoembolisation in patients
with high serum creatinine level. Br J Radiol.
2002;75:874-878.

Yamazaki H, Oi H, Matsushita M, et al. Renal cor-
tical retention on delayed CT and nephropathy



Contrast-Induced Nephropathy

54.

SS.

S6.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

following transcatheter arterial chemoembolisa-
tion. Br ] Radiol. 2001;74:695-700.

Yamazaki H, Oi H, Matsushita M, et al. Renal
cortical retention on delayed CT after angiogra-
phy and contrast associated nephropathy. Br |
Radiol. 1997;70:897-902.

Rickards D, Jakobsen JA, Klaveness A]J,
Kjaersgaard P. Delayed CT of the kidneys after
iopentol (Imagopaque 350) injection in patients
with normal renal function. An assessment of
the gradual decrease in opacification over 32 h
after injection. Eur Radiol. 1997;7(suppl 4):
$149-S151.

Jakobsen JA, Berg K], Kjaersgaard P, et al. An-
giography with nonionic X-ray contrast media
in severe chronic renal failure: renal function
and contrast retention. Nephron. 1996;73:549-
556.

Love L, Olson MC. Persistent CT nephrogram:
significance in the diagnosis of contrast
nephropathy—an update. Urol Radiol. 1991;
12:206-208.

Jakobsen JA, Lundby B, Kristoffersen DT, et al.
Evaluation of renal function with delayed CT
after injection of nonionic monomeric and
dimeric contrast media in healthy volunteers.
Radiology. 1992;182:419-424.

Love L, Johnson MS, Bresler ME, et al. The per-
sistent computed tomography nephrogram: its
significance in the diagnosis of contrast-associ-
ated nephrotoxicity. Br J Radiol. 1994;67:951-
957.

Love L, Lind JA Jr, Olson MC. Persistent CT
nephrogram: significance in the diagnosis of
contrast nephropathy. Radiology. 1989;172:125-
129.

Older RA, Korobkin M, Cleeve DM, et al.
Contrast-induced acute renal failure: persistent
nephrogram as clue to early detection. AJR Am
] Roentgenol. 1980;134:339-342.

Weibull H, Tornquist C, Bergqvist D, et al. Re-
versible renal insufficiency after percutaneous
transluminal angioplasty (PTA) of renal artery
stenosis. Acta Chir Scand. 1984;150:295-300.
Lameire N, Adam A, Becker C, et al. Baseline
renal function screening. Am ] Cardiol. 2006;
98(6 suppl 1):21-26.

K/DOQI clinical practice guidelines for
chronic kidney disease: evaluation, classifica-
tion, and stratification. Am J Kidney Dis. 2002;
39(2 suppl 1):51-5266.

Coresh J, Eknoyan G, Levey AS. Estimating the
prevalence of low glomerular filtration rate re-
quires attention to the creatinine assay calibra-
tion. ] Am Soc Nephrol. 2002;13:2811-2812.

Lee JK, Warshauer DM, Bush WH Jr, et al.
Determination of serum creatinine level before
intravenous administration of iodinated con-
trast medium. A survey. Invest Radiol. 1995;
30:700-705.

McCullough PA, Adam A, Becker C, et al. Risk
prediction of contrast-induced nephropathy.
Am ] Cardiol. 2006;98(6 suppl 1):27-36.
Mehran R, Aymong ED, Nikolsky E, et al. A sim-
ple risk score for prediction of contrast-induced
nephropathy after percutaneous coronary in-
tervention: development and initial validation.
J Am Coll Cardiol. 2004;44:1393-1399.

Brandes RP, Fleming I, Busse R. Endothelial
aging. Cardiovasc Res. 2005;66:286-294.

Lautin EM, Freeman NJ, Schoenfeld AH, et al.
Radiocontrast-associated renal dysfunction:

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

835.

86.

87.

88.

incidence and risk factors. AJR Am ] Roentgenol.
1991;157:49-58.

Parfrey PS, Griffiths SM, Barrett BJ, et al. Con-
trast material-induced renal failure in patients
with diabetes mellitus, renal insufficiency, or
both. A prospective controlled study. N Engl |
Med. 1989;320:143-149.

Kamdar A, Weidmann P, Makoff D, Massry S.
Radiography dye induced acute renal failure in
diabetes mellitus [abstract]. Kidney Int. 1976;
10:501.

Turcot DB, Kiernan FJ, McKay RG, et al. Acute
hyperglycemia: implications for contrast-
induced nephropathy during cardiac catheteri-
zation. Diabetes Care. 2004;27:620-621.
Steinberg EP, Moore RD, Brinker JA, et al.
Nephrotoxicity of low osmolality contrast media
versus high osmolality media. Invest Radiol.
1991;26(suppl 1):586; discussion S88-S91.
Moore RD, Steinberg EP, Powe NR, et al.
Nephrotoxicity of high-osmolality versus low-
osmolality contrast media: randomized clinical
trial. Radiology. 1992;182:649-655.

Nikolsky E, Mehran R, Lasic Z, et al. Low hema-
tocrit predicts contrast-induced nephropathy
after percutaneous coronary interventions.
Kidney Int. 2005;67:706-713.

Alamartine E, Phayphet M, Thibaudin D, et al.
Contrast medium-induced acute renal failure
and cholesterol embolism after radiological
procedures: incidence, risk factors, and compli-
ance with recommendations. Eur | Intern Med.
2003;14:426-431.

Louis BM, Hoch BS, Hernandez C, et al. Protec-
tion from the nephrotoxicity of contrast dye.
Ren Fail. 1996;18:639-646.

Gupta RK, Kapoor A, Tewari S, et al. Captopril
for prevention of contrast-induced nephropa-
thy in diabetic patients: a randomised study.
Indian Heart J. 1999;51:521-526.

Taguchi T, Nazneen A, Abid MR, Razzaque MS.
Cisplatin-associated nephrotoxicity and patho-
logical events. Contrib Nephrol. 2005;148:107-
121.

Arany I, Safirstein RL. Cisplatin nephrotoxicity.
Semin Nephrol. 2003;23:460-464.

Oymak O. Contrast media induced irreversible
acute renal failure in a patient treated with
intraperitoneal cisplatin. Clin Nephrol. 1995;44:
135-136.

Raynal-Raschilas N, Deray G, Bagnis C, Jacobs
C. Severe acute renal failure after administra-
tion of contrast media in a patient treated with
cisplatin. Nephrol Dial Transplant. 1996;11:
2522-2523.

Thomsen HS, Dorph S, Larsen S, et al. Chronic
cisplatin nephropathy, contrast media, and
creatinine. Acad Radiol. 1996;3(suppl 2):S444-
S446.

Brezis M, Rosen S. Hypoxia of the renal
medulla—its implications for disease. N Engl |
Med. 1995;332:647-655.

Swartz RD, Rubin JE, Leeming BW, Silva P.
Renal failure following major angiography. Am
J Med. 1978;65:31-37.

Najjar M, Hamad A, Salameh M, et al. The risk
of radiocontrast nephropathy in patients with
cirrhosis. Ren Fail. 2002;24:11-18.

Guevara M, Fernandez-Esparrach G, Alessandria
C, et al. Effects of contrast media on renal func-
tion in patients with cirrhosis: a prospective
study. Hepatology. 2004;40:646-651.

VOL. 7 NO. 4 2006 REVIEWS IN CARDIOVASCULAR MEDICINE

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Huo TI, Wu JC, Huang YH, et al. Acute renal
failure after transarterial chemoembolization
for hepatocellular carcinoma: a retrospective
study of the incidence, risk factors, clinical
course and long-term outcome. Aliment Phar-
macol Ther. 2004;19:999-1007.

Huo TI, Wu JC, Lee PC, et al. Incidence and risk
factors for acute renal failure in patients with
hepatocellular carcinoma undergoing transar-
terial chemoembolization: a prospective study.
Liver Int. 2004;24:210-215.

Cochran ST, Wong WS, Roe DJ. Predicting
angiography-induced acute renal function
impairment: clinical risk model. AJR Am ]
Roentgenol. 1983;141:1027-1033.

Gussenhoven M], Ravensbergen J, van Bockel
JH, et al. Renal dysfunction after angiography;
a risk factor analysis in patients with peripheral
vascular disease. | Cardiovasc Surg (Torino).
1991;32:81-86.

Becker C, Davidson CJ, Lameire N, et al. High
risk situations and procedures. Am ] Cardiol.
2006;98(6 suppl 1):37-41.

Van Den Noortgate N, Mouton V, Lamot C,
et al. Outcome in a post-cardiac surgery popu-
lation with acute renal failure requiring dialy-
sis: does age make a difference? Nephrol Dial
Transplant. 2003;18:732-736.

Suen WS, Mok CK, Chiu SW, et al. Risk factors
for development of acute renal failure (ARF) re-
quiring dialysis in patients undergoing cardiac
surgery. Angiology. 1998;49:789-800.
Provenchere S, Plantefeve G, Hufnagel G, et al.
Renal dysfunction after cardiac surgery with nor-
mothermic cardiopulmonary bypass: incidence,
risk factors, and effect on clinical outcome. Anesth
Analg. 2003;96:1258-1264, table of contents.
Mangano CM, Diamondstone LS, Ramsay JG,
et al. Renal dysfunction after myocardial revas-
cularization: risk factors, adverse outcomes,
and hospital resource utilization. The Multi-
center Study of Perioperative Ischemia Research
Group. Ann Intern Med. 1998;128:194-203.
Kashyap VS, Cambria RP, Davison JK, L'Italien
GJ. Renal failure after thoracoabdominal aortic
surgery. J Vasc Surg. 1997;26:949-955; discus-
sion 955-957.

Wong F, Blendis L. New challenge of hepato-
renal syndrome: prevention and treatment.
Hepatology. 2001;34:1242-1251.

Ochs A, Rossle M, Haag K, et al. The transjugu-
lar intrahepatic portosystemic stent-shunt pro-
cedure for refractory ascites. N Engl ] Med.
1995;332:1192-1197.

Guevara M, Gines P, Bandi JC, et al. Transjugular
intrahepatic portosystemic shunt in hepatorenal
syndrome: effects on renal function and vasoac-
tive systems. Hepatology. 1998;28:416-422.

Silva RE, Arroyo PC Jr, Duca WJ, et al. Compli-
cations following transjugular intrahepatic por-
tosystemic shunt: a retrospective analysis.
Transplant Proc. 2004;36:926-928.

Nakano R, Iwao T, Oho K, et al. Effect of trans-
catheter arterial chemoembolization on kidney
hemodynamics and function in patients with
cirrhosis and hepatocellular carcinoma. | Hepa-
tol. 1999;31:340-346.

Deray G, Mouquet C, Ourhama S, et al. Effects
on renal haemodynamics and tubular function
of the contrast medium Ioxaglate in renal
transplant patients. Clin Radiol. 1995;50:
476-478.

195



Contrast-Induced Nephropathy continued

10S.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

196 VOL. 7 NO. 4 2006

Ahuja TS, Niaz N, Agraharkar M. Contrast-in-
duced nephrotoxicity in renal allograft recipi-
ents. Clin Nephrol. 2000;54:11-14.

Hietala SO, Segerstedt B, Wirell S, et al. Effects
of contrast media on renal graft function and
survival after cerebral angiography of cadaveric
donors. Acta Radiol. 1989;30:317-319.
Venkataraman V, Nolph KD. Preservation of
residual renal function—an important goal.
Perit Dial Int. 2000;20:392-395.

Singhal MK, Bhaskaran S, Vidgen E, et al. Rate
of decline of residual renal function in patients
on continuous peritoneal dialysis and factors
affecting it. Perit Dial Int. 2000;20:429-438.
Davidson C, Stacul F McCullough PA, et al.
Contrast medium use. Am | Cardiol. 2006;98
(6 suppl 1):42-58.

Alwall N, Erlanson P, Tornberg A. This clinical
course of renal failure occurring after intra-
venous urography and/or retrograde pyelogra-
phy; casuistics of 11 cases (including 7 deaths);
on indications for and risks involved in the use
of contrast media, including some remarks on
the risk of aspiration biopsy of the kidney. Acta
Med Scand. 1955;152:163-173.

Barrett BJ, Carlisle EJ. Metaanalysis of the rela-
tive nephrotoxicity of high- and low-osmolal-
ity iodinated contrast media. Radiology. 1993;
188:171-178.

Rudnick MR, Goldfarb S, Wexler L, et al.
Nephrotoxicity of ionic and nonionic contrast
media in 1196 patients: a randomized trial. The
Iohexol Cooperative Study. Kidney Int. 1995;
47:254-261.

McCullough PA, Bertrand ME, Brinker JA,
Stacul F. A meta-analysis of the renal safety of
isosmolar iodixanol compared with low-
osmolar contrast media. ] Am Coll Cardiol.
2006;48:692-699.

Solomon R. The role of osmolality in the inci-
dence of contrast-induced nephropathy: a sys-
tematic review of angiographic contrast media
in high risk patients. Kidney Int. 2005;68:2256-
2263.

Clauss W, Dinger J, Meissner C. Renal tolerance
of iotrolan 280—a meta analysis of 14 double-
blind studies. Eur Radiol. 1995;5:579-S84.
Fleischmann D. Use of high concentration
contrast media: principles and rationale—
vascular district. Eur ] Radiol. 2003;45:S88-
$93.

Cademartiri F, Luccichenti G, Marano R, et al.
Spiral CT-angiography with one, four, and six-
teen slice scanners. Technical note. Radiol Med
(Torino). 2003;106:269-283.

Altmann D, Zwas D, Spatz A. Use of the con-
trast volume to estimated creatinine clearance
ratio to predict renal failure after angiography.
] Intervent Cardiol. 1997;10:113-119.

Manske CL, Sprafka JM, Strony JT, Wang Y.
Contrast nephropathy in azotemic diabetic pa-
tients undergoing coronary angiography. Am |
Med. 1990;89:615-620.

Chanard ], Jolly D, Doco J. Nephrotoxicity of
conventional and low osmolality radiocontrast
media. ] Nephrol. 1991;4:203-209.

Krumlovsky F, Simon N, Santhanam S. Acute
renal failure (ARF) secondary to administra-
tion of radiographic contrast material (RCM)
[abstract]. Kidney Int. 1976;10:501.

Krumlovsky FA, Simon N, Santhanam S, et al.
Acute renal failure. Association with adminis-

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

134.

136.

137.

138.

tration of radiographic contrast material.
JAMA. 1978;239:125-127.

Guitterez NV, Diaz A, Timmis GC, et al. Deter-
minants of serum creatinine trajectory in acute
contrast nephropathy. | Interv Cardiol. 2002;
15:349-354.

Sutton TA, Fisher CJ, Molitoris BA. Microvascu-
lar endothelial injury and dysfunction during
ischemic acute renal failure. Kidney Int.
2002;62:1539-1549.

Stacul F, Adam A, Becker C, et al. Strategies to
reduce the risk of contrast-induced nephropa-
thy. Am ] Cardiol. 2006;98(6 suppl 1):59-77.
Byrd LH, Sherman RL, Stenzel KH, Rubin AL.
Computerized tomography-induced acute
renal failure. Arch Intern Med. 1979;139:491.
Chen WY, Yen TS, Cheng JT, et al. Acute renal
failure following intravenous pyelography. Tai-
wan Yi Xue Hui Za Zhi. 1970;69:229-233.
Dudzinski PJ, Petrone AF, Persoff M, Callaghan
EE. Acute renal failure following high dose ex-
cretory urography in dehydrated patients. |
Urol. 1971;106:619-621.

Pillay VK, Robbins PC, Schwartz FD, Kark RM.
Acute renal failure following intravenous urog-
raphy in patients with long-standing diabetes
mellitus and azotemia. Radiology. 1970;95:
633-636.

Mueller C, Buerkle G, Buettner HJ, et al.
Prevention of contrast media-associated
nephropathy: randomized comparison of 2 hy-
dration regimens in 1620 patients undergoing
coronary angioplasty. Arch Intern Med.
2002;162:329-336.

Merten GJ, Burgess WP, Gray LV, et al. Preven-
tion of contrast-induced nephropathy with
sodium bicarbonate: a randomized controlled
trial. JAMA. 2004;291:2328-2334.

Krasuski RA, Beard BM, Geoghagan JD, et al.
Optimal timing of hydration to erase contrast-
associated nephropathy: the OTHER CAN
study. J Invasive Cardiol. 2003;15:699-702.

. Taylor AJ, Hotchkiss D, Morse RW, McCabe ]J.

PREPARED: Preparation for Angiography in
Renal Dysfunction: a randomized trial of inpa-
tient vs outpatient hydration protocols for car-
diac catheterization in mild-to-moderate renal
dysfunction. Chest. 1998;114:1570-1574.
Trivedi HS, Moore H, Nasr S, et al. A randomized
prospective trial to assess the role of saline hy-
dration on the development of contrast nephro-
toxicity. Nephron Clin Pract. 2003;93:C29-C34.

. Marenzi G, Marana I, Lauri G, et al. The preven-

tion of radiocontrast-agent-induced nephropa-
thy by hemofiltration. N Engl ] Med. 2003;349:
1333-1340.

Abizaid AS, Clark CE, Mintz GS, et al. Effects of
dopamine and aminophylline on contrast-
induced acute renal failure after coronary angio-
plasty in patients with preexisting renal insuffi-
ciency. Am J Cardiol. 1999;83:260-263, A265.
Erley CM, Duda SH, Schlepckow §, et al. Adeno-
sine antagonist theophylline prevents the re-
duction of glomerular filtration rate after con-
trast media application. Kidney Int. 1994;45:
1425-1431.

Erley CM, Duda SH, Rehfuss D, et al. Preven-
tion of radiocontrast-media-induced nephropa-
thy in patients with pre-existing renal insuffi-
ciency by hydration in combination with the
adenosine antagonist theophylline. Nephrol
Dial Transplant. 1999;14:1146-1149.

REVIEWS IN CARDIOVASCULAR MEDICINE

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Gandhi MR, Brown P, Romanowski CA, et al.
The use of theophylline, an adenosine antag-
onist in the prevention of contrast media
induced nephrotoxicity. Br | Radiol. 1992;
65:838.

Huber W, Illgmann K, Page M, et al. Effect of
theophylline on contrast material-nephropathy
in patients with chronic renal insufficiency:
controlled, randomized, double-blinded study.
Radiology. 2002;223:772-779.

Huber W, Schipek C, llgmann K, et al. Effec-
tiveness of theophylline prophylaxis of renal
impairment after coronary angiography in
patients with chronic renal insufficiency. Am
Cardiol. 2003;91:1157-1162.

Kapoor A, Kumar S, Gulati S, et al. The role of
theophylline in contrast-induced nephropathy:
a case-control study. Nephrol Dial Transplant.
2002;17:1936-1941.

Katholi RE, Taylor GJ, McCann WP, et al.
Nephrotoxicity from contrast media: attenua-
tion with theophylline. Radiology. 1995;195:
17-22.

Kolonko A, Wiecek A, Kokot F. The nonselec-
tive adenosine antagonist theophylline does
prevent renal dysfunction induced by radi-
ographic contrast agents. | Nephrol. 1998;11:
151-156.

Ix JH, McCulloch CE, Chertow GM. Theo-
phylline for the prevention of radiocontrast
nephropathy: a meta-analysis. Nephrol Dial
Transplant. 2004;19:2747-2753.

Attallah N, Yassine L, Musial ], et al. The po-
tential role of statins in contrast nephropathy.
Clin Nephrol. 2004;62:273-278.

Wolfrum S, Jensen KS, Liao JK. Endothelium-
dependent effects of statins. Arterioscler Thromb
Vasc Biol. 2003;23:729-736.

Khanal S, Attallah N, Smith DE, et al. Statin
therapy reduces contrast-induced nephropa-
thy: an analysis of contemporary percutaneous
interventions. Am | Med. 2005;118:843-849.
Spargias K, Alexopoulos E, Kyrzopoulos S, et al.
Ascorbic acid prevents contrast-mediated
nephropathy in patients with renal dysfunc-
tion undergoing coronary angiography or in-
tervention. Circulation. 2004;110:2837-2842.
Gurkowski L, MacDougall M, Wiegmann T. Ef-
fects of misoprostol on contrast-induced renal
dysfunction. Am ] Ther. 1995;2:837-842.

Koch JA, Plum J, Grabensee B, Modder U.
Prostaglandin E1: a new agent for the preven-
tion of renal dysfunction in high risk patients
caused by radiocontrast media? PGE1 Study
Group. Nephrol Dial Transplant. 2000;15:43-49.
Sketch MH, Jr, Whelton A, Schollmayer E, et al.
Prevention of contrast media-induced renal
dysfunction with prostaglandin E1: a random-
ized, double-blind, placebo-controlled study.
Am ] Ther. 2001;8:155-162.

Agrawal M, Wodlinger AM, Huggins CE, et al.
Effect of N-acetylcysteine on serum creatinine
concentration in patients with chronic renal
insufficiency who are undergoing coronary an-
giography. Heart Drug. 2004;4:87-91.
Allagaband S, Tumuluri R, Malik A, et al.
Prospective randomized study of N-acetylcys-
teine, fenoldopam, and saline for prevention of
radiocontrast-induced nephropathy. Catheter
Cardiovasc Interv. 2002;57:279-283.

Azmus AD, Gottschall C, Manica A, et al. Effec-
tiveness of acetylcysteine in prevention of



Contrast-Induced Nephropathy

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

contrast nephropathy. J Invasive Cardiol. 2005;
17:80-84.

Baker CS, Wragg A, Kumar §, et al. A rapid pro-
tocol for the prevention of contrast-induced
renal dysfunction: the RAPPID study. ] Am Coll
Cardiol. 2003;41:2114-2118.

Boccalandro F, Amhad M, Smalling RW,
Sdringola S. Oral acetylcysteine does not pro-
tect renal function from moderate to high
doses of intravenous radiographic contrast.
Catheter Cardiovasc Interv. 2003;58:336-341.
Briguori C, Colombo A, Airoldi F, et al. N-
Acetylcysteine versus fenoldopam mesylate to
prevent contrast agent-associated nephrotoxic-
ity. ] Am Coll Cardiol. 2004;44:762-765.
Briguori C, Colombo A, Violante A, et al. Stan-
dard vs double dose of N-acetylcysteine to pre-
vent contrast agent associated nephrotoxicity.
Eur Heart J. 2004;25:206-211.

Briguori C, Manganelli F, Scarpato P, et al. Acetyl-
cysteine and contrast agent-associated nephro-
toxicity. ] Am Coll Cardiol. 2002;40:298-303.
Diaz-Sandoval LJ, Kosowsky BD, Losordo DW.
Acetylcysteine to prevent angiography-related
renal tissue injury (the APART trial). Am | Car-
diol. 2002;89:356-358.

Durham JD, Caputo C, Dokko J, et al. A ran-
domized controlled trial of N-acetylcysteine to
prevent contrast nephropathy in cardiac an-
giography. Kidney Int. 2002;62:2202-2207.
Efrati S, Dishy V, Averbukh M, et al. The effect
of N-acetylcysteine on renal function, nitric
oxide, and oxidative stress after angiography.
Kidney Int. 2003;64:2182-2187.

Gill NK, Piccione EA, Vido DA, et al. Gender as
a risk factor for contrast nephropathy: effects of
hydration and N-acetylcysteine. Clin Cardiol.
2004;27:554-558.

Goldenberg I, Shechter M, Matetzky S, et al.
Oral acetylcysteine as an adjunct to saline hy-
dration for the prevention of contrast-induced
nephropathy following coronary angiography.
A randomized controlled trial and review of
the current literature. Eur Heart J. 2004;25:212-
218.

Kay J, Chow WH, Chan TM, et al. Acetylcys-
teine for prevention of acute deterioration of
renal function following elective coronary an-
giography and intervention: a randomized con-
trolled trial. JAMA. 2003;289:553-558.

Kefer JM, Hanet CE, Boitte S, et al. Acetylcys-
teine, coronary procedure and prevention of
contrast-induced worsening of renal function:
which benefit for which patient? Acta Cardiol.
2003;58:555-560.

MacNeill BD, Harding SA, Bazari H, et al. Pro-
phylaxis of contrast-induced nephropathy in
patients undergoing coronary angiography.
Catheter Cardiovasc Interv. 2003;60:458-461.
Miner SE, Dzavik V, Nguyen-Ho P, et al. N-acetyl-
cysteine reduces contrast-associated nephropa-
thy but not clinical events during long-term fol-
low-up. Am Heart ]. 2004;148:690-695.

Ochoa A, Pellizzon G, Addala S, et al. Abbrevi-
ated dosing of N-acetylcysteine prevents con-
trast-induced nephropathy after elective and
urgent coronary angiography and intervention.
J Interv Cardiol. 2004;17:159-165.

Oldemeyer JB, Biddle WP, Wurdeman RL, et al.
Acetylcysteine in the prevention of contrast-
induced nephropathy after coronary angiogra-
phy. Am Heart ]J. 2003;146:E23.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

186.

187.

188.

Rashid ST, Salman M, Myint F, et al. Prevention
of contrast-induced nephropathy in vascular
patients undergoing angiography: a random-
ized controlled trial of intravenous N-acetylcys-
teine. ] Vasc Surg. 2004;40:1136-1141.

Raven QL, Walton T, Howe AM, Macon EJ. Role
of acetylcysteine in the prevention of contrast-
media-induced nephrotoxicity. Am | Health Syst
Pharm. 2003;60:2232-2235.

Shyu KG, Cheng JJ, Kuan P. Acetylcysteine pro-
tects against acute renal damage in patients
with abnormal renal function undergoing a
coronary procedure. | Am Coll Cardiol. 2002;
40:1383-1388.

Tadros GM, Mouhayar EN, Akinwande AO,
et al. Prevention of radiocontrast-induced
nephropathy with N-acetylcysteine in patients
undergoing coronary angiography. | Invasive
Cardiol. 2003;15:311-314.

Tepel M, van der Giet M, Schwarzfeld C, et al.
Prevention of radiographic-contrast-agent-
induced reductions in renal function by acetyl-
cysteine. N Engl ] Med. 2000;343:180-184.
Pannu N, Manns B, Lee H, Tonelli M. System-
atic review of the impact of N-acetylcysteine on
contrast nephropathy. Kidney Int. 2004;65:
1366-1374.

Alonso A, Lau J, Jaber BL, et al. Prevention of
radiocontrast nephropathy with N-acetylcys-
teine in patients with chronic kidney disease: a
meta-analysis of randomized, controlled trials.
Am ] Kidney Dis. 2004;43:1-9.

Guru V, Fremes SE. The role of N-acetylcysteine
in preventing radiographic contrast-induced
nephropathy. Clin Nephrol. 2004;62:77-83.
Isenbarger DW, Kent SM, O’Malley PG. Meta-
analysis of randomized clinical trials on the
usefulness of acetylcysteine for prevention of
contrast nephropathy. Am | Cardiol. 2003;92:
1454-1458.

Bagshaw SM, Ghali WA. Acetylcysteine for pre-
vention of contrast-induced nephropathy after
intravascular angiography: a systematic review
and meta-analysis. BMC Med. 2004;2:38.

Misra D, Leibowitz K, Gowda RM, et al. Role of
N-acetylcysteine in prevention of contrast-in-
duced nephropathy after cardiovascular proce-
dures: a meta-analysis. Clin Cardiol. 2004;27:
607-610.

Kshirsagar AV, Poole C, Mottl A, et al. N-acetyl-
cysteine for the prevention of radiocontrast
induced nephropathy: a meta-analysis of
prospective controlled trials. ] Am Soc Nephrol.
2004;15:761-769.

Nallamothu BK, Shojania KG, Saint S, et al. Is
acetylcysteine effective in preventing contrast-
related nephropathy? A meta-analysis. Am |
Med. 2004;117:938-947.

. Hoffmann U, Fischereder M, Krueger B, et al. The

value of N-acetylcysteine in the prevention of
radiocontrast agent-induced nephropathy seems
questionable. ] Am Soc Nephrol. 2004;15:407-410.
Gare M, Haviv YS, Ben-Yehuda A, et al. The
renal effect of low-dose dopamine in high-risk
patients undergoing coronary angiography. |
Am Coll Cardiol. 1999;34:1682-1688.

Stone GW, McCullough PA, Tumlin JA, et al.
Fenoldopam mesylate for the prevention of
contrast-induced nephropathy: a randomized
controlled trial. JAMA. 2003;290:2284-2291.
Cacoub P, Deray G, Baumelou A, Jacobs C. No
evidence for protective effects of nifedipine

VOL. 7 NO. 4 2006 REVIEWS IN CARDIOVASCULAR MEDICINE

189.

190.

192.

193.

194.

195.

196.

197.

198.

199.

200.

202.

against radiocontrast-induced acute renal
failure. Clin Nephrol. 1988;29:215-216.
Khoury Z, Schlicht JR, Como J, et al. The effect
of prophylactic nifedipine on renal function in
patients administered contrast media. Pharma-
cotherapy. 1995;15:59-65.

Russo D, Testa A, Della Volpe L, Sansone G.
Randomised prospective study on renal effects
of two different contrast media in humans:
protective role of a calcium channel blocker.
Nephron. 1990;55:254-257.

. Carraro M, Mancini W, Artero M, et al. Dose ef-

fect of nitrendipine on urinary enzymes and
microproteins following non-ionic radiocon-
trast administration. Nephrol Dial Transplant.
1996;11:444-448.

Madsen JK, Jensen JW, Sandermann J, et al. Ef-
fect of nitrendipine on renal function and on
hormonal parameters after intravascular iopro-
mide. Acta Radiol. 1998;39:375-380.

Neumayer HH, Junge W, Kufner A, Wenning A.
Prevention of radiocontrast-media-induced
nephrotoxicity by the calcium channel blocker
nitrendipine: a prospective randomised clinical
trial. Nephrol Dial Transplant. 1989;4:1030-
1036.

Spangberg-Viklund B, Berglund J, Nikonoff T,
et al. Does prophylactic treatment with felodip-
ine, a calcium antagonist, prevent low-osmolar
contrast-induced renal dysfunction in hydrated
diabetic and nondiabetic patients with normal
or moderately reduced renal function? Scand |
Urol Nephrol. 1996;30:63-68.

Arici M, Usalan C, Altun B, et al. Radiocontrast-
induced nephrotoxicity and urinary alpha-
glutathione S-transferase levels: effect of am-
lodipine administration. Int Urol Nephrol. 2003;
35:255-261.

Kurnik BR, Weisberg LS, Cuttler IM, Kurnik PB.
Effects of atrial natriuretic peptide versus man-
nitol on renal blood flow during radiocontrast
infusion in chronic renal failure. ] Lab Clin Med.
1990;116:27-36.

Kurnik BR, Allgren RL, Genter FC, et al. Prospec-
tive study of atrial natriuretic peptide for the
prevention of radiocontrast-induced nephropa-
thy. Am ] Kidney Dis. 1998;31:674-680.
Weisberg LS, Kurnik PB, Kurnik BR. Risk of ra-
diocontrast nephropathy in patients with and
without diabetes mellitus. Kidney Int. 1994;45:
259-265.

Miller HI, Dascalu A, Rassin TA, et al. Effects of
an acute dose of L-arginine during coronary
angiography in patients with chronic renal
failure: a randomized, parallel, double-blind
clinical trial. Am J Nephrol. 2003;23:91-95.
Stevens MA, McCullough PA, Tobin K], et al. A
prospective randomized trial of prevention
measures in patients at high risk for contrast
nephropathy: results of the PR.LN.C.E. Study.
Prevention of Radiocontrast Induced Nephropa-
thy Clinical Evaluation. ] Am Coll Cardiol.
1999;33:403-411.

. Solomon R, Werner C, Mann D, et al. Effects of

saline, mannitol, and furosemide to prevent
acute decreases in renal function induced by
radiocontrast agents. N Engl | Med. 1994;331:
1416-1420.

Wang A, Holcslaw T, Bashore TM, et al. Exacer-
bation of radiocontrast nephrotoxicity by en-
dothelin receptor antagonism. Kidney Int.
2000;57:1675-1680.

197





