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Radiographic contrast agents have been in use for over 60
years to improve the visibility of internal organs and struc-
tures in X-ray based imaging techniques such as radiography,
angiography, and contrast-enhanced computed tomography
scans and to perform cardiac catheterizations and percu-
taneous coronary interventions. Their use for imaging and
intravascular intervention keeps increasing particularly in
less healthy and older patients [1]. The risk of contrast-
induced nephropathy (CIN) (or contrast-induced acute kid-
ney injury (CI-AKI)) has been widely accepted in early med-
ical literature and practice on the basis of a large number of
uncontrolled observational studies [2]. The extent of toxicity
of these agents has been questioned with the suggestion that
the early literature had greatly overestimated the incidence of
CIN and that CIN seems not to be common in patients with
normal preexisting renal function, occurringmore frequently
in patients with renal impairment [3]. Nonetheless, in vitro
cell culture studies have shown that all classes of contrast
media are toxic causing a decrease in cell viability [4–9].

Thus, clinicians and radiologists, in clinical practice, ask
themselves: “Are iodinated radiocontrast agents nephrotoxic?
If so, what are the risk factors for CIN? And what are the
appropriate procedures to prevent CIN?”

To answer these questions a special issue on side effects
of radiographic contrast media was believed necessary,
appointing expert authors to review the various aspects
of contrast media nephrotoxicity. To help me in finding
these expert authors, two outstanding Guest Editors were
appointed: Richard Solomon (University of Vermont College
of Medicine, Fletcher Allen Health Care, Burlington, VT,
USA) and Adis Tasanarong (Nephrology Unit, Department

of Medicine, Faculty of Medicine, Thammasat University,
Rangsit Campus, Khlong Luang, PathumThani, Thailand).

For this volume we have invited authors who have
been dealing with various aspects of contrast media tox-
icity. A wide array of topics are discussed in this special
issue, including molecular mechanisms of renal cellular
nephrotoxicity due to radiocontrast media; the considerable
difference among iodinated contrast agents with regard to
their osmolality and viscosity and the potential role of their
osmolality and viscosity in the pathophysiology of CIN;
the changes of renal hemodynamics as well as the renal
tubular changes induced by iodinated contrast media; the
crucial role of reactive oxygen species in causing CIN; and
the role of intracellular Ca2+ and Na+/Ca2+ exchanger in
the pathogenesis of CIN. Neither diabetes [10] nor multiple
myeloma [11] per se can be considered main risk factors,
but the important role of associated renal insufficiency and
other clinical conditions in predisposing to CIN is discussed
in depth. The current evidence on ACE-I/ARB therapy for
patients undergoing procedures involving use of contrast
media is also reviewed. The quest to find new strategies to
prevent CIN has led to a recent clinical study suggesting
the use of tocopherol [12]. In this special issue, there are
also articles discussing the protective role against CIN of
either isotonic sodium chloride solution or isotonic sodium
bicarbonate solution, and nonpharmacological as well as
pharmacological strategies for prevention of CIN. Finally,
in one article the potential role of MBL (mannose-binding
lectin, a pattern recognition protein of the lectin pathway
of complement) in the pathogenesis of human CIN and the
beneficial effects we may obtain in clinical practice by its
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inhibition with the C1 inhibitor, a potent MBL and lectin
pathway inhibitor, are reviewed.
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Biomarkers of acute kidney injury (AKI) may be classified in 2 groups: (1) those representing changes in renal function (e.g.,
serum creatinine or cystatin C and urine flow rate) and (2) those reflecting kidney damage (e.g., kidney injury molecule-1
(KIM-1), neutrophil gelatinase-associated lipocalin (NGAL), interleukin-18, etc.). According to these 2 fundamental criteria, 4
subgroups have been proposed: (1) no marker change; (2) damage alone; (3) functional change alone; and (4) combined damage
and functional change. Therefore, a new category of patients with “subclinical AKI” (that is, an increase in damage markers alone
without simultaneous loss of kidney function) has been identified. This condition has been associated with higher risk of adverse
outcomes (including renal replacement therapy andmortality) at followup.The ability tomeasure these physiological variables may
lead to identification of patients at risk for AKI and early diagnosis of AKI andmay lead to variables, whichmay inform therapeutic
decisions.

Contrast-induced acute kidney injury (CI-AKI) is associated
with a prolonged in-hospital stay and represents an indepen-
dent predictor of unfavorable outcome [1]. Therefore, it has
been recommended to monitor renal function in all patients
at risk with serial measurements of serum creatinine (sCr)
following contrast media (CM) exposure [1, 2]. A rise in sCr
or a reduction in urine output is the current golden standard
for recognizing AKI [3]. However, the delayed increase in
sCr is a potential reason for overlooking CI-AKI [4, 5] and,
on the contrary, for prolonging hospital stay in the vast
majority of patients who will not develop CI-AKI. In the last
years, several studies investigated the significance and clinical
utility of new biomarkers of kidney damage (Table 1). It has
been proposed to classify biomarkers in 2 groups, namely,
(a) those representing changes in renal function (e.g., serum
creatinine or cystatin C and urine flow rate) and (b) those
reflecting kidney damage, (e.g., kidney injury molecule-1
(KIM-1), neutrophil gelatinase-associated lipocalin (NGAL),
interleukin-18, etc.).The conceptual framework of physiolog-
ical biomarkers is superimposed upon the conventional clin-
ical phases of acute kidney injury. A combination of kidney

functional and damage markers simultaneously provides an
easy method to stratify patients with AKI. According to these
2 fundamental criteria, 4 subgroups have been proposed:
(1) no marker change; (2) damage alone; (3) functional
change alone; and (4) combined damage and functional
change [6] (Figure 1). Therefore, a new category of patients
with “subclinical AKI” (i.e., an increase in damage markers
alone without simultaneous loss of kidney function) has
been identified. This condition has been associated with
higher risk of adverse outcomes (including renal replacement
therapy and mortality) at followup [7–9]. Thus, physiolog-
ical biomarkers are not only needed in the early phase of
AKI but also needed throughout the continuum of AKI.
The ability to measure these physiological variables may
lead to identification of patients at risk for AKI and early
diagnosis of AKI and may guide therapeutic decisions. These
physiological processes represent an integrative environment
for the interaction of inflammatory mediators, imbalance in
the homeostasis of oxygen, nitric oxide and oxygen radicals
causing microcirculatory dysfunction, and impaired tissue
oxygenation leading to AKI.
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Table 1: AKI biomarkers categories.

Inflammatory biomarkers:
(i) neutrophil gelatinase-associated lipocalin (NGAL)
(ii) interleukin-18 (IL-18)
Tubular proteins:
(i) kidney injury molecule-1 (KIM-1)
(ii) Na+/H+ exchanger isoform 3 (NHE3)
Surrogate markers of tubular injury:
(i) urinary low molecular weight proteins escaping reabsorption
on tubular injury (cystatin C, 𝛽2 or 𝛼1microglobulin, and retinol
binding protein)
(ii) urinary tubular enzymes released on tubular injury (NAG
[N-acetyl-𝛽-D-glucosaminidase], alkaline phosphatase [AP], 𝛾GT
[gamma-glutamyl-transferase], etc.)

Serum Creatinine as a Marker of CI-AKI. Although in 80% of
CI-AKI cases sCr starts rising within the first 24 h following
CM exposure [10], the sCr typically peaks 2–5 days after CM
and returns to baseline or near baseline within 1–3 weeks [1].
Therefore, in all patients at risk, a follow-up sCr should be
obtained at 48–72 h following CM exposure [1, 2, 4, 11]. This
implies an intrinsic delay of treatment of patients who will
develop CI-AKI and, on the contrary, a prolonged hospital
stay of patients who will not develop CI-AKI. sCr increase
indicates a functional change (deterioration) not a damage
(injury) of the kidney. Therefore, sCr will increase only in
case of loss of function. Also creatinine suffers from two
significant limitations [4]. First, creatinine excreted in the
urine is not solely a result of glomerular filtration but also a
result of renal tubular secretion [12].This means that changes
in sCr will underestimate the true fall in glomerular filtration
rate (GFR). Second, following an acute fall in GFR, less
creatinine is excreted. The retained creatinine is distributed
in total body water. Thus, the serum level can be expected to
rise slowly and will continue to rise until a new steady state
has occurred. Therefore, although the injury induced by CM
impairs GFR almost immediately, it requires 24–48 h for the
fall in GFR to be reflected in an elevated level of sCr.

SerumCystatin C as aMarker of CI-AKI.Cystatin C (CyC) is a
120-amino-acid, nonglycosylated protein that is a member of
the family of cysteine proteinase inhibitors [13]. It is produced
at a constant rate by all nucleated cells representing in the
true sense of the word a “housekeeping gene product” [14].
CyC concentration is independent of age, sex, changes of
muscle mass, and nutrition. CyC levels are lower in the
hypothyroid and higher in hyperthyroid state as compared
with the euthyroid state [14]. It is found in relatively high
concentrations in many body fluids, and its low molecular
weight (13.3 kDa) and positive charge at physiologic pH
levels facilitate its glomerular filtration. It is later reabsorbed
and almost completely catabolized in the proximal renal
tubule [13]. Because of its constant rate of production, its
serum concentration is therefore determined by glomerular
filtration. Indeed, CyC does not undergo tubular secretion
and appears in the urine solely through filtration [15, 16]. For
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Figure 1: Phases of acute kidney injury. This figure illustrates
progression from kidney damage (or injury) occurring after con-
trast media exposure to clinical changes in kidney function. The
subclinical AKI occurs in few hours following contrast media
exposure.This phase may be captured only by biomarkers of kidney
damage (like neutrophil gelatinase-associated lipocalin (NGAL))
but not those of kidney function (like serum creatinine (sCr)
or cystatin C (sCyC)). Kidney damage, in the majority of cases,
remains subclinical (subclinical AKI). However, subclinical AKImay
progress in the clinical phase, as defined by a deterioration of kidney
function, detectable by the eventual (within 48 hours) increase in
sCyC and/or sCr.

these reasons, CyC has the potential to be a useful marker in
detecting both chronic and acute changes inGFR [17–19].The
shorter (1.5 hours) half-life of CyC compared to creatinine
accounts for the more rapid rise and the earlier attainment of
a new steady state [20]. CyC is distributed in the extracellular
volume [21], whereas sCr is distributed in the total bodywater
[22], a volume which is 3 times larger. Therefore, the half-life
of creatinine compared to CyC will be 3 times longer and the
time to achieve a new steady state will increase proportionally
implying that sCr will rise more slowly. It has been reported
that (1) a CyC increase <10% at 24 hours is a reliable marker
for ruling out CI-AKI and (2) a CyC increase ≥10% at 24
hours is an independent predictor of 1-year major adverse
events (MAE), including death and dialysis [23]. The first
observation may allow physicians an earlier discharge of the
majority (>80%) of patients, thus avoiding an unnecessary
prolonged hospitalization with associated practical and eco-
nomic advantages [24]. The second observation identifies a
subgroup of patients at higher risk for future MAE [25–27].
This observationmay be explained by two reasons. First, CyC
seems to be a better measure of kidney function than sCr
and GFR [16, 24, 28]. Second, CyC may provide prognostic
information beyond its role as an index of kidney function
and, also, may be a better overall measure of the spectrum
of pathophysiologic abnormalities that accompany kidney
disease [29–31].
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Table 2: Ideal marker of contrast-induced acute kidney injury.

Easy to measure
Does not require administration of an exogenous substance
Sensitive to change
Rapid change following injury
Preferably specific to contrast injury
A valid surrogate for clinically important outcomes (e.g.,
likelihood of needing dialysis, death, etc.)

Biomarkers of Kidney Damage. Several studies have reported
the ability of new biomarkers in both the earlier diagnosis of
AKI and the robust prognostic significance [6, 7].

At present, utilization of the new biomarkers of kid-
ney damage has been limited by several reasons: (a) the
identification of the best biomarkers for each purpose (risk
assessment, diagnosis, differential diagnosis, and prognosis),
(b) uncertainty on the threshold (thatmay be different in each
setting), (c) limited clinical evidence, and (d) costs [6, 32].
The characteristics of the ideal biomarker of CI-AKI are
summarized in Table 2.

Limited evidence exists on KIM-1. This is a transmem-
brane protein not expressed in normal kidney but upregu-
lated in dedifferentiated proximal tubule cells after ischemic
or nephrotoxic AKI [33, 34]. KIM-1 was elevated to a much
higher degree in patients with ischemic acute tubular necrosis
than in patients with CI-AKI. Increased urinary levels have
been reported in experimental models and in patients with
CI-AKI [35]. The biomarker most investigated in the setting
of CI-AKI is NGAL. NGAL, a ubiquitous 25 KDa protein,
covalently bound to gelatinase from human neutrophils, is
a marker of tubular injury [36–38]. Serum NGAL (sNGAL)
and/or urine NGAL (uNGAL) levels have been shown to
predict AKI in different clinical settings [39–42], including
CI-AKI [43–45]. Overall, NGALwas found to be a potentially
useful tool for both the early (within few hours) diagnosis and
prognosis (prediction of renal replacement therapy initiation
and in-hospital mortality) of AKI [46, 47]. A typical example
of the kinetic of sNGAL (markers of kidney damage), sCr,
and sCyC (markers of functional change) is represented in
Figure 2. The performance of NGAL (as for other kidney
damage biomarkers) might depend on the different clinical
setting. At present, limited evidence exists on (a) the optimal
dosing site (urine versus blood) and time, (b) the cutoff value
(or threshold), and (c) the clinical and prognostic significance
of this kidney injury biomarker in the setting of CI-AKI.
Recent systematic review and meta-analysis support that the
diagnostic accuracy of plasma/serumNGAL (sNGAL) is sim-
ilar to that of urine NGAL (uNGAL) [46]. uNGAL originates
predominantly from kidney epithelia [48]. Thus, uNGAL
expression appears specifically in distal tubular segments of
injured nephrons, and it is not expressed in nonischemic
zone [38, 48]. sNGAL might predominantly arise from the
injured thick ascending tubules and the collecting ducts via
back-leak form injured renal tissue, again reflecting renal
damage [47, 48]. Also sNGAL may reveal the effect of
toxins that injure multiple organs, besides kidney [48]. The
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Figure 2: Kinetics of biomarkers during contrast-induced AKI.
An example of CI-AKI is represented. Serum creatinine (sCr) (the
“golden standard” of kidney function) typically raises at 48–72 hours
after contrast media exposure. Serum cystatin C (sCyC) (a more
sensitive marker of kidney function) raises within 24 hours after
contrast media exposure. Serum neutrophil gelatinase-associated
lipocalin (NGAL) (a marker of kidney damage) starts to raise at 6
hours after contrast media exposure.

concentration of urinary biomarkers of AKI is influenced
by variation in urinary concentration within and between
individuals. Normalizing to urine creatinine is usually used
to account for variations inwater reabsorption [49].However,
we did not observe any significant advantageswhen analyzing
normalized uNGAL instead of the absolute uNGAL. This
result is in agreement with the recent observation that for all
injury biomarkers, absolute concentration performed best in
the diagnosis of AKI [50].

It has been reported that NGAL increase (as index of
kidney damage) is an independent predictor of unfavorable
outcome, irrespective of the presence or not of functional
damage [7]. It has been suggested that the real gold standard
for the AKI biomarkers is whether they can be used to define
and risk-stratify AKI and related complications, facilitating
early diagnosis and interventions to improve clinical out-
comes [47, 51]. Several studies suggest an analogy between
the troponin/creatine kinase and the NGAL/creatinine rela-
tionship with a novel, more sensitive biomarker identifying
previously undetected organ injury. Acute tubular damage
might occur without detectable loss of excretory function
and might predict worse clinical outcome. Therefore, NGAL
and sCr reflect distinct pathophysiological events. Haase et
al. recently demonstrated that, without diagnostic increase in
sCr,NGALpositive patientsmight have likely subclinical AKI
and carry a worse prognosis than NGAL negative patients
[47]. Of note, the subset of patients with positive NGAL
(NGAL+) had a similar adverse outcome to that observed
in patients with positive creatinine (sCr+). NGAL+/sCr
negative condition identified approximately 40% more AKI
cases than sCr+ alone [7]. uNGAL was highly predictive
of clinical outcomes, including nephrology consultation,
renal replacement therapy, and admission to the intensive
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care unit [52]. Detection of elevated sNGAL might enable
more rapid conventional interventions or introduction of
novel therapies to prevent or effectively treat such otherwise
undetected AKI [53].

Conclusions. The new biomarkers of CI-AKI have an impor-
tant role in the early diagnosis of contrast-induced kid-
ney damage. In the setting, NGAL seems to be the ideal
biomarker. At present, open issues are (1) the optimal dosing
site (urine versus blood) and time, (2) the cutoff value (or
threshold), and (3) the clinical and prognostic significance
of this kidney injury biomarker in the setting of CI-AKI.
Further studies are warranted for clarifying these issues and,
therefore, justify the adoption of the new biomarker (NGAL)
in the routine clinical practice.
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[20] P. Sjöström, M. Tidman, and I. Jones, “The shorter T1/2
of cystatin C explains the earlier change of its serum level
compared to serum creatinine,” Clinical Nephrology, vol. 62, no.
3, pp. 241–242, 2004.

[21] O. Tenstad, A. B. Roald, A. Grubb, and K. Aukland, “Renal
handling of radiolabelled human cystatin C in the rat,” Scandi-
navian Journal of Clinical and Laboratory Investigation, vol. 56,
no. 5, pp. 409–414, 1996.

[22] P. R. Schloerb, “Total body water distribution of creatinine and
urea in nephrectomized dogs,” American Journal of Physiology,
vol. 199, pp. 661–665, 1960.

[23] C. Briguori, G. Visconti, N. V. Rivera et al., “Cystatin C and
contrast-induced acute kidney injury,” Circulation, vol. 121, no.
19, pp. 2117–2122, 2010.

[24] A. Christensson, J. Ekberg, A. Grubb, H. Ekberg, V. Lindström,
and H. Lilja, “Serum cystatin c is a more sensitive and more
accurate marker of glomerular filtration rate than enzymatic
measurements of creatinine in renal transplantation,” Nephron,
vol. 94, no. 2, pp. p19–p27, 2003.

[25] R. J. Solomon, R. Mehran, M. K. Natarajan et al., “Contrast-
induced nephropathy and long-term adverse events: cause and
effect?” Clinical Journal of the American Society of Nephrology,
vol. 4, no. 7, pp. 1162–1169, 2009.



BioMed Research International 5

[26] T. Jernberg, B. Lindahl, S. James, A. Larsson, L.-O. Hansson,
and L. Wallentin, “Cystatin C: a novel predictor of outcome
in suspected or confirmed non-ST-elevation acute coronary
syndrome,” Circulation, vol. 110, no. 16, pp. 2342–2348, 2004.

[27] J. Lassus, V.-P. Harjola, R. Sund et al., “Prognostic value of
cystatin C in acute heart failure in relation to other markers of
renal function and NT-proBNP,” European Heart Journal, vol.
28, no. 15, pp. 1841–1847, 2007.

[28] V. R.Dharnidharka, C.Kwon, andG. Stevens, “SerumcystatinC
is superior to serum creatinine as a marker of kidney function:
a meta-analysis,” American Journal of Kidney Diseases, vol. 40,
no. 2, pp. 221–226, 2002.

[29] J. H. Ix, M. G. Shlipak, G. M. Chertow, S. Ali, N. B. Schiller,
and M. A. Whooley, “Cystatin C, left ventricular hypertrophy,
and diastolic dysfunction: data from the Heart and Soul Study,”
Journal of Cardiac Failure, vol. 12, no. 8, pp. 601–607, 2006.

[30] P. C. Patel, C. R. Ayers, S. A. Murphy et al., “Association of
cystatin C with left ventricular structure and function: The
Dallas Heart Study,” Circulation: Heart Failure, vol. 2, no. 2, pp.
98–104, 2009.

[31] E. L. Knight, J. C. Verhave, D. Spiegelman et al., “Factors influ-
encing serum cystatin C levels other than renal function and the
impact on renal function measurement,” Kidney International,
vol. 65, no. 4, pp. 1416–1421, 2004.

[32] P. A. McCullough, J. Bouchard, S. S. Waikar et al., “Imple-
mentation of novel biomarkers in the diagnosis, prognosis, and
management of acute kidney injury: executive summary from
the tenth consensus conference of the acute dialysis quality
initiative (ADQI),” Contributions to Nephrology, vol. 182, pp. 5–
12, 2013.

[33] T. Ichimura, J. V. Bonventre, V. Bailly et al., “Kidney injury
molecule-1 (KIM-1), a putative epithelial cell adhesionmolecule
containing a novel immunoglobulin domain, is up-regulated in
renal cells after injury,” Journal of Biological Chemistry, vol. 273,
no. 7, pp. 4135–4142, 1998.

[34] R. Hirschberg, J. Kopple, P. Lipsett et al., “Multicenter clinical
trial of recombinant human insulin-like growth factor I in
patients with acute renal failure,” Kidney International, vol. 55,
no. 6, pp. 2423–2432, 1999.

[35] W. K. Han, V. Bailly, R. Abichandani, R. Thadhani, and J.
V. Bonventre, “Kidney Injury Molecule-1 (KIM-1): a novel
biomarker for human renal proximal tubule injury,” Kidney
International, vol. 62, no. 1, pp. 237–244, 2002.

[36] J. B. Cowland and N. Borregaard, “Molecular characterization
and pattern of tissue expression of the gene for neutrophil
gelatinase-associated lipocalin from humans,” Genomics, vol.
45, no. 1, pp. 17–23, 1997.

[37] J. Mishra, M. A. Qing, A. Prada et al., “Identification of neu-
trophil gelatinase-associated lipocalin as a novel early urinary
biomarker for ischemic renal injury,” Journal of the American
Society of Nephrology, vol. 14, no. 10, pp. 2534–2543, 2003.

[38] R. Sohotnik, O. Nativ, A. Abbasi et al., “Phosphodiesterase-5
inhibition attenuates early renal ischemia-reperfusion-induced
acute kidney injury: assessment by quantitative measurement
of urinary NGAL andKIM-1,”American Journal of Physiology—
Renal Physiology, vol. 304, no. 8, pp. 1099–1104, 2013.

[39] J. Mishra, C. Dent, R. Tarabishi et al., “Neutrophil gelatinase-
associated lipocalin (NGAL) as a biomarker for acute renal
injury after cardiac surgery,” Lancet, vol. 365, no. 9466, pp. 1231–
1238, 2005.

[40] D. S. Wheeler, P. Devarajan, Q. Ma et al., “Serum neutrophil
gelatinase-associated lipocalin (NGAL) as a marker of acute

kidney injury in critically ill children with septic shock,”Critical
Care Medicine, vol. 36, no. 4, pp. 1297–1303, 2008.

[41] M. Zappitelli, K. K. Washburn, A. A. Arikan et al., “Urine
neutrophil gelatinase-associated lipocalin is an early marker
of acute kidney injury in critically ill children: A Prospective
Cohort Study,” Critical Care, vol. 11, article R84, 2007.

[42] G. Wagener, G. Gubitosa, S. Wang, N. Borregaard, M. Kim, and
H. T. Lee, “Urinary neutrophil gelatinase-associated lipocalin
and acute kidney injury after cardiac surgery,”American Journal
of Kidney Diseases, vol. 52, no. 3, pp. 425–433, 2008.

[43] H. Bachorzewska-Gajewska, J. Malyszko, E. Sitniewska, J. S.
Malyszko, and S. Dobrzycki, “Neutrophil-gelatinase-associated
lipocalin and renal function after percutaneous coronary inter-
ventions,” American Journal of Nephrology, vol. 26, no. 3, pp.
287–292, 2006.

[44] R. Hirsch, C. Dent, H. Pfriem et al., “NGAL is an early predic-
tive biomarker of contrast-induced nephropathy in children,”
Pediatric Nephrology, vol. 22, no. 12, pp. 2089–2095, 2007.

[45] A. Tasanarong, A. Vohakiat, P. Hutayanon, and D. Piyayotai,
“New strategy of 𝛼-and 𝛾-tocopherol to prevent contrast-
induced acute kidney injury in chronic kidney disease patients
undergoing elective coronary procedures,” Nephrology Dialysis
Transplantation, vol. 28, no. 2, pp. 337–344, 2013.

[46] M. Haase, R. Bellomo, P. Devarajan, P. Schlattmann, and A.
Haase-Fielitz, “Accuracy of Neutrophil Gelatinase-Associated
Lipocalin (NGAL) in diagnosis and prognosis in acute kidney
injury: a systematic review and meta-analysis,” American Jour-
nal of Kidney Diseases, vol. 54, no. 6, pp. 1012–1024, 2009.

[47] M. Haase, P. Devarajan, A. Haase-Fielitz et al., “The outcome of
neutrophil gelatinase-associated lipocalin-positive subclinical
acute kidney injury: a multicenter pooled analysis of prospec-
tive studies,” Journal of the American College of Cardiology, vol.
57, no. 17, pp. 1752–1761, 2011.

[48] N. Paragas, A. Qiu, Q. Zhang et al., “The Ngal reporter mouse
detects the response of the kidney to injury in real time,”Nature
Medicine, vol. 17, no. 2, pp. 216–223, 2011.

[49] S. S.Waikar, V. S. Sabbisetti, and J. V. Bonventre, “Normalization
of urinary biomarkers to creatinine during changes in glomeru-
lar filtration rate,” Kidney International, vol. 78, no. 5, pp. 486–
494, 2010.

[50] A. M. Ralib, J. W. Pickering, G. M. Shaw et al., “Test charac-
teristics of urinary biomarkers depend on quantitation method
in acute kidney injury,” Journal of the American Society of
Nephrology, vol. 23, no. 2, pp. 322–333, 2012.

[51] P. T. Murray, P. Devarajan, A. S. Levey et al., “A framework
and key research questions in AKI diagnosis and staging in
different environments,”Clinical Journal of the American Society
of Nephrology, vol. 3, no. 3, pp. 864–868, 2008.

[52] T. L. Nickolas, M. J. O’Rourke, J. Yang et al., “Sensitivity and
specificity of a single emergency department measurement of
urinary neutrophil gelatinase-associated lipocalin for diagnos-
ing acute kidney injury,” Annals of Internal Medicine, vol. 148,
no. 11, pp. 810–819, 2008.

[53] C. Ronco, M. Haapio, A. A. House, N. Anavekar, and R.
Bellomo, “Cardiorenal syndrome,” Journal of the American
College of Cardiology, vol. 52, no. 19, pp. 1527–1539, 2008.



Review Article
Side Effects of Radiographic Contrast Media: Pathogenesis,
Risk Factors, and Prevention

Michele Andreucci,1 Richard Solomon,2 and Adis Tasanarong3

1 Nephrology Unit, Department of “Health Sciences”, Campus “Salvatore Venuta”, “Magna Graecia” University,
Loc. Germaneto, 88100 Catanzaro, Italy

2 University of Vermont College of Medicine, Fletcher Allen Health Care, Burlington, VT, USA
3Nephrology Unit, Department of Medicine, Faculty of Medicine, Thammasat University, Rangsit Campus,
Khlong Luang, PathumThani 12121, Thailand

Correspondence should be addressed to Michele Andreucci; andreucci@unicz.it

Received 7 January 2014; Accepted 3 March 2014; Published 11 May 2014

Academic Editor: Vickram Ramkumar

Copyright © 2014 Michele Andreucci et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Radiocontrast media (RCM) are medical drugs used to improve the visibility of internal organs and structures in X-ray based
imaging techniques. They may have side effects ranging from itching to a life-threatening emergency, known as contrast-induced
nephropathy (CIN). We define CIN as acute renal failure occurring within 24–72 hrs of exposure to RCM that cannot be attributed
to other causes. It usually occurs in patients with preexisting renal impairment and diabetes. The mechanisms underlying CIN
include reduction in medullary blood flow leading to hypoxia and direct tubule cell damage and the formation of reactive oxygen
species. Identification of patients at high risk for CIN is important.We have reviewed the risk factors and procedures for prevention,
providing a long list of references enabling readers a deep evaluation of them both. The first rule to follow in patients at risk of
CIN undergoing radiographic procedure is monitoring renal function by measuring serum creatinine and calculating the eGFR
before and once daily for 5 days after the procedure. It is advised to discontinue potentially nephrotoxic medications, to choose
radiocontrast media at lowest dosage, and to encourage oral or intravenous hydration. In high-risk patients N-acetylcysteine may
also be given.

1. Introduction

Radiographic contrast media are a group of medical drugs
used to improve the visibility of internal organs and struc-
tures in X-ray based imaging techniques such as radiography
and computed tomography (CT).The currently used contrast
media are based on the chemical modification of a 2,4,6-tri-
iodinated benzene ring and are indispensable in the practice
of radiology, for both diagnostic and therapeutic purposes.
Iodine-based contrast media are usually classified as ionic or
nonionic and as monomeric and dimeric and are commonly
used to visualize vessels, tissues, organs, and the urinary
tract. They are helpful in differentiating between normal and
pathological areas. They are usually safe, and adverse effects
are generally mild and self-limited.

Side effects of radiographic contrast media range from
a mild inconvenience, such as itching, to a life-threatening
emergency [1]. Contrast-induced nephropathy (CIN) is a
well known adverse reaction associated with the use of
intravenous or intra-arterial contrast material. Other forms
of adverse reactions include delayed allergic reactions, ana-
phylactic reactions, and cutaneous reactions.

Previous allergic reactions to contrast material increase
the risk of developing adverse reactions to contrast agents.
Pretreatment of patients who have such risk factors with a
corticosteroid and diphenhydramine decreases the chance of
allergic reactions, including anaphylaxis or life-threatening
emergency. Of the former either prednisone (50mg orally,
13, 7, and 1 h before contrast injection), or hydrocortisone
(200mg intravenously, 1 h before contrast injection), or
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methylprednisolone (32mg orally, 12 and 2 h before contrast
media injection) is used. Diphenhydramine (50mg intra-
venously/intramuscularly/orally, 1 h before contrast injec-
tion) is also used [2].

Awareness of different risk factors and screening for their
presence before the use of contrast agents allow for early
recognition of adverse reactions and their prompt treatment.

The most important adverse effects of contrast media
include hypersensitivity reactions, thyroid dysfunction, and
contrast-induced nephropathy [3].

2. Hypersensitivity Reactions to Radiographic
Contrast Media

Mild hypersensitivity reactions (incidence < 3%) consist
of immediate skin rashes, flushing or urticaria pruri-
tus, rhinorrhea, nausea, brief retching, and/or vomiting,
diaphoresis, coughing and dizziness; moderate to severe
(incidence < 0.04%) reactions include persistent vomiting,
diffuse urticaria, headache, facial edema, laryngeal edema,
mild bronchospasm or dyspnea, palpitations, tachycardia
or bradycardia, abdominal cramps, angioedema, coronary
artery spasm, hypertension or hypotension, life-threatening
cardiac arrhythmias (i.e. ventricular tachycardia), overt bron-
chospasm, laryngeal edema, cardiac failure and loss of con-
sciousness, pulmonary edema, seizures, syncope. Mortality is
less than one death per 100000 patients [3].

Asthma, history of multiple allergies, and therapy with
beta blockers increase the risk of bronchospasm.

As soon as a reaction occurs, infusion of the con-
trast media should be ceased immediately and treatment
with antihistamine immediately started. Bronchospasm and
wheezing, laryngospasm and stridor or hypotension should
be treated immediately with adrenaline, intravenous fluids,
and oxygen, in addition to antihistamines with or without
hydrocortisone [3].

Hypersensitivity reactions to contrast media include both
Ig E and non-Ig E-mediated anaphylaxis, with activation of
mast cells, coagulation, kinin and complement mechanisms,
inhibition of enzymes, and platelet aggregation [3].

Delayed adverse reactions to radiographic contrast media
are usually cutaneous (reported incidence varies from 1% to
23%) and include rash, skin redness, and skin swelling, some-
times associated with nausea, vomiting, and dizziness, that
begin 1 hour or longer (usually 6–12 hours) after the admin-
istration of the contrast agent; they are usually mild and
non-life threatening (sometimes can be moderate to severe)
and often not brought to the attention of the radiologist and
are ascribed to other causes [4]. Since patients are generally
discharged from the radiology department within half an
hour of contrast administration, these reactions are rarely
observed by the radiologist supervising the contrast admin-
istration. Adverse delayed cutaneous events have been noted
significantly (𝑃 < 0.05) more often with a dimeric nonionic
agent (16.4%) thanwith amonomeric nonionic contrast agent
(9.7%) [5]. Cutaneous reactions vary in size and presentation
but are usually pruritic. For the most part, these reactions are

self-limited and symptoms can be treated with corticosteroid
creams.

In a prospective study comparing a group of patients
undergoing computed tomography (CT) with iohexol and
another group undergoing CT without contrast media,
delayed cutaneous adverse reactions were significantly more
frequent (𝑃 < 0.001) in the iohexol group (14.3%) than in
the control group (2.5%) [4]. Similarly, in two prospective
studies there was a significantly higher rate of rash following
the intra-arterial utilization of iodixanol (Visipaque 320,
12.2%, and 10.4%) than with either the monomer iopamidol
(Niopam 300) or the ionic dimer ioxaglate (Hexabrix) (2.7%–
4.2%) [6, 7].

The pathophysiology of delayed cutaneous reactions is
speculative but likely represents a spectrum of T cell-medi-
ated delayed hypersensitivity [4].

3. Contrast-Induced Thyroid Dysfunction

Iodinated contrast media exposure may be associated with
development of either hyperthyroidism or hypothyroidism,
presumably due to the effect of free, biologically active
iodide ions present in the contrast media preparation. It is
possible that long-term storage and exposure to light may
lead to photolytic degradation of contrast media and hence
an increased concentration of free iodine in solution [8].

Iodine is the important element used in contrast media
that possesses high-contrast density. A dose of contrast
media used in typical radiological procedure contains about
13500 𝜇g of free iodide [9] and 15 to 60 g of bound iodine
[9, 10] that may be liberated as free iodide in the body
[9, 11]. This is actually an acute iodide load of 90 to several
hundred thousand times the recommended daily intake of
iodide (150 𝜇g) [12]. The normal response to a high iodine
load is the acute Wolff-Chaikoff effect, a rapid inhibition
of thyroid hormone synthesis and release [13]. Following
several days of continued exposure to high iodine levels, there
is an escape from the acute Wolf-Chaikoff effect, mediated
by downregulation of the sodium iodide transporter (NIS),
which transports iodine into the thyroid, and normal thyroid
hormone production resumes [14]. Failure of the acuteWolff-
Chaikoff effect results in iodine-induced hyperthyroidism,
or the Jod-Basedow phenomenon. Failure to escape from
the acute Wolff-Chaikoff effect results in iodine-induced
hypothyroidism [15–17].

Iodinated contrast-induced thyrotoxicosis is relatively
rare. Patients with Graves’ disease and multinodular goitre
are at increased risk, and those with thyrotoxicosis should
receive iodinated contrast media only with close monitoring
since patients with preexisting hyperthyroidismmay develop
a thyroid crisis [3]. On the other hand, iodine-induced
thyrotoxicosis following contrast radiography has been found
in 7 of 28 cases of hyperthyroidism seen at a geriatric hospital
[18]. Other studies have demonstrated the occurrence of
hyperthyroidism following nonionic contrast radiography
[19, 20].

Individuals with underlying Hashimoto’s thyroiditis or
other autoimmune thyroid diseases and those with a his-
tory of partial thyroidectomy are at particular risk for the
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development of iodine-induced hypothyroidism. It has been
demonstrated that iodine-containing contrast media (for
coronary angiography or CT; iodine dose range from 300
to 1221mg of iodine per kilogram) can transiently induce
subclinical hypothyroidism even in euthyroid patients [21].

Only few studies have been done on the possible asso-
ciation between contrast media exposure and subsequent
functional derangements of thyroid. Recently a nested case-
control study was performed to assess the association
between the exposure to contrast media and incident thyroid
dysfunction, using a database of patients receiving care
at Brigham and Women’s Hospital and at Massachusetts
General Hospital in Boston, Massachusetts [17]. In this
study incident hyperthyroidism was defined as a thyrotropin
level, at follow-up, below the normal range and incident
hypothyroidism as a thyrotropin level above the normal
range; incident overt hyperthyroidism was defined as a
follow-up thyrotropin level ≤0.1mIU/L and incident overt
hypothyroidism as a follow-up thyrotropin level >10mIU/L
based on evidence that such levels are associated with
cardiovascular morbidity and mortality and are less likely
to be due to nonthyroidal illness. The study demonstrated
a significant association between iodinated contrast media
exposure and subsequent development of incident hyperthy-
roidism, incident overt hyperthyroidism, and incident overt
hypothyroidism.However, no associationwas found between
contrast media exposure and incident hypothyroidism [17].

Iopanoic acid and ipodate, iodinated contrast media
previously used for cholecystography, are potent inhibitors of
the conversion of thyroxine (T4) to triiodothyronine (T3), the
bioactive thyroid hormone.Theywere occasionally used ther-
apeutically in hyperthyroid patients, for example, to rapidly
correct severe hyperthyroidism prior to thyroidectomy [22].
However, these agents are now used infrequently and are no
longer marketed in the United States.

4. Contrast-Induced Nephropathy

When radiographic contrastmedia are injected intravenously
or intra-arterially, they pass from the vascular compartment
through capillaries into the extracellular space.They are elim-
inated almost entirely by glomerular filtration, concentrated
in the tubular lumen by water tubular reabsorption, thereby
visualizing the urinary tract.

Theuse of contrastmediamay lead to kidney dysfunction,
especially in patients with preexisting renal impairment and
in those with diabetes. Contrast-induced nephropathy (CIN)
or contrast-induced acute kidney injury (CI-AKI) is therefore
an iatrogenic disease and has become a significant source
of hospital morbidity and mortality. Several years ago it was
indicated as the third leading cause of hospital-acquired acute
renal failure (after surgery and hypotension) accounting
for 12% of all cases [23]. It has been stated that it occurs
in up to 5% of hospitalized patients who exhibit normal
renal function prior to introduction of contrast [24]. For
outpatients, the risk for CIN, particularly in patients with
creatinine clearance >45mL/min per 1.73m2, seems to be
extremely low (approximately 2%) [25]. It has been stated

that CIN is not common in patients with normal preexisting
renal function; rather, it occurs more frequently in patients
with renal impairment and is possibly exacerbated when the
impairment is due to diabetic nephropathy [26].

We may define CIN as acute renal failure occurring
within 24–72 hrs of exposure to intravascular radiographic
contrast media that cannot be attributed to other causes.
It is commonly a nonoliguric and asymptomatic transient
decline in renal function, generally occurring within 24 hrs of
contrast administration, usually peaking on the third to fifth
day, and returning to baseline within 10–14 days. The impair-
ment of renal function is usually mirrored by an absolute
(0.5mg/dL or greater) or relative (by 25% or greater) increase
in serum creatinine frombaseline [27, 28]. Variation in serum
creatinine levels after contrast media has been interpreted
as indicating nephrotoxicity even though such variation may
occur evenwithout contrastmedia administration [29].Thus,
the incidence of CINwould have been overestimated because
of fluctuations in serum creatinine level that may occur
naturally or in response to acute medical instability [26].
For this reason it is better to consider the decrease of cre-
atinine clearance. But measurement of creatinine clearance,
as derived from 24-hour urine collection, is a cumbersome,
impractical, and inaccurate test. The estimated glomerular
filtration rate (eGFR) ismore accurate and significantly easier
to obtain as it is calculated from serumcreatinine, age, gender,
and ethnicity using the modification of diet in renal disease
(MDRD) calculation [30] or the very simple Cockcroft-
Gault formula: (140 − number years of age) × Kg body
weight/72/mg% of serum creatinine; in females the result ×
0.85 [31]. Moderately decreased renal function is defined as
eGFR 30–60mL/min (renal insufficiency).

In some cases, CIN may cause a more severe impairment
of renal function with oliguria (<400mL/24 hrs), requiring
dialysis. In these cases the mortality is much higher. Perma-
nent severe renal failure requiring dialysis has been shown to
occur in up to 10% of patients with preexisting renal failure
who develop further reduction in renal function after coro-
nary angiography [32] or in <1% of all patients undergoing
percutaneous coronary intervention using contrast agents
[33].

Themanagement of CIN is the same as that for acute renal
failure due to other causes [23].

In a prospective study examining the incidence of CIN
in a relatively young (54 ± 14) outpatient cohort undergoing
contrast-enhanced CTwith a low-osmolar, nonionic contrast
iopamidol-370, CIN occurred in 11% of patients; it was asso-
ciated with an increased risk for severe renal failure and death
from renal failure [34]. In another prospective, observational
study of patients undergoing contrast-enhanced CT, CINwas
uncommon among outpatients with mild baseline kidney
disease, even without the administration of IV fluids in
most patients: <1% of outpatients with GFR >45mL/min
per 1.73m2 manifested an increase in serum creatinine
>0.5mg/dL [35].

In a retrospective study analyzing 11,588 patients who
underwent either CT without contrast or CT with a low-
osmolar contrast medium (iohexol) or an iso-osmolar con-
trast medium (iodixanol), no significant difference in the
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overall incidence of CIN was observed between the iso-
osmolar contrast medium and the control groups for all
baseline creatinine values. The incidence of acute kidney
injury in the low-osmolar contrast medium group paralleled
that of the control group up to a creatinine level of 1.8mg/dL,
but increases above this level were associated with a higher
incidence of acute kidney injury in the low-osmolar contrast
medium group [36].

In a recent retrospective study of CT examinations
performed over a 10-year period in 20,242 adult inpatients
(10,121 untreated and 10,121 treated with IV contrast media)
with sufficient serum creatinine data, in order to determine
the effect of IV low-osmolar contrast media (LOCM) on
the development of post-CT CIN, stratified by pre-CT eGFR
in patients with stable renal function, it has been observed
that IV LOCM is a risk factor for nephrotoxicity in patients
with a stable eGFR <30mL/min/1.73m2, with a trend toward
significance at 30–44mL/min/1.73m2, whereas it does not
appear to be a nephrotoxic risk factor in patients with a pre-
CT eGFR ≥45mL/min/1.73m2 [37]. Thus, according to these
authors, IV LOCM is a nephrotoxic risk factor, but not in
patients with a stable serum creatinine level <1.5mg/dL [38]
or eGFR ≥45mL/min/1.73m2 [37].

In another recent retrospective study involving 53,439
unique patients in whom serum creatinine was regularly
checked to determine the causal association and effect of
IV iodinated contrast material exposure to the incidence
of CIN, it was found that the incidence of CIN was not
significantly different between the contrast material group
and control group, suggesting that intravenous iodinated
contrast media may not be the causative agent in diminished
renal function after contrast material administration [39]. In
a systematic review andmeta-analysis of controlled studies by
the same group examining the incidence of CIN in patients
exposed to IV contrast medium compared with patients
who underwent an imaging examination without contrast
medium (control group), a similar incidence of CIN, dialysis,
and death was demonstrated between the contrast medium
group and control group [40].

The amount ofmorbidity ormortality observed after CIN
that would be avoided if CIN events were prevented remains
unknown. A review of observational studies and clinical
trials to shed light on the nature of the relationship between
CIN and mortality allowed the conclusion that the deaths
of some patients with CIN are complicated by factors that
cannot be directly related to CIN, such as liver disease, sepsis,
respiratory failure, and bleeding. However, it is plausible that
CIN contributes to cardiovascular causes of death in patients
with CIN [41].

In a 3-year retrospective study in an intensive care unit
(ICU), patients undergoing a contrast media-enhanced CT
scan in whom changes in serum creatinine between baseline
(24 hours before to 12 hours after contrast media injection)
and itsmaximumvalue over the 96 hours after contrastmedia
injection was recorded (in all 299 patients), the incidence
of CIN was 14%. The need for renal replacement therapy
and ICU mortality were significantly higher in cases of CIN
[42].

Among all procedures utilizing contrast media for
diagnostic or therapeutic purposes, coronary angiography
and percutaneous coronary interventions (PCI) are associ-
atedwith the highest rates of CIN [28]mainly related not only
to the intra-arterial injection and to the high dosage of the
contrast necessary, but also to the type of patients (advanced
age, one or more comorbid conditions, and more advanced
vascular diseases, such as hypertension and diabetes) [25].

The relationship of CIN to long-term adverse events
(e.g., death, stroke, myocardial infarction, end-stage kidney
disease, percutaneous coronary revascularization, coronary
artery bypass graft surgery, cardiac arrest, development of
congestive heart failure or pulmonary edema, and need for
permanent pacing) has been studied in 294 patients, with
followup of at least 1 year after contrast exposure. The rate
of long-term adverse events was higher in individuals with
CIN. A reduction in the incidence of CIN and long-term
adverse events was observed in regression analyses to adjust
for possible known confounders. This supports the view
that CIN is causally related to long-term adverse events
rates [43].

4.1. Pathogenesis. The mechanisms underlying contrast
media nephrotoxicity have not been fully elucidated and
may be due to several factors. The generally held view is that
CIN is caused by a combination of a reduction in medullary
blood flow leading to hypoxia and direct tubular damage
due to toxicity of contrast media. Hypoxia may lead to the
formation of reactive oxygen species (ROS) [44] and it has
been argued that these in turn are responsible for contrast
media toxicity [45, 46].

The intravenous injection of radiographic contrast me-
dium causes an initial increase in renal blood flow but
is then followed by a more prolonged decrease in blood
flow and accompanied by a decrease in glomerular filtration
rate (GFR), while the extrarenal vessels show transient
vasoconstriction followed by decrease in vascular peripheral
resistances. The result will be a renal ischaemia, particularly
in the medulla (a region already functioning at low oxygen
tension under normal physiologic conditions), contributing
to the pathogenesis of CIN [47, 48]. Other intrinsic causes
of medullary ischemia include increased oxygen consump-
tion, increased intratubular pressure secondary to contrast-
induced diuresis, increased urinary viscosity, and tubular
obstruction, all frequently associated with dehydration and
decrease in the effective intravascular volume [23, 49].

Oxygen delivery to the outer medulla is poor even
under normal conditions because of its distance from the
descending vasa recta. The majority of in vitro experiments
carried out to study the effect of contrast media on arteries
obtained from different animal species showed differing
responses with respect to contraction/dilation depending on
the type of vessel and species being studied [8]. Further-
more, the contrast medium was not applied intraluminally,
thus precluding any evaluation of the effect of contrast
media on the epithelium. However, in one study in which
specimens of outer medullary descending vasa recta were
isolated from rats and microperfused intraluminally with a
buffered solution containing iodixanol, it was demonstrated
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that contrast media directly constrict descending vasa recta
by reducing nitric oxide (NO) and significantly increasing the
vasoconstrictor response to angiotensin II, thereby causing
local hypoxia [8, 50]. The decrease in NO is believed to
be due to its reaction with ROS in particular superoxide
[8]. Interestingly, this reaction may lead to the formation
of the more powerful oxidant peroxynitrite [51] that may
be more detrimental to the physiological milieu. In vivo
experiments in rats demonstrated that the decrease in cortical
and medullary microvascular blood flow induced by contrast
medium is partly accounted for by the downregulation of
endogenous renal cortical and medullary NO synthesis [52].
To support the role of ROS generated during contrast media
administration in vasoconstriction, the use of the superox-
ide dismutase (SOD) mimetic tempol reduced iodixanol-
induced vasoconstriction [50]. More recent work using a
recombinant manganese SOD administered in vivo to rats
undergoing diatrizoate treatment caused an improvement
in GFR and a reduction in renal histologic damage [53].
However, the decrease in NO in the vasa recta may not be
totally accounted for by increased ROS production as damage
to endothelial cells (including apoptosis) may be a factor [8].
Endothelial damage may also release endothelin and hence
lead to vasoconstriction [8]. Reduced levels of prostaglandins
have also been suggested to predispose to CIN [54].

Direct tubular epithelial cell toxicity by contrast media
has been observed in studies of isolated tubule segments and
cultured cells substantiated by disruption of cell integrity, the
generation of ROS and apoptosis.

As already mentioned, contrast media can cause cellular
damage to endothelial cells, being the first to come in contact
with intravenously injected contrast agents, but the contrast
media are filtered by glomeruli and are concentrated inside
the tubules, exposing the tubular cells to even worse direct
damage [8]. In vitro cell culture studies have shown that all
types of contrast media cause a decrease in cell viability [55–
59]. The biochemical changes underlying these effects have
been extended to studying changes in major intracellular sig-
nalling pathways involved in cell survival, death, and inflam-
mation [57–60] in vitro in cultured human renal tubular cells
[61]. Contrastmedia can cause perturbation ofmitochondrial
enzyme activity and mitochondrial membrane potential in
proximal tubule cell line; in the more distal segments of the
kidney, they can cause apoptosis [62]. Studies in animals
and in vitro studies suggest, in fact, that contrast media can
directly induce caspase-mediated apoptosis of renal tubular
cells. It seems that contrast-induced apoptosis is due to the
activation of shock proteins and the concurrent inhibition of
cytoprotective enzymes and prostaglandins [2, 34, 63–67].

Some studies have highlighted the crucial role of
mannose-binding lectin (a protein of the complement sys-
tem) in aggravating the inflammatory response and tissue
damage during ischemia/reperfusion injury of several organs,
including the kidney. In a clinical trial assessing the impor-
tance of serum mannose-binding lectin with respect to the
development of CIN, the deficiency of this lectin did not
influence the occurrence of CIN as defined by a serum creati-
nine increment; it was, however, associated with an (limited)
increase in cystatin C after the administration of contrast

agent [68]. But the increase in serumcreatinine after exposure
to contrast media is delayed, usually achieving a maximum
two to five days after contrast exposure. However, cystatin
C, a more sensitive marker, has been shown to rise earlier,
to peak as early as 24 hours after contrast administration,
thereby detecting even subtle changes in eGFR after acute
kidney injury including CIN [69–72]. Thus, in this clinical
trial, subjects with mannose-binding lectin deficiency were
almost two times less likely to develop an increase of ≥10%
in cystatin C after administration of the contrast agent. This
suggests that deficiency of mannose-binding lectin might
attenuate some of the detrimental effects of contrast media
[68].

It has been suggested that an adaptive response to hypoxia
in the kidney parenchyma involving the hypoxia-inducible
factor (HIF) may play a protective role in the pathogenesis of
CIN [54]. Radiocontrastmedia administered to a ratmodel of
acute renal failure resulted in accumulation of HIF isoforms
in the kidney medulla. HIF is a transcription factor that has
many targets, one of which is a 32-kilodalton protein, heme
oxygenase-1 (HO-1). HO-1 induction results in degradation
of prooxidant heme, releasing iron, carbon monoxide (CO),
and biliverdin; biliverdin is converted to bilirubin, an antiox-
idant; iron is sequestered by ferritin; the products of the
HO-1 reaction have antioxidant, anti-inflammatory, vasodila-
tory, and antiapoptotic effects, leading to attenuation of
CIN [24].

Whilst the development of iso-osmolar contrast media
has been seen as a positive development, the downside is
that these tend to be more viscous leading to increased urine
viscosity [8]. Increased viscosity may lead not only to greater
retention in the kidneys but also to tubular stretching and
mechanical stress, causing greater oxidative stress in the thick
ascending limbs which may worsen tubular damage. Again,
previous pathology in individual patients (e.g., diabetes
mellitus and chronic nephropathy) increases the severity of
damage, thus enhancing the final risk of CIN [8].

4.2. Risk Factors. Identification of patients at high risk for the
development of CIN is of major importance.

The European Society of Urogenital Radiology has sug-
gested that the real risks for CIN are represented by preex-
isting renal impairment particularly secondary to diabetic
nephropathy, salt depletion and dehydration, congestive
heart failure, age greater than 70 years, and concurrent use
of nephrotoxic drugs [27, 73].

But the risk factors for CIN include important conditions
that are both modifiable and nonmodifiable (Table 1).

(A) Preexisting impairment of renal function, irrespective
of cause: the higher the baseline creatinine value or, better,
the lower the eGFR, the greater the risk of CIN. An eGFR of
60mL/min/1.73m2 is a reliable cut-off point for identifying
patients at high risk for the development of CIN. The
incidence of CIN in patients with underlying chronic renal
failure is extremely high, ranging from 14.8 to 55% [28]. In a
retrospective observational in-hospital study, however, it has
been recently demonstrated that CIN occurred with similar
frequency, following coronary angiography, in both patients
with and without chronic kidney disease [74].
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Table 1: Risk factors for the development of contrast-induced nephropathy (CIN).

Nonmodifiable risk factors Modifiable risk factors
Advanced age (>65 years) Large doses and multiple injections of contrast media
Preexisting impairment of renal function Route of administration
Advanced congestive heart failure Osmolality of contrast media
Diabetes mellitus Severe dehydration
Multiple myeloma Prolonged hypotension
Sepsis Anemia
Compromised left ventricle systolic performance Reduction of effective intravascular volume
Renal transplant Concomitant use of nephrotoxic drugs

Concomitant use of ACEi and/or ARBs
Abbreviations: ACEi: angiotensin-converting enzyme inhibitors; ARBs: angiotensin II receptor blockers.

(B) Diabetes mellitus particularly when associated with
renal insufficiency [75]: diabetes predisposes to CIN. At
any given degree of baseline GFR, diabetes doubles the
risk of developing CIN compared with nondiabetic patients.
The incidence of CIN in diabetic patients varies from 5.7
to 29.4% [28]. The administration of iodinated radiocon-
trast media to diabetics acutely reduces renal parenchymal
oxygenation, a reduction that is most prominent in the
renal medulla, already functioning at low oxygen tension
[76]. The biologically active endothelins are produced by
proteolysis of the precursor preproendothelins under the
action of endothelin-converting enzyme that plays a key role
in the rising circulating and renal endothelin levels found
in diabetes and after exposure to contrast agents. This may
explain the particular susceptibility of diabetic patients to
contrast media [76]. The high incidence of CIN in diabetic
patients has also been attributed to hypersensitivity of renal
vessels of diabetics to adenosine, a vasoconstrictive agent
[77]. It has been demonstrated that, in patients with diabetes,
hypercholesterolemia is the strongest predictor of CIN [78].
Despite the mentioned evidence, most authors do not regard
the presence of diabetesmellitus in the absence of renal failure
as a risk factor for CIN. In diabetic patients with preserved
renal function and without other risk factors, in fact, the
incidence of CIN is comparable to that of a nondiabetic
population [79]. But an established observation is that the
coupling of chronic kidney disease and diabetes dramatically
increases the risk for CIN compared with that observed for
chronic kidney disease alone [80]. It has been observed,
in fact, that diabetic patients with advanced chronic renal
failure (serum creatinine >3.5mg/dL) due to causes other
than diabetic nephropathy are at significantly higher risk for
CIN [81].

(C) Concomitant use of nephrotoxic drugs such as
aminoglycosides, cyclosporin A, amphotericin, and cisplatin:
also the concomitant use of nonsteroidal anti-inflammatory
drugs represents an important risk factor because of their
inhibition of the vasodilatory prostaglandins [82, 83].

(D) Concomitant use of angiotensin-converting enzyme
inhibitors or angiotensin receptor blockers: the role of
renin-angiotensin-aldosterone system blocking agents such
as angiotensin-converting enzyme inhibitors (ACEIs) and

angiotensin II receptor blockers (ARBs) in the pathophys-
iology of CIN remains controversial. There are conflicting
opinions on this point [84]. Angiotensin II is a main effector
peptide in the renin-angiotensin system and plays a very
important role in controlling renal homeostasis as a vaso-
constrictor. According to most authors, patients with chronic
renal disease under treatment with ACEIs or ARBs are at
higher risk for developing CIN [74, 85–89] particularly in
the elderly [90]. According to other investigators, captopril
prevents CIN in diabetic patients by reducing the increase
of angiotensin II [91]. In animal models, in fact, it has been
demonstrated that telmisartan protects the renal tissue from
nephrotoxicity of contrast media [92]. Some authors suggest
discontinuing the use of ACEIs and ARBs 48 hours prior to
exposure to radiocontrast agents, especially in patients with
multiple risk factors [89]. According to others, withholding
ACEIs and ARBs 24 h before coronary angiography does
not appear to influence the incidence of CIN in stable
patients with chronic renal failure [93]. According to KDIGO
guidelines for Acute Kidney Injury Work Group, there is
insufficient evidence to recommend discontinuation of these
medications prior to contrast administration [94].

(E) Reduction of effective intravascular volume: this may
be due to congestive heart failure, liver cirrhosis, or salt
depletion secondary to abnormal fluid losses associated with
insufficient salt intake.

(F) Severe dehydration causes reduction of effective
intravascular volume. Furthermore, renal vasoconstriction
induced by adenosine is accentuated during sodium deple-
tion and is reduced during volume expansion [48].

(G) Prolonged hypotension [23, 95].
(H) Multiple myeloma: CIN was described for the first

time in a patient with multiple myeloma receiving intra-
venous pyelography [96]. Early articles linked IV administra-
tion of contrast agents with the development of renal failure
in patients with multiple myeloma, leading to the conclusion
that IV contrast media are contraindicated in patients with
myeloma because they are at a high risk for developing CIN
[97–101]. A recent retrospective clinical study examined the
risk of CIN in patients with multiple myeloma following
nonionic iodinated contrast media injection during CT. On
the basis of their results the authors concluded that the
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incidence of CIN in patients with multiple myeloma with
a normal serum creatinine is low and correlates with 𝛽

2
-

microglobulin levels; thus, the administration of contrast
agents in these patients is relatively safe [102]. The mean 𝛽

2
-

microglobulin serum level (which increases with both higher
tumor burden and decreased renal function) did display a
statistically significant association with CIN development.
According to the authors, a review of 𝛽

2
-microglobulin

serum levels may be beneficial before administering IV
contrast agent to patients with myeloma, because it likely
serves as a marker of patients who are at a higher risk of
developing renal insufficiency and CIN. They suggested a
threshold value of less than 2.8mg/L of 𝛽

2
-microglobulin

serum level for essentially eliminating the risk ofCIN [102]. In
multiplemyelomaCIN has been attributed to precipitation of
radiographic contrast media molecules with Tamm-Horsfall
proteins and other abnormal proteins, and tubular epithelial
cells damaged and desquamated due to ischemia [23, 103].

(I) Use of large doses of contrast media and their multiple
injections within 72 hrs [23, 104, 105]: the risk of CIN is dose-
dependent; it increases with the volume of contrast medium
administered during the procedure [33, 106, 107]. Larger
volumes of contrast agents are used in coronary angiography
than in other imaging studies. Therefore, patients who have
coronary angiography (who usually have one ormore comor-
bid conditions) have CINmore frequently than other patients
[108, 109].

(J) Route of administration: many studies have demon-
strated that intravenous contrast media are less risky than
intra-arterial contrast media [26, 110–114]. Radiographic con-
trast media are more nephrotoxic when given intra-arterially
because of the higher acute intrarenal concentration [23, 115],
particularly if the arterial injection is suprarenal [116]. It has
been demonstrated that, while performing aortography, the
closer to the renal arteries the injection of contrast medium
occurs, the higher the risk of CIN is [117].

(K) Osmolality of contrast media compared with the
osmolality of plasma seems to play an important role in
nephrotoxicity. Contrast media usually have high viscos-
ity and greater osmolality (more molecules per kilogram
of water) than plasma. Ionicity is the characteristic of a
molecule to break up into a cation and an anion, resulting
in more molecules per kilogram of water and thus increasing
osmolality. Nonionic agents not having this property are less
osmolar. The osmotoxic effect of contrast agents is described
in terms of the ratio of iodine atoms to dissolved particles: the
higher the ratio, the better the attenuation of X-rays [23, 118].
Ionic high-osmolar contrast media (HOCM, e.g., diatrizoate,
1500 to 1800mOsm/kg, i.e., 5–8 times the osmolality of
plasma) have a ratio of 1.5 : 1, nonionic low-osmolar contrast
media (LOCM, e.g., iohexol, 600 to 850 mOsm/kg, i.e., 2-3
times the osmolality of plasma) have a ratio of 3 : 1, and
nonionic iso-osmolar contrast media (IOCM, e.g., iodixanol,
approximately 290 mOsm/kg, i.e., the same osmolality as
plasma) have a ratio of 6 : 1 [119]. Adverse reactions to contrast
media range from 5% to 12% for HOCM and from 1% to 3%
for LOCM. It has been shown that LOCMrather thanHOCM
are beneficial in the prevention of CIN to patients with
preexisting renal failure [118, 120–122]. Iodixanol (IOCM)

seems less nephrotoxic than iohexol (LOCM) [118, 123] at
least in patients with intra-arterial administration of the drug
and renal insufficiency [115, 124]. But recent studies andmeta-
analyses have found no significant difference in the rates of
CIN between IOCM and LOCM [124–127].

(L) Advanced age (>65 years): the reasons for higher CIN
risk in the elderly are multifactorial, including age-related
changes in renal function and the presence of old vessels, of
coronary artery disease [28, 104].

(M) Anemia: anemia is a risk factor for CIN by contribut-
ing to renal ischemia. It has been demonstrated that a low
hematocrit is an important risk factor for CIN. The rates of
CIN were the highest (28.8%) in patients who had the lowest
level for both baseline eGFR and hematocrit. Patients with
the lowest eGFRbut relatively high baseline hematocrit values
had remarkably lower rates of CIN [128].

(N) Advanced congestive heart failure or compromised
left ventricle systolic performance has been stated to be
important risk factors for CIN [28].

(O) Sepsis is a risk factor, probably because of direct tubu-
lar damage by bacterial toxins and impairment of circulation
[23, 83, 104].

(P) Renal transplant: patients with renal transplantation
are at a higher risk of CIN due to concomitant use of nephro-
toxic drugs, such as cyclosporine, and higher prevalence of
diabetes and renal insufficiency. In a retrospective study,
the incidence of CIN in renal allograft recipients was lower,
15.3%, in patients who received intravenous hydration com-
pared to 42.8% in patients who received no prophylaxis prior
to intravenous or intra-arterial contrast studies (coronary
angiogram,CT scanwith intravenous contrast, angiogram for
evaluation of peripheral vascular disease, allograft angiogram
with angioplasty, pulmonary angiogram, and intravenous
pyelogram) [129].

4.3. Prevention. In patients at high risk of CIN, renal function
should be carefullymonitored bymeasuring serumcreatinine
and calculating the eGFR before and once daily for 5 days
after the radiographic procedure [23].

Appropriate procedures to prevent CIN include the fol-
lowing.

(1) Adequate hydration of the patient: it has been stated
that volume supplementation is the cornerstone for the
prevention of CIN, being safe, effective, and inexpensive
[130]. On a theoretical basis, hydration causes expansion
of intravascular volume, thereby suppressing the renin-
angiotensin cascade and consequently reducing renal vaso-
constriction and hypoperfusion; the result is an increase of
diuresis, thereby limiting the duration of contrast material
contact with renal tubules and therefore its toxicity on tubular
epithelium [131, 132]. There is evidence to support hydration
as a preventative measure in patients at high risk for CIN
[133]. The suggestion to limit fluid intake starting the day
before contrast administration should be abolished. On the
contrary, if there is no contraindication to oral ingestion,
fluid intake should be encouraged, for example, 500mL of
water or soft drinks (tea, mineral water) orally before and
2,500mL for 24 hours after contrast administration; this
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fluid intake should secure diuresis of at least 1mL/min in
a nondehydrated patient [134]. High-risk patients should
be administered 0.9% saline by IV infusion at a rate of
approximately 1mL/kg per hour, beginning 6–12 hours before
the procedure and continuing for up to 12–24 hours after
the radiographic examination, if diuresis is appropriate and
cardiovascular condition allows it [23, 130]. Several studies
have confirmed the efficacy of adequate hydration with IV
infusion of normal saline solution (NaCl, 0.9%) or a half-
strength saline solution (NaCl, 0.45%) [134, 135]. However,
the occurrence of CINwas significantly reducedwith isotonic
(0.7%) versus half-isotonic volume supplementation (2.0%)
[130]. It has also been suggested and/or demonstrated by
clinical studies or meta-analysis that sodium bicarbonate
hydration is superior to sodium chloride hydration [136–142].
Most recent meta-analysis found bicarbonate effective only
with LOCM and not IOCM and with the greatest effect for
urgent coronary procedures [143]. For patients undergoing an
emergency coronary angiography or intervention, 154mEq/L
infusion of sodium bicarbonate has been used, as a bolus
of 3mL/kg/hour for 1 hour before the administration of
contrast, followed by 1mL/kg/hour for 6 hours during and
after the procedure [137]. In a double-blind and randomized
clinical trial, the risk of CIN was significantly lower in
patients undergoing coronary angiography or percutaneous
coronary intervention pretreated with bicarbonate infusion
in combination with oral acetazolamide, a carbonic anhy-
drase inhibitor [144, 145]. In one paper sodium citrate was
used to alkalinize the urine [146]. It seems, in fact, that a
direct causal relationship exists between low pH of tubular
fluid and enhanced activity of generated ROS to damage
renal tubular cells. Sodium bicarbonate (that is excreted with
urine following either bicarbonate infusion or acetazolamide
administration) decreases the acidification of urine and
medulla, thereby reducing the production and increasing
the neutralization of oxygen free radicals; this protects the
kidney from injury by contrast agents [139, 140, 147, 148].
Other investigators did not find a benefit when hydration
with sodium bicarbonate was compared to hydration with
sodium chloride for the prevention of CIN in patients with
moderate to severe chronic kidney disease who were under-
going coronary angiography [149–152]. Some authors have
also found that the use of intravenous sodium bicarbonate
was associated with even an increased incidence of CIN that
might be due to its prooxidant properties (bicarbonate in
the presence of ROS would enhance the generation of ROS)
[153]. This is the European Renal Best Practice position:
“We recommend volume expansion with either isotonic sodium
chloride or sodium bicarbonate solutions, rather than no
volume expansion, in patients at increased risk for CIN” [154].
A randomized, double-blind, multicenter trial, prevention of
serious adverse events following angiography (PRESERVE),
is currently underway enrolling 8,680 high-risk patients
undergoing coronary or noncoronary angiography, to com-
pare the effectiveness of IV isotonic sodium bicarbonate
versus IV isotonic sodium chloride and oral N-acetylcysteine
versus oral placebo for the prevention of serious, adverse
outcomes associated with CIN [155].

(2) Discontinuation of nephrotoxic drugs: potentially
nephrotoxic medications, such as aminoglycosides, vanco-
mycin, amphotericin B, and nonsteroidal anti-inflammatory
drugs, should be discontinued before contrast media admin-
istration [48]. Sometimes the use of aminoglycosides is
absolutely necessary; in these cases it is recommended that
they are used for as short a period of time as possible.
The European Renal Best Practice [154] position is: “We
suggest not using more than one shot of aminoglycosides for the
treatment of infections. . .We recommend that, in patients with
normal kidney function in steady state, aminoglycosides are
administered as a single-dose daily rather than multiple-dose
daily treatment regimens. . . (meanwhile) monitoring amino-
glycoside drug levels”. Concerning the use of amphotericin
B, ERBP recommends that saline loading should be imple-
mented in all patients receiving any formulation of ampho-
tericin B [154]. Metformin is an oral antihyperglycemic
medication widely used to treat type 2 diabetes, is eliminated
unchanged primarily via the kidneys (>90%within 24 hours),
and, as a biguanide, stimulates intestinal production of lactic
acid. If contrast media administration causes renal failure,
metformin is not excreted and can reach toxic levels resulting
in lactic acidosis with a significant associated mortality (∼
50%).Thus, it is recommended that metformin be discontin-
ued at least 12 hours before the contrast administration and
not be resumed for a minimum of 36 hours after the proce-
dure, or longer if the serum creatinine has not returned to
baseline [3].

(3) Use of N-acetylcysteine: as already mentioned, exper-
imental findings in vitro and in vivo have demonstrated
enhanced hypoxia and the formation of ROS within the kid-
ney following the administration of iodinated contrastmedia;
this may play a role in the development of CIN. Since ROS
have been suggested to play a crucial role in renal damage
by contrast agents, the antioxidant N-acetylcysteine has been
thought to act either as a free-radical scavenger or as a reactive
sulfhydryl compound as well as a factor able to increase
the vasodilating effect of NO [23, 45, 156]. Short-duration
pretreatment with N-acetylcysteine significantly reduced
contrast-medium-induced cytotoxicity in human embryonic
kidney cells treated with three different contrast media:
ionic ioxitalamate, nonionic low-osmolar iopromide, and iso-
osmolar iodixanol [157]. N-acetylcysteine has been shown
to ameliorate ischemic renal failure in animal models [158].
But the protective effect of N-acetylcysteine against CIN in
high-risk patients is still controversial. Some authors have
reported protective effect [159–161]; others have denied it [153,
162–168]. It has also been suggested that N-acetylcysteine
would have additional benefits, other than its reported
renoprotective effects, on heart and vessels [169]. Despite
these controversial results, the use of N-acetylcysteine in
high-risk patients, with an oral dose of 600mg twice daily on
the day before and the day of procedure, has been suggested
[23]. The use of IV doses of 150mg/kg over half an hour
before the procedure or 50mg/kg administered over 4 hours
has been suggested for patients unable to take it orally
[160].
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(4) Use of antioxidant vitamin C (ascorbic acid): in an
in vitro study ascorbic acid did not reduce the contrast-
medium-induced cytotoxicity in human embryonic kid-
ney cells treated with three different contrast media: ionic
ioxitalamate, nonionic low-osmolar iopromide, and iso-
osmolar iodixanol [157]. Conflicting results have been
obtained with the clinical use of ascorbic acid in the preven-
tion of CIN. Ascorbic acid (3 g given orally 2 hours before
the procedure and 2 g in the night and the morning after the
procedure) had a protective effect on the kidney in patients
undergoing coronary angiography and/or intervention [170,
171]. Other investigators have denied the prophylactic use
of ascorbic acid in patients with renal dysfunction exposed
to contrast dye [172]. High-dose N-acetylcysteine (1,200mg
orally twice on the day before and the day of coronary
catheterization) seems more beneficial than ascorbic acid in
preventing CIN, especially in diabetic patients with renal
insufficiency undergoing coronary angiography [173].

(5) Use of the antioxidant vitamin E (𝛼- or 𝛾-tocopherol):
in vivo and in vitro studies have already demonstrated the
antioxidative and anti-inflammatory properties of vitamin E.
Prophylaxis oral administration with either 350mg/day of
𝛼-tocopherol or 300mg/day of 𝛾-tocopherol (5 days prior
to the coronary procedure, continuing for a further 2 days
after procedure) in combination with 0.9% saline (at a rate of
1mL/kg/h for 12 hours before and 12 hours after elective coro-
nary procedures) has been shown to be effective in protecting
against CIN in chronic kidney disease patients undergoing
elective coronary procedures with the low-osmolar, nonionic
contrast medium iopromide: CIN developed in 14.9% of
patients in the placebo group, but only in 4.9% and 5.9% in
the 𝛼- and 𝛾-tocopherol groups, respectively [174].

(6) Use of statins: hypercholesterolemia has been sug-
gested as a predisposing factor to CIN on the basis of a study
in experimental AKI, characterized by compromised NO
synthesis and enhanced ROS generation [175]. Recent studies
have shown a beneficial effect of the use of statins to prevent
CIN in patients undergoing percutaneous coronary interven-
tion [176–178]. In a recent study on 2998 patients with dia-
betes mellitus and chronic kidney disease undergoing arterial
contrast media injection for coronary/peripheral arterial
angiography, rosuvastatin, given at a dosage of 10mg/day (𝑛 =
1,498) for five days (two days before and three days after
procedure), significantly reduced the risk of CIAKI [179].The
results of experimental studies in rats have shown that sim-
vastatin dose-dependently attenuated contrast-induced rise
of creatinine, urea, and structural abnormalities suggesting its
nephroprotective effect [180]. Chronic pravastatin treatment
before contrast media exposure was important for preventing
CIN in patients with renal insufficiency undergoing coronary
angiography or percutaneous coronary intervention [181].
Patients on pravastatin had a significantly lower incidence
of CIN compared to patients on simvastatin [182]. The
use of short-term atorvastatin (40mg/day started 3 days
before coronary angiography) and chronic statin therapy
may have a role in protecting renal function after elective
coronary angiography: after coronary angiography, serum
creatinine and eGFR were significantly better in patients
using atorvastatin than in controls [183]. Along with lowering

serum cholesterol, statins have pleiotropic effects in the
vasculature, by decreasing endothelin synthesis, decreas-
ing inflammation and improving endothelial function, and
reversing contrast-induced oxidative stress. The nephropro-
tective effect of statins against contrast media might not
involve lipid metabolism [184]; it can be attributed mainly
to its antioxidant, anti-inflammatory, and antithrombotic
properties and to its vasodilator properties, mediated by
NO, that improve renal microcirculation [180]. On the basis
of recent literature, many authors support the utilization
of statins as adjuvant pharmacologic therapy before per-
cutaneous coronary intervention [176, 177, 185]. A meta-
analysis supports the effectiveness of short-term high-dose
statin pretreatment for both decreasing the level of serum
creatinine and reducing the rate of CIN in patients under-
going diagnostic and interventional procedures requiring
contrast media [186]. Patients with acute coronary syndrome
undergoing percutaneous coronary intervention were given
short-term pretreatment with high-dose atorvastatin load
(atorvastatin 80mg 12 hours before interventionwith another
40mg before procedure, followed by long-term atorvastatin
treatment 40mg/day); this treatment prevented CIN and
shortened hospital stay [187].

(7) Use of nebivolol: nebivolol is a 𝛽1-adrenergic receptor
antagonist, a third-generation beta-adrenergic blocker, with
vasodilator and antioxidant properties [188, 189]. It has been
hypothesized that nebivolol may protect the kidney against
CIN through its antioxidant and NO-mediated vasodilator
action. An experimental study in rats has demonstrated the
protective role of nebivolol against CIN [190]. In fact it
decreased the medullar congestion, protein casts, and tubu-
lar necrosis which occurred secondary to contrast media,
decreased the systemic and renal oxidative stress which
occurred after contrast media administration, decreased
the microproteinuria which occurred secondary to contrast
media, and increased the kidney nitrite level which was
decreased by contrast media [190]. Based on this study on
nebivolol and CIN, it was hypothesized that nebivolol may
also protect the kidney in humans against CIN through its
antioxidant and NO-mediated vasodilator actions. The use
of oral nebivolol for one week at a dose of 5mg per day
decreased the incidence of contrast-induced nephropathy
in patients with renal dysfunction who underwent coro-
nary angiography [191]. Pretreatment with nebivolol (5mg
nebivolol every 24 hours for 4 days) appeared to be protective
against nephrotoxic effects of contrast media in human
beings subjected to iodinated contrast agent for coronary
angiography and ventriculography [192].

(8) Use of human serum albumin-thioredoxin (HSA-Trx)
(still experimental): thioredoxin-1 (Trx) is a ubiquitous low-
molecular-weight protein, produced in the human body in
response to oxidative stress conditions. It has a protective
effect against oxidative stress being a ROS scavenger, with
a very short half-life because of its fast elimination by the
kidney [193]. An HSA-Trx fusion protein has recently been
obtained with a half-time 10 times longer than that of
thioredoxin in normal mice. In vivo (in rats) and in vitro (on
human proximal tubular cells) studies have demonstrated its
ROS scavenging activity. Thus HSA-Trx prevents CIN and
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renal tubular apoptosis, via its extended antioxidative action,
in a rat model of ioversol-induced CIN [193].

(9) Use of sodium butyrate (still experimental): it has
been recently demonstrated in rats that sodium butyrate
possesses anti-inflammatory activities; it decreases the acti-
vation of nuclear factor kappa B (NF-𝜅B), thereby reducing
inflammation and oxidative damage in the kidney of rats
subjected to CIN [194].

(10) Use of high doses of steroids: it has been recently
suggested that high-dose steroids (oral prednisone, 1mg/kg,
12–24 hours before the angiographic procedure, at 6 am on
the day of the procedure, and 24 hours after the proce-
dure) given concurrently with IV saline (12 hours before
the procedure, at an infusion rate of 1mL/kg per hour of
0.9% saline) may be useful for protecting the renal tubule
during diagnostic/interventional endovascular procedures
involving the arterial administration of iodinated contrast
media (either iso-osmolar iodixanol or low-osmolar iohexol)
[195]. The rationale is that steroids may have a favorable
impact on inflammation and renal tubular cell apoptosis and
necrosis, as observed inmodels of renal ischemia-reperfusion
inwhich dexamethasone had a protective effect against injury
[196].

(11) Choice of contrast medium: (Table 2) low-osmolar
contrast media (LOCM, e.g., iohexol) are less nephrotoxic
than high-osmolar contrast media (HOCM, e.g., diatrizoate),
but iso-osmolar contrast media (IOCM, e.g., iodixanol) seem
to be even less so [23]. In human prospective trials and meta-
analysis, no statistical significant difference in nephrotoxicity
between high-osmolar (HOCM) and nonionic low-osmolar
(LOCM) contrast media has been found in patients with
normal renal function. However, in patients with chronic
kidney disease, there is a higher incidence of CIN with high-
osmolar contrast media (HOCM) than with the nonionic,
low-osmolar contrast media (LOCM) [113, 197].

When the cytotoxicity of LOCM and IOCM was eval-
uated on human embryonic kidney cells, porcine proximal
renal tubular cells, and canine Madin-Darby distal tubu-
lar renal cells, both LOCM and IOCM induced a dose-
dependent renal cell apoptosis that was prevented by N-
acetylcysteine and ascorbic acid [198].

A recent analysis including 36 randomized controlled
trials for a total of 7166 patients (3672 patients receiving the
IOCM iodixanol and 3494 patients receiving other LOCMs)
showed CIN incidence for iodixanol not statistically different
from the pooled LOCM; a significant reduction of CIN
with iodixanol was only observed in direct comparison of
iodixanol with the LOCM iohexol [199]. This suggests that
there are differences among low-osmolar contrast media
(LOCM) such that each molecule should be considered
individually.

A multicenter, randomized, double-blind comparison
of iopamidol (LOCM) and iodixanol (IOCM) has been
performed in patients with chronic kidney disease (eGFR
between 20 and 59mL/min) who underwent cardiac angiog-
raphy or percutaneous coronary interventions. Serum cre-
atinine (SCr) levels and eGFR were assessed at baseline
and 2 to 5 days after receiving the contrast agents. The
primary outcome was a postdose SCr increase ≥0.5mg/dL

over baseline. Secondary outcomes were a postdose SCr
increase ≥25%, a postdose eGFR decrease of ≥25%, and the
mean peak change in SCr.The rate of CINwas not statistically
different after the intra-arterial administration of iopamidol
or iodixanol to high-risk patients, with or without diabetes
mellitus. Any true difference between the agents was small
and not likely to be clinically significant [125].

Thus, a number of prospective clinical trials and meta-
analyses have confirmed that isosmolar (IOCM) and low-
osmolar contrast media (LOCM) have similar safety profiles,
with rare exceptions (see most recent meta-analysis by
Biondi-Zoccai) [200].

(12) Use of lowest dosage of contrast media: the devel-
opment of newer imaging technologies has facilitated faster
image acquisition; this has enabled radiologists to perform
studies with less intravascular contrast, because the duration
of time over which contrast needs to be administered has
shortened [201]. Considering that high doses of contrast
media are required for percutaneous coronary intervention,
several formulas have been suggested to calculate the dosage
that is least dangerous for renal function. Cigarroa’s formula
suggests the following contrast material limit: 5mL of con-
trast per kilogram body weight/serum creatinine (mg/dL)
with maximum dose acceptable of 300mL for diagnostic
coronary arteriography [202]. Laskey’s formula suggests the
volume of contrast to calculated creatinine clearance ratio
with a cut-off point for the ratio at 3.7 for percutaneous
coronary intervention: a ratio >3.7 would be associated,
following contrast use, with a decrease in creatinine clearance
[203] and a significant increase in mortality of patients with
ST elevation myocardial infarction [204]. More recently the
cut-off point for Laskey’s formula has been placed at 2.0:
below a ratio of 2.0 CIN would be a rare complication of
percutaneous coronary intervention, but it would increase
dramatically at a ratio of 3.0 [201, 205]. Other authors have
suggested using the ratio of grams of iodine to the calculated
creatinine clearance; a ratio 1.42, or better 1.0, would prevent
CIN. But the different results obtained by different authors
suggest that this needs to be validated further before being
accepted in clinical practice, considering also that patients
are not a homogeneous group, since some of them may have
complications such as hypotension, shock, and reduced left
ventricular systolic function that are themselves risks for CIN
[201].

(13) Use of furosemide or mannitol associated with saline
infusion (to prevent salt depletion) has been thought to be
beneficial in protecting against CIN since enhanced transport
activity with oxygen consumption is a principal cause of renal
hypoxia and both furosemide and mannitol reduce transport
activity; but several studies have demonstrated either no
effect or even deleterious effect on renal function [135, 206,
207]. The administration of furosemide and mannitol should
be avoided [134, 208]. Diuretics should be avoided in high-
risk patients who are susceptible to volume depletion before
contrast exposure [74].

(14) Use of atrial natriuretic peptide (ANP) has also failed
to protect against CIN [207, 209].

(15) Use of calcium channel blockers: calcium ions seem
to play a role in the pathogenesis of CIN. Ca2+ overload is
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Table 2: Iodinated contrast media commonly used in clinical practice.

Name Type Iodine content (mg/mL) mOsm/kg Osmolality type
Ionic

Diatrizoate (Hypaque 50) Monomer 300 1,550 HOCM
Metrizoate Isopaque (Conray 370) Monomer 370 2,100 HOCM
Ioxaglate (Hexabrix) Dimer 320 580 LOCM

Nonionic
Iopamidol (Isovue-370) Monomer 370 796 LOCM
Iohexol (Omnipaque 350) Monomer 350 884 LOCM
Iodixanol (Visipaque 320) Dimer 320 290 IOCM

Ionic and nonionic contrast media may be monomeric or dimeric; 3 iodine atoms are present on each benzene ring of the contrast medium: if a contrast
molecule contains only 1 benzene ring, it is called a monomer; if it contains 2 benzene rings, it is called a dimer. In solution, ionic contrast media break up into
their anion and cation components, thereby increasing osmolality, while nonionic contrast media do not break up in solution. Nonionic dimers are the ideal
contrast media as they deliver the most iodine with the least effect on osmolality.
The osmolality of contrast media is compared with the osmolality of plasma. HOCM: high-osmolar contrast media have the highest osmolality, that is, 5–8
times the osmolality of plasma. LOCM: low-osmolar contrast media have an osmolality still higher than plasma, that is, 2-3 times the osmolality of plasma.
IOCM: iso-osmolar contrast media have the same osmolality as plasma.

considered to be a key factor inCIN.TheNa+/Ca2+ exchanger
system is one of the main pathways of intracellular Ca2+
overload. It has been demonstrated that in rats the pretreat-
ment with KB-R7943, an inhibitor of theNa+/Ca2+ exchanger
system, significantly and dose-dependently suppressed the
increase of serum creatinine following diatrizoate adminis-
tration [210].The increase in intracellular calcium provokes a
vasoconstrictive response in intrarenal circulation andwould
be an important mediator of epithelial cell apoptosis and
necrosis. Measures have been used to reduce the entry of
calcium ions into the animal’s cells to prevent the reduction
in renal blood flow and GFR secondary to vasoconstrictor
stimuli [48]. Since hypoperfusion and hypoxia aggravate
cytotoxic cell damage and oxidative stress, means of improv-
ing renal perfusion are likely to diminish tissue damage.Thus,
theoretically, calcium channel blockers would have protective
effects, but their use has given controversial results. Some
authors have observed protective effects against CIN [211,
212]; others have denied any beneficial results [135, 213, 214].

(16) Use of adenosine antagonists (theophylline and
aminophylline) (based on the observation that urinary
adenosine is increased after contrastmediumadministration)
has also given controversial results. Some authors have
observed protective effect against CIN [215–219]; others have
denied any beneficial results [220, 221]. Considering their side
effects, it has been stated that adenosine antagonists cannot
yet be recommended for routine prophylactic use ofCIN [23].

(17) Use of dopamine agonists (fenoldopam and fenold-
opam mesylate) to prevent CIN has been disappointing.
Despite benefits demonstrated in some studies [222–224],
many studies have shown no protective effects against CIN
[163, 207, 221, 225].

(18) Use of endothelin receptor blockers: plasma and
urine endothelin-1 levels rise in diabetes and after exposure to
high doses of contrast media suggesting a role of endothelin-
1 in diabetic nephropathy and in CIN [48, 76]. Endothelin
receptor blockers, however, have been proven deleterious as
a prophylactic tool against CIN [226].

(19) Use of prostaglandin E1 has given some positive pro-
tective results on renal function following contrast medium
injection in patients with preexisting renal impairment [227].

(20) Haemodialysis or haemofiltration has been used to
remove radiocontrast media immediately after the radio-
graphic procedure. However, extracorporeal removal of con-
trast media does not decrease the incidence of acute renal
failure in high-risk patients [228–231]. European Renal Best
Practice [154] position (2012): “We do not recommend using
prophylactic intermittent haemodialysis (IHD) or haemofiltra-
tion [217] for the purpose of prevention of CIN” [154].

Use of magnetic resonance imaging (MRI) with gadolin-
ium-based contrast agent. According to KDIGO guidelines
for Acute Kidney Injury Work Group, “Consider alternative
imagingmethods in patients at increased risk for CI-AKI” [94].
MRI may be an alternative imaging method. Gadolinium
is a paramagnetic metal ion. Gadolinium-based contrast
agents are used in imaging as a contrast agent in MRI
and in magnetic resonance angiography [224]. They are
not iodinated compounds; hence no risk for nephropathy
is expected [232]. It has been reported, however, that the
use of gadolinium-based contrast agents may be associated
with acute renal failure or nephrogenic systemic fibrosis (rare
pathology that causes fibrosis of the skin and connective
tissues throughout the body involving several organs, with
kidney included) particularly in patients with preexisting
renal failure [233, 234].

5. Conclusions

(i) The first rule to follow in patients at risk of CIN
is monitoring renal function by measuring serum
creatinine and calculating the eGFR before and once
daily for 5 days after the radiographic procedure.

(ii) Potentially nephrotoxic medications, such as amino-
glycosides, vancomycin, amphotericin B, metformin,
and nonsteroidal anti-inflammatory drugs, should be
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discontinued before contrast media administration.
If the use of aminoglycosides is absolutely necessary,
avoid using more than one shot of aminoglycosides
for the treatment of infections.

(iii) In the choice of the contrast agent, either IOCM or
LOCM should be preferred.

(iv) Use the lowest dosage of contrast media.
(v) Fluid intake should be encouraged, for example,

500mL of water or soft drinks (tea, mineral water)
orally before and 2,500mL for 24 hours after con-
trast administration. High-risk patients should be
administered 0.9% saline by IV infusion at a rate
of approximately 1mL/kg per hour, beginning 6–12
hours before the procedure and continuing for up
to 12–24 hours after the radiographic examination, if
diuresis is appropriate and cardiovascular condition
allows it.

(vi) In high-risk patients N-acetylcysteine may also be
given with an oral dose of 600mg twice daily on the
day before and the day of procedure. For patients
unable to take it orally, IV doses of 150mg/kg over half
an hour before the procedure or 50mg/kg adminis-
tered over 4 hours may be used.

Research is still in progress on the protective effects of
some drugs on radiocontrast media, as mentioned above,
whose toxicity’s mechanisms are very complex and not well
known yet [235].

Conflict of Interests

Michele Andreucci, Richard Solomon, and Adis Tasanarong
have no potential conflict of interests to disclose.

References

[1] C. B. Lightfoot, R. J. Abraham, T. Mammen, M. Abdolell, S.
Kapur, and R. J. Abraham, “Survey of radiologists’ knowledge
regarding the management of severe contrast material-induced
allergic reactions,” Radiology, vol. 251, no. 3, pp. 691–696, 2009.

[2] J. Singh and A. Daftary, “Iodinated contrast media and their
adverse reactions,” Journal of Nuclear Medicine Technology, vol.
36, no. 2, pp. 69–76, 2008.

[3] K. R. Thomson and D. K. Varma, “Safe use of radiographic
contrast media,” Australian Prescriber, vol. 33, no. 1, pp. 19–22,
2010.

[4] S. Loh, S. Bagheri, R. W. Katzberg, M. A. Fung, and C. Li,
“Delayed adverse reaction to contrast-enhanced CT: a prospec-
tive single-center study comparison to control group without
enhancement,” Radiology, vol. 255, no. 3, pp. 764–771, 2010.

[5] H. H. Schild, C. K. Kuhl, U. Hübner-Steiner, I. Böhm, and
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The spectrum of kidney disease-associated monoclonal immunoglobulin and plasma cell malignancies is remarkably broad
and encompasses nearly all nephropathologic entities. Multiple myeloma with kidney impairment at presentation is a medical
emergency since the recovery of kidney function is associated with survival benefits. In most cases, kidney impairment may be the
first clinicalmanifestation ofmalignant plasma cell dyscrasias likemultiplemyeloma and light chain amyloidosis.Multiplemyeloma
per se cannot be considered amain risk factor for developing acute kidney injury following intravascular administration of iodinated
contrastmedia.The risk is increased by comorbidities such as chronic kidney disease, diabetes, hypercalcemia, dehydration, and use
of nephrotoxic drugs. Before the administration of contrast media, the current recommended laboratory tests for assessing kidney
function are serum creatinine measurement and the estimation of glomerular filtration rate by using the CKD-EPI equation. The
assessment of Bence Jones proteinuria is unnecessary for evaluating the risk of kidney failure in patients with multiple myeloma,
since this test cannot be considered a surrogate biomarker of kidney function.

1. Introduction

Thekidney is susceptible to insult from a variety of exogenous
(e.g., drugs, organic compounds) and endogenous (toxins,
catabolites, etc.) substances because of its complex anatom-
ical, physiological, and biochemical features. Factors con-
tributing to the sensitivity of the kidney include its large blood
flow (20–25% of resting cardiac output corresponding to
approximately 1.2-1.3 L/min), concentration of filtered solutes
during urine production (kidneys reabsorb more than 99%
of the glomerular filtrate), and the presence of a variety of
xenobiotic transporters and metabolizing enzymes. The list
of the potential nephrotoxic substances includes drugs, envi-
ronmental agents, heavy metals, radiocontrast agents, and
immunoglobulin free light chains (FLCs). Each of them may
adversely affect one or more sites along the nephron, leading

to a progressive organ damage and impairment named toxic
nephropathy [1]. Toxic nephropathy commonly occurs either
as a result of decreased renal perfusion or as direct toxic
effects on the proximal tubule; both mechanisms originate
specific clinical syndromes (e.g., proximal tubule necrosis,
hyperkalemia, medullary thick ascending limb injury). Toxic
nephropathy originating from renal or systemic diseases (e.g.,
nephrotic syndrome, multiple myeloma) can be drastically
worsened by such additional conditions (e.g., dehydration,
hypoxia), as well as by the effects of potentially nephrotoxic
substances (e.g., drugs, contrast media) administered in the
course of the disease. The latter condition calls for a careful
monitoring of patients in order to avoid the risk of a subse-
quent nephrotoxic insult leading to severe kidney diseases,
like acute tubular necrosis (ATN) and,more extensively, acute
kidney injury (AKI).
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2. Kidney Diseases Associated with
Plasma Cells Dyscrasias

Monoclonal gammopathies refer to a spectrum of disorders
characterized by the monoclonal proliferation of lympho-
plasmacytic cells in the bone marrow and, sometimes, tissue
deposition of monoclonal immunoglobulins (Igs) or their
components [2]. The most frequent diseases include mono-
clonal gammopathy of undetermined significance (MGUS),
both asymptomatic (smoldering) and symptomatic multiple
myeloma (MM), solitary plasmacytoma, and immunoglobu-
lin light chain amyloidosis (AL amyloidosis) [3]. In patients
with MM, the incidence of kidney disease throughout the
course of the disease ranges between 15 and 40%, depending
on the definition of kidney injury and failure [4, 5]. Kidney
impairment may be the first clinical manifestation of MM
and related conditions, such as light chain amyloidosis [6].
Despite a high rate of partial and complete hematological
response of MM to individually tailored therapies in the
novel agent era [7], renal recovery is still poor [8]. MM
with renal impairment at presentation should be considered
a medical emergency since the recovery of renal function
is associated with survival benefit [9, 10]. The spectrum of
kidney disease associated with monoclonal gammopathies is
remarkably broad and encompasses nearly all nephropatho-
logic entities (Table 1). The three most common forms of
monoclonal immunoglobulin-mediated kidney disease are
cast nephropathy, monoclonal immunoglobulin deposition
disease (MIDD), and AL amyloidosis. A growing number of
pathologic renal conditions are being attributed to a clonal
plasma cell disorder that is less “myeloma-like” and more
“MGUS-like” in terms of its bulk and proliferative rate [11–13].
Uncommon conditions reported inTable 1 have been recently
grouped in the new entity of monoclonal gammopathy of
renal significance (MGRS) with the intent to discriminate
the pathologic nature of these diseases from the truly benign
MGUS [14]. The tubulointerstitial injury, cast nephropathy,
is the most common cause of severe AKI in patients with
MM (≅90% of cases). Data both from the US Renal Data
System and from the European Renal Association-European
Dialysis and Transplant Association Registry reveal that 1.5%
of patients placed on renal replacement therapy have MM; in
patients with end stage renal disease (ESRD) due to MM, the
mortality rate is 58% compared with 31% in all other ESRD
patients [15–17]. Despite the high heterogeneity of kidney
disease in plasma cell dyscrasias, the risk of progression
to severe organ impairment leading to renal replacement
therapy is considerable; thus, it is mandatory to identify
patients at risk for kidney damage at a very early stage and
to institute treatment promptly. In addition, there is a need
for accurate monitoring of these patients to avoid or at least
to delay the development of ESRD and dialysis.

3. Pathogenesis of Kidney Failure in
Malignant Plasma Cells Dyscrasias

In MM, the high monoclonal serum FLCs concentration
results in a burden of FLCs on the proximal tubule that

Table 1: Kidney disease in plasma cell dyscrasias ([14, 18]).

(I) Common
(1) Light-chain cast nephropathy (myeloma kidney)
(2) Immunoglobulin-related amyloidosis (AL, AHL, and AH)
(3) Monoclonal immunoglobulin deposition disease (LCDD,

LHCDD, and HCDD)
(4) Acute tubular necrosis

(A) Drugs (nonsteroidal anti-inflammatory drugs and
bisphosphonates)

(B) Intravascular iodinated contrast
(5) Type I and type II cryoglobulinemic glomerulonephritis

(II) Uncommon
(1) Light chain proximal tubulopathy (with or without Fanconi

syndrome)
(2) Crystal-storing histiocytosis
(3) Nonamyloid monoclonal fibrillary glomerulonephritis
(4) Immunotactoid glomerulonephritis/glomerulonephritis

with organized microtubular monoclonal immunoglobulin
deposits (GOMMID)

(5) C3 glomerulonephritis associated with monoclonal
gammopathy

(6) Proliferative glomerulonephritis with monoclonal Ig
deposits

(7) Hyperviscosity syndrome
(A) Waldenström’s macroglobulinemia
(B) IgM, IgA, and rarely IgG myeloma

(8) Plasma cell infiltration
(9) Pyelonephritis
(10) Uric acid nephropathy

overwhelms the capacity of both the megalin and cubilin
receptors to reabsorb the FLCs. As a consequence, large
amounts of FLCs reach the distal tubule lumen where they
interact specifically with Tamm-Horsfall proteins (THPs;
also known as uromodulin), generating myeloma casts. Cast
formation in the distal tubule can block glomerular flow
and cause proximal tubular atrophy [19], also contribut-
ing to interstitial fibrosis [20]. Simultaneously, the mas-
sive reabsorption of monoclonal FLCs within the proximal
tubules induces proximal tubule cells apoptosis and DNA
degradation, resulting in critical morphologic changes, such
as epithelial-to-mesenchymal transition (EMT) or necrosis
[21]. In addition, FLCs activate a sequence of inflammatory
cascade through nuclear transcription factors, nuclear factor
kappa B (NF𝜅B), and AP-1 (c-fos and c-jun) complexes.
These transcription factors induce in turn the synthesis of the
proinflammatory cytokines interleukin-6 (IL-6),macrophage
chemoattractant protein-1 (MCP-1), and tumor necrosis
factor 𝛼 (TNF𝛼) and activate signaling pathways, such
as mitogen-activated protein kinases (MAPK), extracellular
signal regulated kinase (ERK1/2), Jun kinase (JNK), and
p38 MAPK [22]. As a result, the peculiar histologic lesion
of the myeloma cast nephropathy consists of a chronic
tubulointerstitial nephropathy with marked tubular atrophy,
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laminated intratubular casts, and extensive interstitial fibro-
sis. Ultimately, renal fibrogenesis is a major mechanism of
kidney impairment in multiple myeloma [23].

4. Mechanisms of Free Light
Chains Nephrotoxicity

The risk of AKI in patients with MM increases with the
concentration of FLCs in urine; however, not all monoclonal
FLCs are nephrotoxic.Nephrotoxicity appears to be an intrin-
sic property of some FLCs, as indicated by the recurrence
of similar renal lesions after kidney transplantation [24, 25].
From a clinical point of view, this is confirmed by the fact
that a number of patients with considerable FLCs proteinuria
never develop kidney disease [26]. As FLCs are composed of
different amino acids, they have different isoelectric points
(pIs) in solution due to the differences in electrical charge of
individual amino acids. As the pH of the solution reaches that
of the protein pI, the net protein electrical charge approaches
zero and as such protein precipitation becomes more likely.
In kidney disease induced by monoclonal FLCs, the pattern
of kidney injury depends on both structural peculiarities of
monoclonal FLCs, particularly of the variable (V) domain,
and environmental factors, such as pH, urea concentration,
or local tissue proteolysis. Moreover, intrinsic host factors
play a pivotal role in determining both the type and severity
of any renal response to a given FLC. The variable (V)
region of the immunoglobulin light chains comprises four
key sections that come together to form a hydrophobic core
and to allow for the variety of antigen binding, contain-
ing three highly variable segments, termed complementary
determining regions (CDR), which are attached to joining
sections (J). As such 𝜅 light chains comprise 40V𝜅 and
5 J𝜅 sections, whereas 𝜆 light chains have 30V𝜆 and 8 J𝜆.
Although designed to bind antigens, the presence of tyrosine
and tryptophan allows additional binding possibilities to
lipid-rich cell membranes by binding to sphingomyelin [27,
28]. The CDR3 domain in the V region of both 𝜅 and 𝜆
FLCs interacts with THP; the binding affinities of FLCs for
THP are related to the amino acid composition of the CDR3
domain [29]. On the other hand, THP has a binding domain
for FLCs consisting of nine amino acids [30]. In Fanconi
syndrome, monoclonal FLCs are nearly always members of
the V𝜅1 subfamily and are derived from only two germ line
genes, IGKV1-39 and IGKV1-33 [31]. The replacement of
polar residues by nonpolar or hydrophobic residues in the
complementarity determining regions of these monoclonal
FLCs can induce resistance of the V𝜅 domain to proteolysis,
resulting in light chain crystallization [32]. In AL amyloidosis
and LCDD, the pathogenic role of V regions is suggested by
overrepresentation of the V𝜆6 and V𝜅4 subgroups, respec-
tively, N-glycosylation of the V region, and substitutions of
key amino acids induced by somatic mutations that might
account for the propensity of certain FLCs to aggregate and
influence tropismof deposition [33]. InAL amyloidosis, a role
for V sequences is also suggested by the high potential of V
domain dimerization in vitro and in vivo [34]. Unfortunately,
there are currently no clinically relevant tools for identifying
the potential nephrotoxicity of a specific monoclonal FLC.

Table 2: Main risk factors for acute kidney injury (AKI) or acute
tubular necrosis (ATN) in patients with malignant plasma cell
dyscrasias.

(1) Comorbidities: chronic kidney disease, diabetes, aging,
hypertension, and cardiovascular disease
(2) Volume depletion (e.g., dehydration, etc.)
(3) Hypercalcemia
(4) Hyperuricemia
(5) Repeated iodinated contrast media administration
(6) Nonsteroid anti-inflammatory drugs
(7) Diuretics
(8) Aminoglycosides
(9) Hyperviscosity syndrome

5. Risk Factors and Correlated Mechanisms
Precipitating Kidney Failure

Patients with MM are at an increased risk of kidney disease
not only from the kidney injuries and damages due to
the primary disease, but also from a number of additional
concomitant factors that can substantially contribute to
worsen kidney function, leading to AKI, ESRD, and ulti-
mately to renal replacement therapy. A list of these risk
factors is reported in Table 2. For example, ATN can be
precipitated by dehydration in the presence of FLCs 𝜅 or
𝜆 that may deposit in the kidney, as described above. The
use of loop diuretics may also contribute to cast formation,
leading in turn to serum creatinine levels increase. Loop
diuretics are an established risk factor for myeloma kidney.
In 1990, it was demonstrated that increasing the concentra-
tion of sodium chloride facilitated coprecipitation of Bence
Jones proteins with human Tamm-Horsfall glycoprotein in
vitro [35]. Furosemide promotes intranephronal obstruction
by increasing sodium chloride concentration in the distal
nephron, the site of cast formation. In a study published
in 1992 it was demonstrated that furosemide accelerated
in a concentration-dependent manner cast formation and
subsequent obstruction of nephrons perfused in vivo with
cast-forming Bence Jones protein [36]. Vasoconstriction, as
a result of hypercalcemia, and decreased blood flow from
the kidneys, as a result of the use of nonsteroidal anti-
inflammatory drugs (NSAIDs) or aminoglycosides, may also
damage the kidneys [37]. Hypercalcemia is the second most
common cause of kidney failure in MM [38]. Elevated
calcium concentration in renal tubules causes intratubular
calciumdeposition and vasoconstriction in renal vasculature.
The decrease in GFR induces cast precipitation. Hypercal-
cemiamay also lead to nephrogenic diabetes insipidus, which
is characterized by antidiuretic hormone (ADH) resistance.
With the impairment of renal concentrating ability, polyuria
and polydipsia may also develop. Unfortunately, increased
diuresis results in hypovolemia and aggravates the prerenal
component of renal failure. Hypovolemia induces cast pre-
cipitation by increasing FLC concentration in tubule lumen
and lower urine flow contributes to intratubular obstruc-
tion. NSAIDs are used extensively in patients with multiple
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myeloma to reduce bone pain. They basically block the
production of prostaglandins (PGs), which act as vasodilator
hormone, via inhibition of cyclooxygenase enzyme activities
(COX-1 andCOX-2), leading to renal vasoconstriction and to
a reduction in the renal blood flow and GFR. PGs blockage
also leads to salt and water retention by the inhibition of
chloride reabsorption and ADH. Medullary hypoxia is a
major consequence of NSAIDs use, as PGE2 is a major factor
in matching medullary oxygen supply and demand. In that
respect, papillary necrosis is considered to be caused by
critical medullary hypoxia determined by NSAIDs.

6. Contrast Media-Induced Nephropathy and
Plasma Cell Dyscrasias

In most cases, the onset of contrast induced-acute kidney
injury (CI-AKI) consists of a transient nonoliguric form of
AKI with serum creatinine levels peaking at 48–72 h after
administration of the medium and returning to baseline
values within the subsequent ten days [39]. While the
threshold level of kidney injury used to define CI-AKI varies
across studies, the most commonly employed definition is
an increase in the serum creatinine concentration of at least
0.5mg/dL and/or 25% within 3-4 days of contrast exposure
[40]. Appreciable nephropathy is unlikely to develop if the
serum creatinine level does not increase by more than
0.5mg/dL within 24 hours [41]. Some patients develop a
chronic reduction in kidney function or a permanent need for
renal replacement therapy. A prospective study showed that
the percentage change of serum creatinine 12 h after contrast
versus the basal value was the best predictor of CI-AKI (𝑃 <
0.001) [42]. A 5% increase of serum creatinine level yielded
75% sensitivity and 72% specificity, with an area under the
curve (AUC) of 0.80 and an odd ratio (OR) of 7.37 for early
detection. Furthermore, this 12-hour basal value strongly
correlated with the development of renal impairment at 30
days (𝑃 = 0.002; sensitivity 87%, specificity 70%; AUC 0.85;
OR 13.29). In a study using cystatin C as an early marker
for AKI, a cutoff cystatin C increase concentration of ≥10%
at 24 hours after contrast media exposure was detected in
21.2% of patients and was the best cutoff value for the early
identification of patients at risk for CI-AKI with a negative
predictive value of 100% and a positive predictive value of
39% [43]. As in other cases of AKI, it appears that, in patients
with CKD, cystatin C may be a useful marker for the early
diagnosis of CI-AKI. Kidney injury resulting from iodinated
contrast is potentially preventable [44]. Past efforts to find
effective preventive strategies for CI-AKI have focused on
four principal approaches: (a) use of less nephrotoxic contrast
agents; (b) provision of preemptive renal replacement therapy
to remove contrast from the circulation prior to its filtration at
the glomerulus; (c) expansion of the intravascular space and
enhanced diuresis with intravascular fluids; and (d) utiliza-
tion of pharmacologic agents to counteract the nephrotoxic
effects of contrast media [45].

For a long time, MM was considered a significant
risk factor for developing contrast nephropathy [46]. This
assumption was not lying on robust evidence-based data

but only on early published studies that associated intravas-
cular administration of contrast agent and kidney failure
in patients with MM when using ionic agents [47, 48].
Those studies supported the idea that in patients with MM
the intravascular administration of iodinated contrast media
leads to the sum of two risk factors: the potential nephrotoxic
action of contrast media added to the developing/developed
kidney disease in malignant plasma cell dyscrasias [49]. As a
consequence, radiologists appear to be very conservative in
using iodinated intravascular contrast in patients with MM,
even though the relative low incidence of CI-AKI in multiple
myelomapatientswas early reported to be approximately 0.6–
1.25% compared to a risk of 0.15% in the general public [50]
and more recently 5% within 48 hours and 15% within 7 days
[51]. Several institutional practice guidelines and epidemio-
logical studies [52] suggest that the presumed risk of CI-AKI
can be stratified by using three serum creatinine levels: low
risk, serum creatinine less than 1.5mg/dL (<132.6 𝜇mol/L),
medium risk 1.5–2.0mg/dL (132.6–176.8 𝜇mol/L), and high
risk more than 2.0mg/dL (>176.8 𝜇mol/L). Data from a sur-
vey performed in 2006 showed that 36% of USA radiologists
never administer intravascular contrast agent to patients with
MM and 47% do it sometimes [53]; in addition, 56% of
nonradiology physicians consider MM with normal renal
function to place the patient at increased risk of adverse
events associated with iodinated contrast agent administra-
tion [54]. Dehydration, infection, hypercalcemia, and Bence
Jones proteinuria, which are conditions very often associated
with MM, should be considered the primary risk factors for
the development of CI-AKI inmyeloma [55].Therefore, there
is a need to reconsider the role of intravascular contrastmedia
as risk factor in patients withmalignant plasma cell dyscrasia.
Several guidelines, published by groups of expert radiologists,
nephrologists, and cardiologists, recommend recognizing
patients at risk of developing CI-AKI before injection of
intravascular contrast media [56–58]. Main risk factors have
been reported to be CKD, diabetes, heart failure, low body
mass index, hypotension, sepsis, and aging. However, results
obtained in a recent meta-analysis lead to the conclusion
that out of all risk factors mentioned in published guide-
lines only a few are significantly associated with contrast-
induced nephropathy after intravenous iodinated contrast
medium administration [59], namely, CKD, diabetes, aging
above 65 years, and use of NSAIDs. Other risk factors such
as hypertension, congestive heart failure, contrast volume,
hydration status, and anemia do not appear to have a
significant associationwith the incidence of contrast-induced
nephropathy [59]. However, the role of anemia as a risk factor
for developing CI-AKI should be reevaluated, especially in
patients with multiple myeloma. A couple of very recent
studies investigated the incidence of CI-AKI in anemic
patients, suggesting that low hemoglobin and low hematocrit
values may be considered independent predictors of CI-
AKI [60, 61]. Since anemia is highly prevalent in multiple
myeloma, being reported in about 70% of patients with newly
diagnosed multiple myeloma [62, 63], it may represent an
important risk factor. It is strongly recommended that risk
assessment and prophylactic strategies should be based on
eGFR rather than the absolute level of serum creatinine [64].
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7. Diagnosis of Kidney Failure and Injury in
Multiple Myeloma

The standard assessment of renal function in patients with
MM includes serum creatinine and creatinine clearance,
although both measurements probably underestimate the
prevalence of renal dysfunction, because of the additional
tubular secretion of creatinine and its dependence on
extrarenal factors. In particular, serum creatinine is a retro-
spective, insensitive, and even deceptive measure of kidney
injury. Retrospective because its concentrationmay result in a
very delayed signal even after considerable kidney injury [65].
Insensitive because as much as a 50% loss of renal function
may be required to elevate serum creatinine enough that
it comes to medical attention, whereas levels that fall short
of this threshold are usually dismissed, despite their known
association with excess mortality and prolonged hospitaliza-
tion. As serum creatinine is affected by tubular secretion and
systemic production, changes in its concentration are not
specific to tubular injury. Deceptive because serum creatinine
level often reflects transient physiologic adaptations to vol-
ume changes or the presence of CKD rather than the develop-
ment ofAKI.Thedegree of kidney impairment inMMshould
be assessed following the Kidney Disease Improving Global
Outcomes (KDIGO) classification [66]. In MM patients
with stabilized serum creatinine, the International Myeloma
Working Group (IMWG) recommended the modification of
diet in renal disease (MDRD) equation for estimating GFR
(eGFR) [4]. However, more recent studies are supporting the
use of the chronic kidney disease epidemiology collaboration
cystatin C-based equations (both CKD-EPI-sCR-CysC and
CKD-EPI-CysC) [67]. CKD-EPI equations based on cystatin
C detect more MM patients with stages 3–5 kidney failure
than equations based only on serum creatinine, namely, the
MDRD and the original CKD-EPI equations. Interestingly,
CKD-EPI-CysC equation predicts overall survival. It is not
surprising that the diagnosis of a paraproteinemic renal lesion
is hampered by the general lack of sensitivity and specificity
of currently available noninvasive tests.The gold standard for
diagnosis remains renal biopsy with demonstrated evidence
of deposition of monoclonal proteins in the area of injury
[68]. The measurement of serum concentration of the clonal
FLCs and that of urine level of albumin may be considered
the landmarks for screening algorithms in patients with cast
nephropathy [69]. It has been proposed that when the con-
centration of serum FLCs exceeds 500mg/L and proteinuria
is mainly composed of immunoglobulin light chains, it is
extremely likely that the onset of AKI is due to myeloma
kidney; in those cases, renal biopsy is usually unnecessary.
On the other hand, significant amount of albumin in urine
is frequently associated with amyloidosis or MIDD. Amyloid
deposits may be confirmed on biopsy of subcutaneous fat or
of one of the minor salivary glands. If both are negative, then
a kidney biopsy is required to search for amyloid, MIDD, or
an unrelated glomerulopathy such as diabetic nephropathy.
Patients with CKD and a monoclonal protein need special
care, being at increased risk of AKI; renal biopsy is necessary
to determine the cause of kidney damage.

8. Novel Biomarkers of Toxic Nephropathy
and Contrast-Induced Nephrotoxicity

Identification of novel toxic nephropathy and AKI biomark-
ers has been designated as a top priority by the American
Society of Nephrology.The concept of developing a new tool-
box for earlier diagnosis of disease states is also prominently
featured in the National Institute of Health (NIH) road map
for biomedical research. In 2007, the Acute Kidney Injury
Network (AKIN), a collaborative group of investigators from
all major critical care and nephrology societies, proposed a
staging system based on serum creatinine and urine output
and consisting of 3 categories (mild, moderate, and severe)
in a way similar to those (risk, injury, and failure) used
by the RIFLE staging system. AKIN criteria have been
included and recommended in the recent AKI guideline pub-
lished by the Kidney Disease: Improving Global Outcomes
(KDIGO) [70]. Despite these working classification systems,
the diagnosis of AKI is problematic, as current diagnoses
rely on two functional abnormalities: functional changes
in serum creatinine and oliguria. Both of these are late
consequences of injury and not markers of the injury itself.
Most importantly, themeasurement of serum creatinine does
not identify the cell type that is acutely injured, even though
this localization determines the natural history of the disease
and its response to therapy. Neutrophil gelatinase-associated
lipocalin (NGAL) has emerged as themost promisingmarker
of AKI in a number of clearly defined clinical contexts [71].
NGAL, also known as lcn2, is one of the most upregulated
transcripts in the early postischemic mouse kidney and this
finding has been confirmed in several other transcriptome
profiling studies. Downstream proteomic studies have also
revealed NGAL to be one of the earliest and most robustly
induced proteins in the kidney after ischemic or nephrotoxic
AKI in animal models, and NGAL protein is easily detected
in the blood and urine soon after AKI [72]. These findings
have spawned a number of translational proteomic studies to
evaluateNGALas a novel biomarker in humanAKI.A second
very promising biomarker of kidney damage is kidney injury
molecule 1 (KIM-1), a type-1 transmembrane glycosylated
protein with IgG-like domains in the ectodomain of the pro-
tein. Downstream proteomic studies have also shown KIM-1
to be one of the most highly induced proteins in the kidney
after AKI in animal models, and a proteolytically processed
domain ofKIM-1 is easily detected in the urine soon afterAKI
[73]. KIM-1 represents a promising candidate for inclusion
in the urinary “AKI panel” [74, 75]. An advantage of KIM-1
over NGAL is that it appears to be more specific to ischemic
or nephrotoxic AKI and not significantly affected by prerenal
azotemia, urinary tract infections, or chronic kidney disease.
It is likely that NGAL and KIM-1 will emerge as tandem
biomarkers of AKI, with NGAL being most sensitive at the
earliest time points and KIM-1 adding significant specificity
at slightly later time points. In a small human cross-sectional
study, KIM-1 was found to be markedly induced in proximal
tubules in kidney biopsies from patients with established AKI
(primarily ischemic). However, patients with AKI induced by
contrast media did not have significant increase in urinary
KIM-1 concentration [76]. Additional promising biomarkers



6 BioMed Research International

for the early diagnosis and management of CI-AKI may be
the cysteine rich protein 61 (CYR61), induced in the kidney
within one hour after ischemic/toxic injury and detectable in
the urine 3–6 hours later [77], Krüppel-like factor 6 (Zf9), a
Krüppel-like transcription factor involved in the regulation
of a number of downstream targets [78], thrombospondin
1 (TSP-1), a p53-dependent proapoptotic and antiangiogenic
molecule [79], and IL-18, a proinflammatory cytokine that is
known to be induced and cleaved in the proximal tubule and
subsequently easily detected in the urine following ischemic
AKI in animal models [80]. New encouraging perspectives
for improving the current state in clinical diagnosis and in
the identification of nephrotoxic injuries are emerging from
metabolomics studies [81]. Metabolomics aims to identify
unique fingerprints of specific injuries and functions, for
example, diseases or effects of exposure to toxic compounds
[82]. Predictive models based upon proton nuclear magnetic
resonance spectroscopy (1H NMR) of rodent urine and
serum demonstrated that liver and kidney toxicity can be
predicted with sensitivities of 41 and 67% and specificities of
100% and 77%, respectively [83].

9. Clinical Approach to a Patient with
Plasma Cell Dyscrasia about to Undergo
Radiocontrast Studies

Although plasma cell dyscrasia would not be “per se” risk
factors for the occurrence of CI-AKI, when comorbidities
are present, patients require to be carefully monitored after
contrast media injection. Kidney impairment, a major risk
factor for developing CI-AKI, is one of the more frequent
clinical features of symptomatic multiple myeloma. Other
coexisting morbidities include anemia, hypercalcemia, and
potentially nephrotoxic drugs like NSAIDs, chemothera-
peutic agents, and antibiotics. Often, multiple factors may
coexist, like kidney impairment with anemia, infections with
nephrotoxic drugs, diabetes with aging, and increasing the
risk of CI-AKI [84].Themanagement of patients with plasma
cell dyscrasia requiring the intravascular administration of
iodinate contrast media should include (a) assessment of
the risk before administration; (b) pharmacological and
nonpharmacological preventive measures for reducing such
risk factors; (c) monitoring after administration; (d) early
accurate diagnosis of CI-AKI.

According to the 2012 KDIGOAKI guideline [70], before
the intravascular administration of iodinate contrast media,
it is mandatory to assess the population at risk by measuring
serum creatinine together with the estimation of GFR by the
CKD-EPI equation. It has been reported that the incidence of
CI-AKI became significant from a baseline serum creatinine
concentration of >1.8mg/dL (>159 𝜇mol/L) [85]. However,
the CI-AKI Consensus Working Panel agreed that the risk
of CI-AKI becomes clinically important when the baseline
serum creatinine concentration is ≥1.3mg/dL (≥115 𝜇mol/L)
in men and ≥1.0mg/dL (≥88.4𝜇mol/L) in women [86]. The
guideline also recommends that precautions to reduce the
risk should be implemented in patients with a baseline
eGFR <45mL/min per 1.73m2 [70]. When a recent serum

creatinine value is not available, a simple questionnaire (e.g.,
the Choyke questionnaire) [87] or a dipstick testing for urine
protein may be useful for identifying preexisting kidney dis-
ease. However, dipstick testing is reliable for the identification
of albuminuria but it is not able to identify Bence Jones
proteinuria. Since serum 𝛽

2
-microglobulin increases with

both higher tumor burden and diminished renal function, it
was suggested that evaluation of 𝛽

2
-microglobulin levels may

be useful before intravenous injection of iodinate contrast
agents to patients with multiple myeloma [51]. Serum 𝛽

2
-

microglobulin likely serves as a marker of patients who are
at a higher risk of developing CI-AKI. According to previous
results published elsewhere, a value of 𝛽

2
-microglobulin

below 2.8mg/L may be the most clinically useful marker for
patients at low risk of developing CI-AKI, showing a 100%
negative predictive value [51].

According to the 2012 KDIGO AKI guideline, pharma-
cological and nonpharmacological preventive measures for
reducing risk factors for CI-AKI in patients with multiple
myeloma include (a) the use of either iso-osmolar or low-
osmolar rather than high-osmolar iodinated contrast media
(strength of recommendation 1B); (b) extracellular volume
expansion at the time of radiocontrast media administration
with either isotonic sodium chloride or sodium bicarbonate
solutions (strength of recommendation 1A). It is desirable not
to use oral fluids alone (strength of recommendation 1C),
while it is recommended to use oral N-acetylcysteine (NAC)
together with intravenous isotonic crystalloids (strength of
recommendation 2D). A meta-analysis on 41 studies showed
that NAC is themost effective agent for preventing CI-AKI in
patients with CKD [88]. Following evidence in animal model
that aciduria increases the nephrotoxicity of Bence Jones pro-
tein independently of urinary flow rate [88, 89], alkalinization
of the urine through oral bicarbonate has been recommended
in patients with multiple myeloma and Bence Jones pro-
teinuria to prevent or treat myeloma cast nephropathy. In a
trial performed in myeloma patients presenting with renal
failure, patients were randomized to receive either sodium
bicarbonate to render their urine neutral or no supplement.
Patients randomized to receive alkali fared marginally better
than the others, but the difference was not significant [90].
Urine alkalinization is now recommended by consensus
documents on the management of renal failure in multiple
myeloma patients [4]. On the basis of recent evidence, it is
reasonable to correct marked anemia in patients with mild-
to-moderate kidney impairment before contrast studies. The
combination of kidney disease with anemia significantly
increases the risk of CI-AKI with reported incidences of
6.3–7.8% in anemic patients compared with 2.2–2.8% in
nonanemic patients [60, 61]. When serum FLCs level exceeds
500mg/L in patients with multiple myeloma and other lym-
phoproliferative disorders, it is reasonable to achieve a rapid
reduction in serum FLCs levels before administrating the
contrast medium [25]. This emergency treatment is based on
high-dose dexamethasone. Bisphosphonates are effective for
controlling malignancy-related hypercalcemia; nevertheless,
they can further impair renal function and cause symp-
tomatic hypocalcemia in patients with acute renal failure
and their use is discouraged in such patients [91]. Although
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the reduction of hypercalcemia has been considered optional
in the 2012 KDIGO AKI guideline, we suggest correcting
high concentrations of serum calcium before contrast media
studies, being a risk factor for acute kidney impairment.
Finally, as a preventive measurement in multiple myeloma
patients at high risk for CI-AKI, it is desirable to discontinue
the therapeutic administration of NSAIDs, aminoglycosides,
high dose diuretics, antineoplastic drugs, and metformin 48
hours before contrast media administration.

Multiplemyeloma inpatientsmonitoring consists ofmea-
surement of serum creatinine together with the calculation
of eGFR at 12 and 48 hours after contrast media injection. If
there is evidence ofCI-AKI, it is recommended to repeat these
tests on days 3–5 after contrast media administration, mon-
itoring also urine output, and it is reasonable to prolong the
discontinuation of the therapeutic treatment with NSAIDs,
aminoglycosides, high dose diuretics, antineoplastic drugs,
and metformin [70].

Finally, diagnosis of CI-AKI can be improved by adding
the measurement of serum cystatin C, which allows for an
earlier assessment of changes in renal filtration [92]. Urine
NGALmay be also useful for assessing the presence of kidney
injury and damage, often preexistent in patients treated with
nephrotoxic drugs.

10. Conclusions

Data from recent meta-analyses have led to the conclusion
that the overall incidence of CI-AKI is low, not exceeding
6.4%; moreover, an association between the presence of
malignancy with contrast-induced nephropathy was found
[59, 93]. Nevertheless, this could result from comorbidities
and the nephrotoxic chemotherapy administered to these
patients in combination with intravenous iodinated contrast
medium. Further evidence suggests that the incidence of CI-
AKImight be overestimated. In a retrospective study onmore
than 50,000 patients divided in two subgroups (intravenous
contrast-enhanced and contrast-unenhanced CT scan) it was
found that the incidence of CI-AKI was not significantly
different from AKI caused by other factors [94], confirming
similar results published previously [95]. The hypothesis that
CI-AKI might be overestimated was further supported by a
meta-analysis including 13 studies and representing 25,950
patients; the incidence of CI-AKI was 6.4% (ranging from
2.1% to 19%),while the incidence of noncontrastmediumAKI
was 6.5% (ranging from 1.3% to 19.8%) [96].

So far, there is limited evidence that myeloma per se may
be a risk factor for developing CI-AKI. A careful medical
history examination together with serum creatinine and the
estimation of GFR by using the equation CKD-EPI-sCr-Cys
may be considered the best cost/effective strategy to prevent
CI-AKI in patients with multiple myeloma.The use of NGAL
and KIM-1 as tandem markers for early detection and later
confirmation, respectively, of kidney injury in patients at high
risk should be considered. When serum FLCs level exceeds
500mg/L in patients with multiple myeloma and other lym-
phoproliferative disorders, it is reasonable to achieve a rapid
reduction in serum FLCs levels before administrating the
contrast medium. Additional preventive measures include

the use of the lowest volumes required and the removal of
concomitantly administered nephrotoxic substances/drugs,
especially NSAIDs. We should avoid redundant laboratory
tests, like Bence Jones proteinuria, since this test cannot be
considered as a surrogate biomarker of kidney function.
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Nephropathy following contrastmedia (CM) exposure is reduced by administration before, during, and after the contrast procedure
of either isotonic sodium chloride solution (Saline) or isotonic sodium bicarbonate solution (IsoBicarb). The reasons for this
reduction are not well established for either sodium salt; probable mechanisms are discussed in this paper. For Saline, the
mechanism for the decrease in CIN is likely related primarily to the increased tubular flow rates produced by volume expansion
and therefore a decreased concentration of the filtered CM during transit through the kidney tubules. Furthermore, increased
tubular flow rates produce a slight increase in tubular pH resulting from a fixed acid excretion in an increased tubular volume.The
mechanism for the decreased CIN associated with sodium bicarbonate includes the same mechanisms listed for Saline in addition
to a renal pH effect. Increased filtered bicarbonate anion raises both tubular pH and tubular bicarbonate anion levels toward blood
physiologic levels, thus providing increased buffer for reactive oxygen species (ROS) formed in the tubules as a result of exposure
to CM in renal tubular fluid.

1. Introduction

Contrast-induced nephropathy (CIN) was recognized after
the use of CM began in medicine in the early 1950s [1]. This
iatrogenic injury is a primary concern when CM is used
arterially or intravenously for any reason and is a leading
cause of mortality and morbidity in modern medicine [2].
While the exact mechanism of kidney injury associated with
CM and the prevention of that injury have been the focus of
many studies and reviews, a complete understanding of the
pathophysiology of CIN, its consequences, and its prevention
has not been established [3, 4]. The two major theories for
CM kidney injury are as follows: (i) CM induced renal vaso-
constriction that leads to medullary hypoxia and (ii) direct
tubular injury produced by the concentrated CM within
tubular fluid [3]. While the exact cellular mechanism(s)
responsible for CIN are undefined, both of the postulated
theories involve the generation of ROS and subsequent tissue
injury that is likely to bemediated byROS [4–6]. It is probable
that a combination of numerous negative influences acting in
concert leads to the generation of ROS as the major common
pathway leading to CIN.

Although a greater understanding of the pathogenesis
of CIN is needed, it must be emphasized that this paper is
restricted to a discussion of the prophylactic effects of isotonic
Saline and isotonic sodium bicarbonate in subjects receiving
CM. Discussions of pathogenesis of CIN appear elsewhere in
this symposium and in recent reviews [4, 7]. Isotonic sodium
chloride (Saline) or isotonic sodium bicarbonate (IsoBicarb)
is recommended for the reduction of CIN [3].This paper will
first discuss the renal handling of Saline and the mechanisms
of its contribution to CIN reduction. A similar discussion of
IsoBicarb will follow.

2. Contrast Media: Physiology Background

(P-1) The toxicity of CM for various human cells in cell
cultures is dependent on CM concentration and time of
exposure [8–11]. CM ismost highly concentrated in the vessel
into which the CM is injected and in the kidney, which
excretes the vast majority of the CM [12, 13].

(P-2) With an injection of 100mL of water soluble CM,
such as iodixanol-320, in an 80 kg subject, one can estimate

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 510385, 6 pages
http://dx.doi.org/10.1155/2014/510385

http://dx.doi.org/10.1155/2014/510385


2 BioMed Research International

that the extracellular concentration of CM-bound iodine will
promptly reach about 1.5mg of iodine/mL by distribution
of the CM in the extracellular space [12], a concentration
roughly 1/200th that of the injected CM. With relatively
normal kidney function, that CMwill be excreted with a half-
life of about two and a half hours. In the setting of advanced
kidney insufficiency, the excretion half-life may bemore than
10 hours [13, 14].

(P-3) CM, molecular weight 600–1650, is cleared at
roughly the same rate as estimated for the subject’s glomerular
filtration rate (GFR) and is not metabolized within the tubule
or reabsorbed from the lumen [10, 11]. Therefore, following
glomerular filtration, the concentration of the filtered CM
increases from its serum concentration to a potential maxi-
mum of 10 to >100 times that of the serum CM, depending
on tubular flow in the various sections of the tubule as the
kidney responds to hormones and intrarenal mechanisms
that control sodium and water excretion [15, 16].

3. Saline: Physiology Background

(P-4) Normal human kidneys excrete salts, low molecular
weightwater soluble compounds, and excesswater.The glom-
erular filtration rate is roughly 100mL/min/1.73m2. GFR is
not significantly influenced by volume expansion or urine
flow rate, although volume expansion could alter renal
hemodynamics leading to increased tubular flow rates and
small increases in filtration [17].

(P-5) Renal tissue typically exhibits an oxygen gradient
ranging from a partial pressure of about 50mmHg in the
renal cortex to about 20mmHg in the medulla and to as
low as 10mmHg at the tip of the papilla [18]. Since renal
vasoconstriction is a commonly described effect of CM
administration, these levels of oxygen are likely to be even
lower in the CM affected areas of the kidney.

(P-6) Healthy humans with normal kidney function
respond to acute changes in hydration with changes in urine
flow and composition within 30 minutes, as demonstrated
in an article that measured urine and serum responses to an
oral administration of sodium bicarbonate [19]. Intravenous
changes in hydration would be expected to demonstrate an
effect even more rapidly.

(P-7) Subjects with chronic kidney disease (CKD) are
at increased risk for CIN [20]. Diseased kidneys do not
excrete salt, water, and bicarbonate anion as efficiently as
normal kidneys, and the duration of their exposure to
CM after a given dose is prolonged compared to subjects
that have normal kidney function. Diseased kidneys have
reduced numbers of functional nephron units, potentially
chronically ischemic areas, and reduced renal adaptations.
These abnormalities place chronically injured kidneys at risk
for CIN irrespective of any prophylactic clinical maneuver
to reduce CIN injury. Nonetheless, subjects with advanced
renal insufficiency are protected by hydration with Saline or
IsoBicarb [3], although complete elimination of CIN has yet
to be demonstrated.

3.1. Concentration Changes of Filtered CM during Transit
through the Nephron Tubules in Response to Saline Infusion.
(a) We will consider a hypothetical 80 kg subject who con-
sumes 4 grams of sodium per day and net fluid intake of
1000mL per day in excess of extrarenal losses and undergoes
CM administration for a procedure. The subject’s kidneys
will filter CM at roughly the same rate as the GFR; thus the
filtered luminal fluid has the same CM concentration as the
glomerular capillary CM concentration. Within the nephron
tubule the luminal CM concentration will increase from the
filtered serum CM level to roughly 144 times that level as the
tubules reabsorb salt and water (urine flow is 1000mL/day
or 0.69mL/min; thus maximum concentration of filtered
CM within the tubules is 100/0.69 or 144 times the serum
CM concentration). A major portion of this concentration
increase occurs in the proximal tubule. Because of passive
water extraction within the descending limb of the Loop
of Henle, the luminal CM concentration rises steadily as
the CM approaches the tip of the Loop of Henle. Then
depending on the relative water intake, that concentration
will either remain the same or further increase depending on
antidiuretic hormone (ADH) effects on distal and collecting
tubules.

(b) If Saline is infused at 1mL/kg/hr in this hypothetical
subject for a period long enough to establish the excretion
of the infused sodium and water, the concentration of the
filtered CM through the nephron is lowered, reaching a
maximum concentration of about 49 times the serum CM
level. Nonetheless, the total CM amount filtered by each
nephron remains the same regardless of the tubular flow
rate (assuming that the Saline salt and water are excreted at
the same rate as infused, the urine flow will be 1mL/kg/hr
× 80 kg/60min/hr plus 0.69mL/min or 2.03mL/min. The
maximum concentration within the tubules is then 100/2.03
or 49 times the serum CM concentration).

(c) If Saline is infused at 5mL/kg/hr (i.e., 400mL/hr) in
this same subject, the concentration of the filtered CM is
likely to reach a maximum of only 13 times the serum CM
levels because of the marked increase in tubular flow rates
throughout the kidney (assuming that the Saline’s salt and
water are excreted at the same rate as infused, the urine flow
will be 5mL/kg/hr × 80 kg/60min/hr plus 0.69mL/min or
7.36mL/min.Themaximum concentration is then 100/7.36 or
13 times the serum CM concentration).

3.2. Discussion of Saline. The literature evidence indicates
that Saline is more effective than half normal Saline for the
prevention of CIN [21]. Saline is also more effective than
aggressive oral water intake alone [22]. High rates of Saline
infusion (500–600mL/hour) to closely match furosemide-
stimulated urinary output have demonstrated a significant
reduction in CIN [23]. These observations suggest that vol-
ume expansion with subsequent increased flow throughout
the tubules should be a component of any hydration scheme
intended to prevent CIN. If collecting tubule flow alone
was sufficient to reduce CIN, water alone would suffice, a
suggestion contrary to the described findings. Agents that
temporarily increase the tubular flow but may induce sub-
sequent dehydration (e.g., mannitol and furosemide without
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matching the urine output with saline replacement) have not
been shown to reduce CIN [24]. Studies that used furosemide
combined with matching urine output with Saline replace-
ment have shown evidence of reduced CIN, suggesting that
the increases in tubular flow must be maintained throughout
the period of time of excretion of the CM. Furosemide has
been described as raising medullary oxygen tension [25]
which may reduce CIN, but only if the resulting diuresis is
treated with Saline replacement.

Since Saline hydration alone has not been shown to
significantly increase GFR, the tubular exposure time to any
given CM dose as the CM is excreted by the kidney is the
same for all degrees of hydration. The primary variable in
terms of tubular CM exposure appears to be the intratubular
CM concentration as affected by the hydration status of the
subject and the subject’s renal tubular responses to excrete the
administered salt and water.

CIN is known to be related to the dose of CM during
the exposure [2, 3, 7]. This observation is consistent with the
notion that toxicity is related directly to CM concentration,
which is determined by the dose of CM for a given subject
and the subject’s state of hydration.

Infusions of Saline that increase the tubular flow may
also raise tubular pH slightly. The acid load that the kidney
handles remains relatively constant over short periods of
time.Therefore, raising the tubular volumewill dilute the acid
concentration and thus will lead to a slight rise in tubular pH.

4. Sodium Bicarbonate:
Physiology Background

The physiology background listed for Saline is valid for
IsoBicarb as well.The following background points are added
to those described for Saline earlier.

(P-8) A normal human generates about 1mEq of acid per
kg per day as a result of protein catabolism. This acid load
is excreted by the kidney, thus maintaining a stable systemic
acid-base environment as the daily acid load is excreted in an
acidic urine [26–28].

(P-9) As the proximal tubule reabsorbs sodium from
the tubular fluid, bicarbonate anion is also reabsorbed in a
reaction catalyzed by the presence of carbonic anhydrase in
the proximal tubule brush border. With falling bicarbonate
anion concentration, the pH within the proximal tubule
drops to the range of 6–6.5 as bicarbonate anion levels fall
to 6–8mEq/L near the end of the proximal tubule [26–29].

(P-10) As fluid exits the proximal tubule and flows
through the descending Loop ofHenle, passivewater removal
concentrates the tubular fluid from a bicarbonate anion
concentration of 6–8mEq/L back to about 24mEq/L and to
near normal blood pH [26–29].

(P-11) Further absorption of bicarbonate anion occurs in
the distal tubule leading to a near zero bicarbonate concentra-
tion and urine pH of <6 (dependent on the metabolic load of
protein), buffered and supported by phosphates and ammo-
nium to allow the kidney to excrete the typical acid load
associated with protein metabolism [26–28]. However, the
distal and collecting tubules are apparently less susceptible to

CM injury than other portions of the nephron tubule despite
the high CM concentration and low tubular pH. Perhaps
structural differences such as the presence of “tight junctions”
between the distal and collecting tubule cells or differences in
the brush borders account for this apparent resistance to CIN
[30].

4.1. Discussion of pH and Bicarbonate Anion Concentra-
tion Changes within Tubules. Based on the physiological
background and in the absence of an alkali rich diet, the
pH and bicarbonate anion levels in tubule fluid drop with
transit through the proximal tubule and then the luminal
pH increases back to nearly normal blood levels in the loop
lumen at the tip of the papilla only to drop again with transit
through the thick ascending limb of the loop and the distal
tubule.

Pathologic evidence indicates that the initial injury asso-
ciated with CIN occurs in the outer medullary section of the
kidney in the medullary thick ascending limb (mTAL) of the
Loop of Henle with less injury observed in another compo-
nent of the outer medulla, the convoluted proximal tubule
[4, 5]. CM concentrations within the tubule rise as salt and
water are absorbedwith flow through the proximal tubule and
continue to rise flowing to the thick ascending limb. In the
outer medulla segment of the kidney oxygen tension is low
and pH is also low. Since the oxygen partial pressure is lowest
at the tip of the papilla [18], oxygen content alone is unlikely to
be the sole explanation of the observedmedullary injury from
CM. The cells of the thin Loop of Henle may be particularly
resistant to oxidative injury, perhaps employing anaerobic
metabolism to a greater extent thanmost other cells, although
a protective effect of a near normal bicarbonate anion
concentration cannot be excluded. The pH in the lumen of
the mTAL typically drops back to the 6 range [26–28].

The increased sensitivity of the mTAL to CM injury may
be a combination of (1) low pH, (2) high oxygen supply
requirement secondary to active solute transport, and (3)
reduced oxygen supply resulting from vasoconstriction that
follows CM administration. Indeed, in vitro cell culture
studies using several human and animal cell lines show that
the apoptosis (programmed cell death) that occurs following
free radical generation is markedly accelerated in an acid
environment [31, 32]. Thus, when pH and bicarbonate anion
levels are increased in kidney tissue there may be attenuation
of free radical damage within the kidney, irrespective of the
source of ROS.

Although the mechanism beyond its volume-expanding
effects by which sodium bicarbonate might further reduce
CI-AKI remains poorly defined, it has been postulated that
sodium bicarbonate infusionmay decrease generation of free
radicals mediated by the Haber-Weiss reaction by increasing
tubular pH [33]. The Haber-Weiss reaction is most active
at lower pH levels. Sodium bicarbonate infusion may also
scavenge the potent oxidant peroxynitrite, produced via a
nitric oxide-mediated pathway [34]. Reactive oxygen species
activate cytokine-induced inflammatory mediators, resulting
in damage to proximal tubular cells, and it is likely that the
activation of these mediators is influenced by tissue hypoxia
and medullary acidosis.
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While it may be very difficult to differentiate the volume-
expanding effects of the two sodium salts from any direct
effect onCIN in humans, animal studies with severe dehydra-
tion contribute to understanding of the role of bicarbonate. In
a rat CIN model, rats were severely dehydrated using water
restriction and diuretics and then exposed to CM or 1mL
of 8.4% sodium bicarbonate followed by CM [35]. In this
study, 1mL of 8.4% sodium bicarbonate was administered
which represents 5mEq of bicarbonate anion per kg but only
1mL or 0.9% of the total animal estimated fluid volume. The
pathology score at autopsy of the rat kidneys revealed reduced
severe tubular damage scores in the bicarbonate treated
animals: 71.4% versus 28.2%, CM alone versus 8.4% bicar-
bonate/CM, 𝑃 = 0.02. Kidney tissue levels of glutathione,
an oxidative stress marker, were also statistically reduced in
the bicarbonate treated animals. These authors concluded
that in this CIN rat model the bicarbonate protection was
not solely related to sodium hydration, suggesting that free
radical injury had been reduced as an effect of the bicarbonate
administered.

Clinically, an alternative method of increasing bicar-
bonate anion levels in the proximal tubule and therefore
throughout the renal tubules is with the administration of
a carbonic anhydrase inhibitor, acetazolamide. One study
compared acetazolamide to sodium bicarbonate therapy
without controlling the IsoBicarb dose to match urine pH
within the two cohorts [36]. This study in children with
chronic kidney disease (CKD) showed a significant reduction
in the incidence of CIN for acetazolamide treated subjects
with a mean urine pH of 7.8 compared to the IsoBicarb
treated subjects with a mean urine pH of 6.5. It is not
known whether equivalent results would have been obtained
by administering enough IsoBicarb to produce a urine pH
of approximately 7.8. It should be noted that acetazolamide
may produce extracellular volume reduction and produce
systemic metabolic acidosis that could have other clinical
effects. This study confirms that raising the proximal tubule
pH and luminal bicarbonate anion levels (the primary effect
of acetazolamide) has a beneficial effect on the CIN incidence
in subjects with CKD, although the use of this diuretic may
have other consequences.

Clinical experience suggests that IsoBicarb will add bene-
fit, only if the dose is above a certain threshold. Since the first
description of CIN reduction with IsoBicarb administration
[33], a number of studies have confirmed the CIN benefit
[37–41] while other studies have shown no benefit [42–46].
Studies that showed no benefit did not show any harm from
the IsoBicarb. These neutral studies utilized a total dose of
IsoBicarb that was lower (less than 1.5mEq bicarbonate/kg)
than the dose in those studies that showed statistically signif-
icant benefit (more than 1.5mEq bicarbonate/kg). This raises
the possibility that CIN benefit from IsoBicarb over Saline
is likely to be dose related. One article with a higher dose
of IsoBicarb did show a statistically significant reduction in
CIN for the Saline cohort over the IsoBicarb cohort; however,
the incidence of CIN for the Saline treated control cohort in
this report was extremely low based on the control cohort’s
described risk factors [20, 47]. With this one exception,

IsoBicarb when used in higher doses has demonstrated
superior CIN results when compared to Saline.

5. Conclusions

As the above points indicate, several important factors are
known to influence the development of CIN in human
subjects:

(i) CM concentration within the renal tubules is deter-
mined by the dose of CM and by the rate of flow
within the tubule itself, the latter dependent largely on
the rate of sodium containing fluid administration;

(ii) time or duration of exposure is a variable dependent
chiefly on GFR and not easily altered by clinical
maneuvers;

(iii) pO
2
varies in different portions of the kidney, with

pO
2
known to fall dramatically from outer cortex to

renal papilla; the presence of regional variations in
tissue oxygen content and the high oxygen demand
placed on the mTAL segments to support solute
transport functions at a timewhen oxygen availability
is reduced by CM-induced vasoconstriction lead
to hypoxia of the mTAL and favor production of
increased levels of ROS;

(iv) pH within the tubular lumen is determined pri-
marily by bicarbonate anion concentration, a level
that oscillates markedly from glomerulus to end of
the collecting duct; the concentration of bicarbonate
anion and therefore the pH of tubular fluid can
be greatly affected by the administration of sodium
bicarbonate;

(v) the primary cellular injury in CIN appears to be
mediated by ROS generation;

(vi) lower bicarbonate concentrations (low pH) accelerate
ROS induced toxicity in cell studies.

Of the listed points, only (i) CM luminal concentrations
and (iv) luminal pH are easily manipulated by therapeutic
interventions. The above points and related clinical studies
lead to these conclusions.

(i) Saline before, during, and after exposure to CM
will produce an infusion rate-dependent increase in
tubular fluid volume, reduction in CM intratubular
concentrations, and slight increases in tubular pH;
these lower tubular concentrations of CM should
lead to reduced ROS formation and are the most
likely mechanism of CIN reduction to be related
to Saline infusion; therefore, the effect on CIN is
likely to be Saline infusion rate-dependent as well and
requires that the infusion be maintained throughout
the period of CM excretion by the kidney.

(ii) IsoBicarb infusion before, during, and after exposure
to CM will produce the same effects of systemic
volume expansion and increased tubular volume that
follow Saline administration as described above, with
the additional benefit of a substantial increase in the
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bicarbonate anion buffer throughout the renal tubule;
low pH is known to accelerate cellular apoptosis in
the setting of free radical formation, a toxic effect
that may be ameliorated by raising the pH with
bicarbonate.

Therefore, reduced CIN associated with IsoBicarb infu-
sion appears to be at least partially if not largely related
to an increase in filtered bicarbonate anion and subsequent
increase in tubular bicarbonate anion concentration. The
effect of IsoBicarb on CIN is likely to be infusion rate- or
dose-dependent as is the case with Saline. IsoBicarb infusion
is likely to show additional benefit when compared to Saline,
only when adequate doses of IsoBicarb are administered
prior to the CM exposure, that is, enough IsoBicarb to raise
proximal tubular bicarbonate anion and pH to levels close to
those found in blood, with the IsoBicarb infusionmaintained
after the CM exposure to keep renal bicarbonate anion levels
raised while the CM is excreted.
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[16] E. Féraille and A. Doucet, “Sodium-potassium-adenosinetri-
phosphatase-dependent sodium transport in the kidney: hor-
monal control,” Physiological Reviews, vol. 81, no. 1, pp. 345–418,
2001.

[17] C. E. Thomas, C. E. Ott, P. D. Bell, F. G. Knox, and L. G. Navar,
“Glomerular filtration dynamics during renal vasodilation with
acetylcholine in the dog,” The American journal of physiology,
vol. 244, no. 6, pp. F606–F611, 1983.

[18] W. Zhang and A. Edwards, “Oxygen transport across vasa recta
in the renal medulla,”American Journal of Physiology, Heart and
Circulatory Physiology, vol. 283, no. 3, pp. H1042–H1055, 2002.

[19] M. I. Lindinger, T.W. Franklin, L. C. Lands, P. K. Pedersen, D. G.
Welsh, and G. J. F. Heigenhauser, “NaHCO

3
and KHCO

3
inges-

tion rapidly increases renal electrolyte excretion in humans,”
Journal of Applied Physiology, vol. 88, no. 2, pp. 540–550, 2000.

[20] R. Mehran, E. D. Aymong, E. Nikolsky et al., “A simple risk
score for prediction of contrast-induced nephropathy after
percutaneous coronary intervention: development and initial
validation,” Journal of the American College of Cardiology, vol.
44, no. 7, pp. 1393–1399, 2004.

[21] C. Mueller, G. Buerkle, H. J. Buettner et al., “Prevention of con-
trast media-associated nephropathy: randomized comparison
of 2 hydration regimens in 1620 patients undergoing coronary
angioplasty,” Archives of Internal Medicine, vol. 162, no. 3, pp.
329–336, 2002.

[22] H. S. Trivedi, H. Moore, S. Nasr et al., “A randomized prospec-
tive trial to assess the role of saline hydration on the develop-
ment of contrast nephrotoxicity,”Nephron. Clinical practice, vol.
93, no. 1, pp. C29–C34, 2003.

[23] G. Marenzi, C. Ferrari, I. Marana et al., “Prevention of con-
trast nephropathy by furosemide with matched hydration: the
MYTHOS (induced diuresis withmatched hydration compared
to standard hydration for contrast induced nephropathy pre-
vention) trial,”Cardiovascular Interventions, vol. 5, no. 1, pp. 90–
97, 2012.

[24] R. Solomon, C.Werner, D. Mann, J. D’Elia, and P. Silva, “Effects
of saline, mannitol, and furosemide on acute decreases in renal



6 BioMed Research International

function induced by radiocontrast agents,” The New England
Journal of Medicine, vol. 331, no. 21, pp. 1416–1420, 1994.

[25] S. N. Heyman, M. Brezis, F. H. Epstein, K. Spokes, P. Silva,
and S. Rosen, “Early renal medullary hypoxic injury from
radiocontrast and indomethacin,” Kidney International, vol. 40,
no. 4, pp. 632–642, 1991.

[26] A. Sebastian, L. A. Frassetto, D. E. Sellmeyer, R. L. Merriam,
and R. C. Morris Jr., “Estimation of the net acid load of the diet
of ancestral preagricultural Homo sapiens and their hominid
ancestors,” American Journal of Clinical Nutrition, vol. 76, no. 6,
pp. 1308–1316, 2002.

[27] T. D. DuBose Jr., L. R. Pucacco, M. S. Lucci, and N. W. Carter,
“Micropuncture determination of pH, PCO

2
, and total CO

2

concentration in accessible structures of the rat renal cortex,”
The Journal of Clinical Investigation, vol. 64, no. 2, pp. 476–482,
1979.

[28] J. Buerkert, D. Martin, and D. Trigg, “Segmental analysis of
the renal tubule in buffer production and net acid formation,”
American Journal of Physiology, Renal Fluid and Electrolyte
Physiology, vol. 13, no. 4, pp. F442–F454, 1983.

[29] C. W. Gottschalk, W. E. Lassiter, and M. Mylle, “Localization
of urine acidification in the mammalian kidney,”The American
journal of physiology, vol. 198, pp. 581–585, 1960.

[30] R. F. Reilly and D. H. Ellison, “Mammalian distal tubule: phys-
iology, pathophysiology, and molecular anatomy,” Physiological
Reviews, vol. 80, no. 1, pp. 277–313, 2000.

[31] D. Storch, D. Abele, and H.-O. Pörtner, “The effect of hydrogen
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“Molecular mechanisms of acidosis-mediated damage,” Acta
Neurochirurgica, Supplement, vol. 1996, no. 66, pp. 8–14, 1996.

[33] G. J. Merten, W. P. Burgess, L. V. Gray et al., “Prevention
of contrast-induced nephropathy with sodium bicarbonate: a
randomized controlled trial,” Journal of the American Medical
Association, vol. 291, no. 19, pp. 2328–2334, 2004.

[34] J. L. Caulfield, S. P. Singh, J. S. Wishnok, W. M. Deen, and S. R.
Tannenbaum, “Bicarbonate inhibits N-nitrosation in oxygen-
ated nitric oxide solutions,”The Journal of Biological Chemistry,
vol. 271, no. 42, pp. 25859–25863, 1996.

[35] A. Barlak, H. Akar, Y. Yenicerioglu, C. Yenisey, I. Meteoǧlu, and
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Contrast-induced nephrotoxicity (CIN) is a form of acute kidney injury that follows intravascular contrast media exposure. CIN
may be preventable because its risk factors are well established and the timing of renal insult is commonly known in advance.
However, contrast-induced nephrotoxicity is still the third leading cause of iatrogenic renal failure. This important complication
accounts up to 10% of acute renal failure cases in hospitalized patients and it is associated with increased short- and long-term
morbidity and mortality. Prolonged hospitalization follows and overall increases healthcare resource utilization. This paper will
discuss the various prophylactic procedures tested in clinical trials.

1. Introduction

The general indication for the use of radiographic contrast
agents is to enhance images in diagnostic and therapeutic
interventions. Increasing use of contrast media (CM) dur-
ing radiological procedures has resulted in an increasing
incidence of contrast-induced nephrotoxicity (CIN). In the
year 2003, about 8 million liters of contrast media was
used in 80 million contrast media examinations [1]. This
makes it one of the highest volumes of medical drugs used.
Development of contrast-induced nephrotoxicity (CIN) is a
common complication of radiocontrast media exposure in
patients who possess underlying risk factors.

2. Definition of CIN

The definition of CIN varies widely and refers to the develop-
ment of acute renal impairment following the intravascular
administration of radiocontrast dye in the absence of other
identifiable causes of renal failure. Typically it occurs within
24–48 hours after administration of contrast media and
peaks by day 5 after exposure [1, 2]. The most commonly
used definition is an increase of more than ≥25% in serum
creatinine level (SCr) or an absolute increase of 0.5mg/dL
(44.2 𝜇mol/L) from baseline value [1–5]. CIN corresponds to

one stage increase in the 3 stages according to the KDIGO
acute kidney injury network criteria [6].

3. Risk Factors for Contrast-Induced
Nephrotoxicity

Risk factors for the development of CIN have been exam-
ined in several studies and can be divided into patient-
related and non-patient-related factors. The patient-related
risk factors include preexisting renal dysfunction, diabetes
mellitus, multiple myeloma, advanced age, congestive heart
failure, hemodynamic instability, hypertension, hypotension,
emergency procedure, anaemia, left ventricular ejection frac-
tion <40%, nephrotic syndrome, and myocardial infarction
[3, 7].The non-patient-related risk factors are volume, osmo-
lality, ionicity and viscosity of the contrast media, intra-
arterial versus intravenous injection, concomitant use of
nephrotoxic drugs, and volume depletion [7, 8]. The most
important risk factor for CIN is chronic kidney disease
(CKD). Generally, the estimated glomerular filtration rate
(eGFR) <60mL/min/1.73m2 is considered a cut-off value for
increased risk for CIN (2%) [8]. The lower the eGFR value
is, the greater the risk of CIN is. It is fivefold higher (10.2%),
if serum creatinine is in the range 1.4–1.9mg/dL [3]. The
majority of the studies on CIN were performed on patients
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undergoing cardiac procedure following intra-arterial CM
administration. Thus, one conclusion was therefore that
intra-arterial CM administration leads to a higher risk of
CIN as compared to an intravenous study population [9, 10].
The only one head-to-head study available to date comparing
intravenous route with intra-arterial route found is the study
of Karlsberg et al. This study showed that intravenous route
might be as nephrotoxic as intra-arterial route; even the
dose of applied CM was higher. So most of the intra-arterial
injections are mainly intravenous for the kidney [11]. Volume
of contrast media seems to be a major procedure-related
risk factor of CIN.Therefore, the use of volume-to-creatinine
clearance ratio (v/CrCl) can be used as an index for prediction
of an abnormal increase in postinterventional creatinine. A
ratio of the CM volume to the creatinine clearance below 2.62
has been suggested as a safe limit [12, 13]. But a “safe” dose
does not exist and even very limited doses of CM may cause
CIN in high-risk patients.The likelihood of CIN rises sharply
as the number of risk factors increases. Cystatin C appears to
be a good biomarker in the prediction of acute kidney injury,
but so far it is almost not used to detect CIN [14]. Other new
biomarkers such as neutrophil gelatinase-associated lipocalin
(NGAL) are not helpful to better diagnose CIN [15]. Studies
testing KIM-1 are inconsistent because of the small number
of studies and heterogeneity between them [16].

4. Prevention for CIN

4.1. Hydration. Hydration only is the intervention best
supported by evidence with a preventive effect on CIN,
though no randomized controlled trials directly compared
hydration versus no hydration. Intravenous hydration seems
to be more effective than unrestricted oral hydration [17].
Standardized prospective studies to determine the optimal
hydration strategy are needed. Several potential mechanisms
can contribute to the beneficial effect of volume expansion,
including dilution of contrastmedia within the tubule lumen,
increased diuresis, reduced activation of renin-angiotensin
system due to increased delivery of sodium to the distal
nephron, and minimizing of the renal production of nitric
oxide [18]. Solomon et al. were the first who showed the
positive effect of adequate hydration [19]. Contrasting the
Solomon study, others and we found that furosemide was
beneficial. Furosemide was given after CM and not before it
in our study; in the other studies the urine output rate should
be >300mL/h [20, 21]. The high urine output and positive
fluid balance in combination with furosemide to keep the
high-risk patients euvolemic is controlled by the RenalGuard
system. These studies are promising but investigator driven
[22, 23]. In addition to timing and route of hydration,
other factors, such as fluid composition, may also play a
role. In a randomized trial that included 1620 patients,
Mueller et al. showed that intravenously administered 0.9%
saline solution was superior to 0.45% saline solution [24].
Furthermore, two small studies suggest that sustained fluid
administration intravenously within 12 h before and 12 h
after administration of contrast media is superior to bolus
administration at the time of contrast administration [25, 26].

CIN Consensus Working Panel recommendations published
in 2006 suggested adequate intravenous volume expansion
with isotonic crystalloid (1.0–1.5mL/kg/hr) for 3 to 12 hr
before the procedure and continued for 6 to 24 hr to prevent
CIN in patients at risk [27].

4.2. Vasodilators. Renal vasodilatators, including calcium-
channel antagonists, are promising agents in the prevention
of CIN. So far their administration has failed to show
conclusive evidence of a beneficial effect [28, 29]. Given its
dilatory effect on the renal vasculature and the ability to
increase renal blood flow and GFR, dopamine was supposed
to be useful in the prevention of CIN. This hypothesis was
evaluated in several studies and none showed a benefit in
terms of dopamine administration [30–32]. Fenoldopam,
a selective dopamine-1 receptor agonist with vasodilatory
properties, was unable to lower the risk of CIN in a small
population [33–35]. Critical experts argue that the doses of
dopamine and fenoldopam used in these trials may have
been insufficient to produce renal vasodilatation [36]. The
adverse effects of these drugswere arrhythmiawith dopamine
and hypotension associated with intravenous fenoldopam
administration. Small underpowered trials using vasodilating
agents such as natriuretic peptide [37], an endothelin antag-
onist [38], prostaglandin E

1
[39], angiotensin converting

enzyme inhibitors [40], and L-arginine [41] have shown no
benefit and in some cases even a potential harm [41].

4.3. Sodium Bicarbonate. Sodium bicarbonate may be an
effective therapy for the prevention of contrast-induced
nephrotoxicity [42].The proposedmechanisms are that alka-
linizing the tubular urine with sodium bicarbonate infusion
may attenuate free radical formation and oxidant injury.
Merten et al. presented the first study to prevent CIN by the
administration of bicarbonate solution in a concentration of
154mMol/L. In this study, the administration of bicarbonate
was associated with a decreased incidence of CIN [43].
Subsequent studies have failed to show any additional benefit
of the intravenous administration of sodiumbicarbonate over
isotonic sodium chloride alone in CIN prevention; also these
studies had a dose reduction of NaHCO

3
[44, 45]. In a

systematic overview of 14 randomized trials, 2290 patients
were included comparing sodium bicarbonate with sodium
chloride for the prevention of CIN. Of those trials three
were categorized as large (𝑛 = 1145) and 12 as small
(𝑛 = 1145). Among the large trials, the CIN incidence
for sodium bicarbonate and sodium chloride was 10.7 and
12.5%, respectively; the relative risk (RR)with 95% confidence
interval (CI) was 0.85 (0.63 to 1.16) without evidence of
heterogeneity (𝑃 = 0.09, 𝐼(2) = 0%). The pooled RR (95%
CI) among the 12 small trials was 0.50 (0.27 to 0.93) with
significant between-trial heterogeneity (𝑃 = 0.01; 𝐼(2) =
56%). The small trials were more likely to show a benefit
for hydration with sodium bicarbonate, but these studies
were generally of lower methodological quality. Among the
larger, randomized trials, there was no statistically significant
difference between hydration with sodium bicarbonate and
sodium chloride. These data suggest that the true clinical
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benefit of hydration with sodium bicarbonate, if any, is likely
to be small for the average patient [46–50].

4.4. Antioxidant: N-Acetylcysteine. The use of N-acety-
lcysteine, an agent with antioxidant properties, in the pre-
vention of CIN is based on the assumption that CIN is
caused by reactive oxygen species (ROS). ROS presumably
are formed as a result of direct toxic effect of contrast
media on tubular epithelial cells. Tepel et al. conducted
the first study [51], showing that serum creatinine levels
rose by more than 0.5mg/dL in only 2% of patients who
received N-acetylcysteine (600mg bid orally) as compared
to 21% of patients in the control group (𝑃 < 0.001). In the
control group, 9 patients needed dialysis but only 1 in the N-
acetylcysteine group.Many other studies onN-acetylcysteine
followed; one of the latest is the large study of Berwanger and
the ACT Investigators published in 2011. This study showed
no benefit using N-acetycysteine p.o. in the incidence of CIN
reduction as well as other clinically relevant outcomes [52].
Several meta-analyses showed no significant benefits of N-
acetylcysteine (600mg bid orally) compared to controls [53,
54]. Thus, the meta-analyses of N-acetylcysteine trials have
led to disparate conclusions. The latest report included 22
trials with 2746 patients.Therewas a significant heterogeneity
among those trials (𝐼 (2) = 37%; 𝑃 = 0.04), but meta-
regression analysis failed to identify significant sources of
heterogeneity. Two clusters were studied: cluster 1 (𝑛 = 18;
2445 patients) showed no benefit where the relative risk (RR)
was 0.87 and the 95% confidence interval (CI) 0.68–1.12
(𝑃 = 0.28). The studies in cluster 2 (𝑛 = 4; 301 patients)
indicated that N-acetylcysteine was highly beneficial (RR
= 0.15; 95% CI 0.07–0.33, 𝑃 < 0.0001). However, cluster
2 studies were relatively early, small, and of lower quality
compared with cluster 1 studies (𝑃 = 0.01 for the three
factors combined). Need for dialysis across all studies (5 in
control group and 8 in the treatment group, 𝑃 = 0.42) did
not suggest that N-acetylcysteine is beneficial [55, 56]. The
dose of N-acetylcysteine that has been investigated might be
too low to achieve meaningful ROS reduction. Briguori et al.
compared therefore standard dose (600mg bid orally) versus
high doses (1200mg bid orally) on the day of procedure [57];
the rate of CIN was lower in patients receiving high-dose
N-acetylcysteine (4% versus 11%; 𝑃 = 0.03). The benefit of
high-doseN-acetylcysteine versus intravenous hydrationwas
even more pronounced in the study by Baker et al., where
N-acetylcysteine was given intravenously immediately before
contrast agent [58]. CIN occurred in 2 patients in the N-
acetylcysteine group (5%) and in 8 patients in the hydration
group (21%,𝑃 = 0.045).Therefore, this high intravenous dose
protocol can be used for all emergency patients or outpatients
at the same day. Further investigations for such protocols are
needed (Table 1).

4.5. Antioxidant: Mesna. Mesna (mercaptoethane-sulfonate
Na), an agent with antioxidant properties, can reduce free
radicals and restore reduced glutathione (GSH) levels after
ischemic renal failure [61]. An advantage of Mesna is its
60% elimination by glomerular filtration (Figure 1), whereas
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NCA = N-acetylcysteine
Mesna = mercaptoethane-sulfonate Na
RCA = radiocontrast agent
ROS = reactive oxygen species
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Radiocontrast agent RCA

Tubule cells

Glutathione
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Hydration
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NCA
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Figure 1: Presumed renoprotective effects of Mesna in tubule
lumen. Radiocontrast agents (RCA) are filtered into the primary
urine. In the tubule lumen, RCAs are concentrated 100-fold by water
reabsorption. High RCA concentration stimulates the production
of reactive oxygen (ROS) in the tubule cells leading to epithelial
cell necrosis and tubule obstruction. By hydration, RCAs are less
concentrated and tubule obstruction can be washed out. While N-
acetylcysteine acts mainly from the basal side, Mesna can prevent
ROS production in the tubule cells from both apical and basal sides.
Finally Mesna may prevent contrast-agent-induced nephrotoxicity
by glutathione regeneration. Graphic: G.Hintze.

Table 1: Agents and measures proposed for prevention of contrast-
agent-induced nephrotoxicity.

Drug Trial Patients Prophylactic
benefit Reference

Mesna RCT 𝑁 = 100 Yes [59]

NAC RCT
Meta-analysis

𝑁 = 83

𝑁 = 2746

Yes
Equivocal

[51]
[55, 56]

Hydration RCT
RCT

𝑁 = 78

𝑁 = 1620

𝑁 = 53

Yes
Yes
Yes

[19]
[22]
[17]

Sodium
bicarbonate

RCT
RCT

Meta-analysis

𝑁 = 119

𝑁 = 353

𝑁 = 2290

Yes
No

Equivocal

[43]
[44]
[46]

Theophyllin Meta-analysis 𝑁 = 585 No [60]

N-acetylcysteine is less than 10% excreted in the urine
[59]. There is so far only one single randomized controlled
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trial by our group, which investigated the use of Mesna in
prevention of contrast-induced nephrotoxicity. In our study
we compared the efficacy of intravenous administration of
1600mg Mesna versus placebo in addition to intravenous
hydration with 0.9% saline. The results were a CIN in 7
patients in the placebo group and none in the Mesna group.
The immediate preinvestigational infusionmakesMesna easy
to use in outpatients as well as for emergency procedures.
Clearly, the investigation by a multicenter trial is needed to
confirm the benefit of Mesna.

4.6. Antioxidant: Ascorbic Acid. Ascorbic acid can reduce free
radical production. Oral ascorbic acid (3 g before and 2 g
twice after the procedure) was evaluated in a randomized
controlled trial that included 231 patients [62]. The incidence
in contrast-induced nephrotoxicity was 9% in the ascorbic
acid group and 20% in the placebo group (𝑃 = 0.02).
In a recently published meta-analysis Sadat et al. showed
that in 1536 patients, who completed the trial, ascorbic acid
produced a 33% lower risk of developing a CIN [63]. So
ascorbic acid might be a form of prophylactic regime in
contrast media induced renal failure; nevertheless it has not
been recommended by the CM safety committee.

4.7.Theophylline. There are only small studies of theophylline
as a potential prophylactic agent for CIN with conflicting
results. Nine trials (𝑛 = 585 patients) compared theophylline
with no active treatment. Meta-analysis identified consid-
erable heterogeneity among these studies [60]. There was
variability in the inclusion criteria, the method, and schedule
of theophylline administration and hydration protocols as
well as in the type of contrastmedia.Only few trials compared
the incidence of adverse events. To date there is no supporting
evidence for the use of theophylline for the prevention ofCIN.

4.8. Atrial Natriuretic Peptide. Atrial natriuretic peptide
failed to prevent CIN in a randomized, placebo-controlled
study of Kurnik et al. [37].

4.9. Statins. Statins have been shown to have pleiotropic,
antioxidant, and anti-inflammatory effects. In a retrospective
register study of 29409 patientswhounderwent percutaneous
coronary angiography, statin therapy before the procedure
was linked with a lower incidence of CIN compared to
patients not taking a statin at that time [64]. These results
are in line with a prospective, observational study that
included 434 participants. Patients who were taking statins
before undergoing coronary angiography had a lower rate
of CIN [65]. However, later ongoing trials with simvastatin
in the PROMISS study [66] and in the diabetes subgroup
failed to demonstrate benefits of treatment as well as with
atorvastatin [67]. Another trial has been started with high-
loading dose of atorvastatin (80mg); in this small study the
results show a benefit for patients receiving the high-loading
dose compared to placebo (CIN: 5% versus 13.2%, 𝑃 = 0.046)
[68]. In the multivariable analysis, atorvastatin pretreatment
was independently associated with a decreased risk of CIN
(odds ratios 0.34, 95% confidence interval 0.12 to 0.97,

𝑃 = 0.043) and shortening of hospital days [68]. Quintavalle
et al. demonstrated in a single centre prospective study with
410 patients that a single high-loading dose of atorvastatin
(80mg within 24 hours before contrast media exposure) sig-
nificantly reduced the risk of contrast-induced nephropathy
(4.5% versus 17.8%). This effect was only obvious in patients
withmoderate risk and a glomerular filtration rate between 31
and 60mL/min.The definition of contrast-induced renal fail-
ure is new, since cystatinC asmarkerwas used [69].The study
was not powered to detect an effect according to the more
traditional and less sensitive definition of contrast-induced
acute kidney injury [70]. Another interesting approach was
made with the substance rosuvastatin. Leoncini et al. could
demonstrate that a high-dose rosuvastatin (40mg given on
admission to statin-näıve patients with ACS, followed by
20mg/day) compared to no statin treatment reduced the
risk of CIN significantly (6.7% versus 15.1%; adjusted odds
ratio: 0.38; 95% confidence interval (CI): 0.20 to 0.71; 𝑃 =
0.003). In this interesting study the benefit of rosuvastatinwas
consistent, even applying different definitions of contrast-
induced nephropathy. It showed even after 6-month follow-
up further benefit with lower rate of death or nonfatal
myocardial infarction [71]. So since the substances are het-
erogeneous as well as the dose, further investigations are
needed.

4.10. Hemodialysis and Hemofiltration. Several studies exam-
ined the effect of hemodialysis, immediately after exposure
to contrast media to prevent the further deterioration of
renal function in patients with preexisting advanced renal
disease. Theoretically, hemodialysis is an effective method
in removing contrast media from the patient’s body. One
study of removing contrast media via hemodialysis was even
performed during coronary intervention in patients with
advanced renal insufficiency, but no significant effect on
renal function was observed compared with patients who
did not undergo hemodialysis [72]. Paradoxically, in a study
reported by Vogt et al. hemodialysis performed after CM
administration was associated with a significantly greater
mean peak in serum creatinine (𝑃 < 0.05) compared with
patients who did not undergo hemodialysis [73, 74]. Finally,
patients with end-stage renal failure who underwent a 6-
hour hemodialysis postprocedure were without a benefit
[75]. On the basis of these data, hemodialysis cannot be
recommended.

Two studies [76, 77] investigated the effect of contin-
uous venovenous hemofiltration for prevention of CIN in
patients with chronic renal insufficiency as compared with
intravenous hydration. A >25% increase of creatinine and the
in-hospital mortality were significantly lower in the hemofil-
tration group. However, since creatinine level is naturally
influenced by hemofiltration, assessment of benefit in preven-
tion on CIN based on this endpoint is certainly debatable.
The benefits of hemofiltration observed in this study have
been suggested to be due to the concomitant administration
of heparin, which has anti-inflammatory effects and might
reduce ROS generation. A different mechanism that might
play a role was high-volume controlled hydration before
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contrast media exposure [77]. This method deserves further
investigations; nevertheless, it is expensive and invasive.

5. Contrast Media Use

Contrast media are classified according to osmolality, which
reflects the total particle concentration of the solution.
High-osmolar contrast media (HOCM) have about 1500 to
1800 mOsmol/kg osmolality. Low-osmolar contrast media
(LOCM) have 600 to 800 mOsm/kg and isoosmolar contrast
media (IOCM) 290 mOsm/kg. In a meta-analysis of compar-
ative trials [78], an increase in serum creatinine of more than
0.5mg/dL after administration of contrast media was less
frequent with low-osmolar than with high-osmolar contrast
media (odds ratio, 0.5; 95% confidence interval, 0.36 to 0.68).
Thus in western countries HOCM have been completely
replaced by LOCM due to the lower incidence of side effects
from LOCMwith no difference in image quality. In a recently
published systematic overview of 36 randomized, controlled
trials (𝑛 = 7166 patients) nephrotoxicity of isoosmolar
contrastmedia iodixanol (𝑛 = 3672) was compared to diverse
low-osmolar contrast media (𝑛 = 3494). In this analysis
[79], iodixanol showed no statistically significant reduction
in the incidence of contrast-induced nephrotoxicity below
that observed with heterogeneous comparator agents. Since
molecular weight of isoosmolar agents is higher (1550 daltons
versus 750–850 daltons in low-osmolar agents), they have
a higher viscosity and likely therefore no significant benefit
could be shown in any high-risk subgroups; there was
only a significant benefit of iodixanol when compared with
iohexol [79]. So the CM safety committee (GMSC) guidelines
recommend the use of LOCMand IOCM in patients with risk
factors for CIN [80].

6. Summary and Recommendations

Contrast-induced nephrotoxicity is a serious adverse event
for which preventive care is needed since treatment options
are of limited value. Physicians using contrast media should
incorporate preventive strategies into their clinical prac-
tices. The consulting nephrologists can provide guidance to
radiologists and cardiologists regarding the identification of
patients at risk and suggest the best practical strategy to
reduce the incidence of CIN.

These practical measures include the assessment of
patients at risk. Patients with normal kidney function and
without risk factor for contrast-induced nephrotoxicity do
not require prophylactic intervention before contrast media
use. Patients with underlying renal dysfunction and an esti-
mated glomerular filtration rate (eGFR) <60mL/min/1.73m2
have to be identified particularly in combination with other
risks which have to be identified. Potentially nephrotoxic
drugs (NSAIDs) as well as metformin should be withdrawn
before contrast administration.The use of the lowest contrast
volume as possible is recommended and high-osmolar con-
trast media should be avoided. The best way to prevent CIN
is to provide adequate periprocedural hydration. The role of

various drugs in prevention of CIN (such as Mesna) is still
controversial and warrants future studies.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] R. W. Katzberg and C. Haller, “Contrast-induced nephrotoxic-
ity: clinical landscape,” Kidney International, vol. 69, pp. S3–S7,
2006.

[2] K. Nash, A. Hafeez, and S. Hou, “Hospital-acquired renal
insufficiency,”The American Journal of Kidney Diseases, vol. 39,
no. 5, pp. 930–936, 2002.

[3] R. Mehran and E. Nikolsky, “Contrast-induced nephropathy:
definition, epidemiology, and patients at risk,” Kidney Interna-
tional, vol. 69, pp. S11–S15, 2006.

[4] E. C. Lasser, S. G. Lyon, and C. C. Berry, “Reports on contrast
media reactions: analysis of data from reports to the U.S. Food
and Drug Administration,” Radiology, vol. 203, no. 3, pp. 605–
610, 1997.

[5] K. J. Berg, “Nephrotoxicity related to contrastmedia,” Scandina-
vian Journal of Urology and Nephrology, vol. 34, no. 5, pp. 317–
322, 2000.

[6] N. Lameire, J. A. Kellum, and KDIGO AKI Guideline Work
Group, “Contrast-induced acute kidney injury and renal sup-
port for acute kidney injury: a KDIGO summary (Part 2),”
Critical Care, vol. 17, article 205, 2013.

[7] T. Pucelikova, G. Dangas, and R. Mehran, “Contrast-induced
nephropathy,” Catheterization and Cardiovascular Interven-
tions, vol. 71, no. 1, pp. 62–72, 2008.

[8] N. Pannu, N. Wiebe, and M. Tonelli, “Prophylaxis strategies
for contrast-induced nephropathy,” Journal of the American
Medical Association, vol. 295, no. 23, pp. 2765–2779, 2006.

[9] R. W. Katzberg and R. Lamba, “Contrast-induced nephropathy
after intravenous administration: fact or fiction?” Radiologic
Clinics of North America, vol. 47, no. 5, pp. 789–800, 2009.

[10] S. M. Kim, R. H. Cha, J. P. Lee et al., “Incidence and outcomes
of contrast-induced nephropathy after computed tomography
in patients with CKD: a quality improvement report,” The
American Journal of Kidney Diseases, vol. 55, no. 6, pp. 1018–
1025, 2010.

[11] R. P. Karlsberg, S. Y. Dohad, and R. Sheng, “Contrast medi-
uminduced acute kidney injury: comparison of intravenous
and intraarterial administration of iodinated contrast medium,”
Journal of Vascular and Interventional Radiology, vol. 22, no. 8,
pp. 1159–1165, 2011.

[12] W. K. Laskey, C. Jenkins, F. Selzer et al., “Volume-to-creatinine
clearance ratio: a pharmacokinetically based risk factor for pre-
diction of early creatinine increase after percutaneous coronary
intervention,” Journal of the American College of Cardiology, vol.
50, no. 7, pp. 584–590, 2007.

[13] N. Tan, Y. Liu, Y. L. Zhou et al., “Contrast medium volume
to creatinine clearance ratio: a predictor of contrast-induced
nephropathy in the first 72 hours following percutaneous coro-
nary intervention,” Catheterization and Cardiovascular Inter-
ventions, vol. 79, no. 1, pp. 70–75, 2011.

[14] Z. Zhang, B. Lu, X. Sheng, and N. Jin, “Cystatin C in prediction
of acute kidney injury: a systemic review and meta-analysis,”



6 BioMed Research International

TheAmerican Journal of Kidney Diseases, vol. 58, no. 3, pp. 356–
365, 2011.

[15] X. Valette, B. Sarary, M. Nowoczyn et al., “Accuracy of plasma
neutrophil gelatinase-associated lipocalin in the early diagnosis
of contrast-induced acute kidney injury in critical illness,”
Intensive Care Medicine, vol. 39, pp. 857–865, 2013.

[16] X. Shao, L. Tian, W. Xu et al., “Diagnostic value or urinary
kidney injury molecule 1 for acute kidney injury: a meta-
analysis,” PLoS ONE, vol. 9, Article ID e84131, 2014.

[17] H. S. Trivedi, H. Moore, S. Nasr et al., “A randomized prospec-
tive trial to assess the role of saline hydration on the develop-
ment of contrast nephrotoxicity,”Nephron. Clinical practice, vol.
93, no. 1, pp. C29–C34, 2003.

[18] P. A.McCullough, A. Adam, C. R. Becker et al., “Risk prediction
of contrast-induced nephropathy,” The American Journal of
Cardiology, vol. 98, no. 6, pp. 27–36, 2006.

[19] R. Solomon, C.Werner, D. Mann, J. D’Elia, and P. Silva, “Effects
of saline, mannitol, and furosemide on acute decreases in renal
function induced by radiocontrast agents,” The New England
Journal of Medicine, vol. 331, no. 21, pp. 1416–1420, 1994.

[20] R. Lukas, A. Eren, D. Zellner et al., “Furosemide after contrast
media does no harm to the kidneys and allows for preventive
hydration,” Perfusion, vol. 16, pp. 326–333, 2003.

[21] G. Marenzi, C. Ferrari, I. Marana et al., “Prevention of con-
trast nephropathy by furosemide with matched hydration: the
MYTHOS (induced diuresis withmatched hydration compared
to standard hydration for contrast induced nephropathy pre-
vention) trial,” JACC: Cardiovascular Interventions, vol. 5, no.
1, pp. 90–97, 2012.

[22] R. Solomon, “Forced diuresis with the RenalGuard system:
impact on contrast induced acute kidney injury,” Journal of
Cardiology, vol. 63, pp. 9–13, 2014.

[23] C. Briguori, “Renalguard system: a dedicated device to prevent
contrast-induced acute kidney injury,” International Journal of
Cardiology, vol. 6, pp. 291–297, 2012.

[24] C. Mueller, G. Buerkle, H. J. Buettner et al., “Prevention of con-
trast media-associated nephropathy: randomized comparison
of 2 hydration regimens in 1620 patients undergoing coronary
angioplasty,” Archives of Internal Medicine, vol. 162, no. 3, pp.
329–336, 2002.

[25] B. D. Bader, E. D. Berger, M. B. Heede et al., “What is the
best hydration regimen to prevent contrast media-induced
nephrotoxicity?”Clinical Nephrology, vol. 62, no. 1, pp. 1–7, 2004.

[26] R. A. Krasuski, B. M. Beard, J. D. Geoghagan, C. M.Thompson,
and S. A. Guidera, “Optimal timing of hydration to erase
contrast-associated nephropathy: the OTHER CAN study,”
Journal of Invasive Cardiology, vol. 15, no. 12, pp. 699–702, 2003.

[27] F. Stacul, A. Adam, C. R. Becker et al., “Strategies to Reduce the
Risk of Contrast-Induced Nephropathy,”The American Journal
of Cardiology, vol. 98, no. 6, pp. 59–77, 2006.

[28] Z. Khoury, J. R. Schlicht, J. Como et al., “The effect of pro-
phylactic nifedipine on renal function in patients administered
contrastmedia,” Pharmacotherapy, vol. 15, no. 1, pp. 59–65, 1995.

[29] J. K. Madsen, L. W. Jensen, J. Sandermann et al., “Effect of
nitrendipine on renal function and on hormonal parameters
after intravascular iopromide,” Acta Radiologica, vol. 39, no. 4,
pp. 375–380, 1998.

[30] M. Gare, Y. S. Haviv, A. Ben-Yehuda et al., “The renal effect of
low-dose dopamine in high-risk patients undergoing coronary
angiography,” Journal of the American College of Cardiology, vol.
34, no. 6, pp. 1682–1688, 1999.

[31] S. S. Hans, B. A. Hans, R. Dhillon, C. Dmuchowski, and J.
Glover, “Effect of dopamine on renal function after arteriog-
raphy in patients with pre-existing renal insufficiency,” The
American Surgeon, vol. 64, no. 5, pp. 432–436, 1998.

[32] L. S. Weisberg, P. B. Kurnik, and B. R. C. Kurnik, “Risk
of radiocontrast nephropathy in patients with and without
diabetes mellitus,” Kidney International, vol. 45, no. 1, pp. 259–
265, 1994.

[33] S. Allaqaband, R. Tumuluri, A. M. Malik et al., “Prospec-
tive randomized study of N-acetylcysteine, fenoldopam, and
saline for prevention of radiocontrast-induced nephropathy,”
Catheterization and Cardiovascular Interventions, vol. 57, no. 3,
pp. 279–283, 2002.

[34] G.W. Stone, P. A.McCullough, J. A. Tumlin et al., “Fenoldopam
mesylate for the prevention of contrast-induced nephropathy: a
randomized controlled trial,” Journal of the American Medical
Association, vol. 290, no. 17, pp. 2284–2291, 2003.

[35] J. A. Tumlin, A. Wang, P. T. Murray, and V. S. Mathur,
“Fenoldopam mesylate blocks reductions in renal plasma flow
after radiocontrast dye infusion: a pilot trial in the prevention
of contrast nephropathy,”The American Heart Journal, vol. 143,
no. 5, pp. 894–903, 2002.

[36] P. S. Teirstein, M. J. Price, V. S. Mathur, H. Madyoon, N. Sawh-
ney, and D. S. Baim, “Differential effects between intravenous
and targeted renal delivery of fenoldopamon renal function and
blood pressure in patients undergoing cardiac catheterization,”
TheAmerican Journal of Cardiology, vol. 97, no. 7, pp. 1076–1081,
2006.

[37] B. R. C. Kurnik, R. L. Allgren, F. C. Center, R. J. Solomon,
E. R. Bates, and L. S. Weisberg, “Prospective study of atrial
natriuretic peptide for the prevention of radiocontrast-induced
nephropathy,”The American Journal of Kidney Diseases, vol. 31,
no. 4, pp. 674–680, 1998.

[38] A. Wang, T. Holcslaw, T. M. Bashore et al., “Exacerbation of
radiocontrast nephrotoxicity by endothelin receptor antago-
nism,” Kidney International, vol. 57, no. 4, pp. 1675–1680, 2000.

[39] J.-A. Koch, J. Plum, B. Grabensee, and U. Mödder, “Pros-
taglandin E1: a new agent for the prevention of renal dys-
function in high risk patients caused by radiocontrast media?”
Nephrology Dialysis Transplantation, vol. 15, no. 1, pp. 43–49,
2000.

[40] D. Russo, R. Minutolo, B. Cianciaruso, B. Memoli, G. Conte,
and L. de Nicola, “Early effects of contrast media on renal
hemodynamics and tubular function in chronic renal failure,”
Journal of the American Society of Nephrology, vol. 6, no. 5, pp.
1451–1458, 1995.

[41] H. I. Miller, A. Dascalu, T. A. Rassin, Y. Wollman, T. Cherni-
chowsky, and A. Iaina, “Effects of an acute dose of L-Arginine
during coronary angiography in patients with chronic renal
failure: a randomized, parallel, double-blind clinical trial,” The
American Journal of Nephrology, vol. 23, no. 2, pp. 91–95, 2003.

[42] H. Sporer, F. Lang, andH.Oberleithner, “Inefficacy of bicarbon-
ate infusions on the course of postischaemic acute renal failure
in the rat,” European Journal of Clinical Investigation, vol. 11, no.
4, pp. 311–315, 1981.

[43] G. J. Merten, W. P. Burgess, L. V. Gray et al., “Prevention
of contrast-induced nephropathy with sodium bicarbonate: a
randomized controlled trial,” Journal of the American Medical
Association, vol. 291, no. 19, pp. 2328–2334, 2004.

[44] S. S. Brar, A. Y.-J. Shen, M. B. Jorgensen et al., “Sodium
bicarbonate vs sodium chloride for the prevention of contrast



BioMed Research International 7

medium-induced nephropathy in patients undergoing coro-
nary angiography: a randomized trial,” Journal of the American
Medical Association, vol. 300, no. 9, pp. 1038–1046, 2008.

[45] M. Maioli, A. Toso, M. Leoncini et al., “Sodium bicarbonate
versus saline fort he prevention of contrast-induced nephropa-
thy in patients with renal dysfunction undergoing coronary
angiography or intervention,” Journal of the American College
of Cardiology, vol. 52, no. 8, pp. 599–604, 2008.

[46] S. S. Brar, S. Hiremath, G. Dangas, R. Mehran, S. K. Brar, and
M. B. Leon, “Sodium bicarbonate for the prevention of contrast
induced-acute kidney injury: a systematic review and meta-
analysis,” Clinical Journal of the American Society of Nephrology,
vol. 4, no. 10, pp. 1584–1592, 2009.

[47] S. Hiremath and S. S. Brar, “The evidence for sodium bicarbon-
ate therapy for contrast-associated acute kidney injury: far from
settled science,”Nephrology Dialysis Transplantation, vol. 25, no.
8, pp. 2802–2804, 2010.

[48] E. A. J. Hoste, J. J. De Waele, S. A. Gevaert, S. Uchino, and
J. A. Kellum, “Sodium bicarbonate for prevention of contrast-
induced acute kidney injury: a systematic review and meta-
analysis,”Nephrology Dialysis Transplantation, vol. 25, no. 3, pp.
747–758, 2010.

[49] P. Meier, D. T. Ko, A. Tamura, U. Tamhane, and H. S. Gurm,
“Sodium bicarbonate-based hydration prevents contrast-
induced nephropathy: a meta-analysis,” BMC Medicine, vol. 7,
article 23, 2009.

[50] S. Zoungas, T. Ninomiya, R. Huxley et al., “Systematic review:
sodium bicarbonate treatment regimens for the prevention of
contrast-induced nephropathy,” Annals of Internal Medicine,
vol. 151, no. 9, pp. 631–638, 2009.

[51] M. Tepel, M. Van Der Giet, C. Schwarzfeld, U. Laufer, D.
Liermann, andW. Zidek, “Prevention of radiographic-contrast-
agent-induced reductions in renal function by acetylcysteine,”
The New England Journal of Medicine, vol. 343, no. 3, pp. 180–
184, 2000.

[52] O. Berwanger, “Acetylcysteine for prevention of renal out-
comes in patients undergoing coronary and peripheral vascular
angiography: main results from the randomized acetylcysteine
for contrast-induced nephropathy trial (ACT),”Circulation, vol.
124, no. 11, pp. 1250–1259, 2011.

[53] B. K. Nallamothu, K. G. Shojania, S. Saint et al., “Is acetylcys-
teine effective in preventing contrast-related nephropathy? A
meta-analysis,” The American Journal of Medicine, vol. 117, no.
12, pp. 938–947, 2004.

[54] S. M. Bagshaw and W. A. Ghali, “Acetylcysteine for prevention
of contrast-induced nephropathy after intravascular angiogra-
phy: a systematic reveiw andmeta-analysis,”BMCMedicine, vol.
2, 2004.

[55] D. A. Gonzales, K. J. Norsworthy, S. J. Kern et al., “A meta-
analysis of N-acetylcysteine in contrast-induced nephrotoxi-
city: unsupervised clustering to resolve heterogeneity,” BMC
Medicine, vol. 5, article 32, 2007.

[56] Z. Sun, Q. Fu, L. Cao et al., “Intravenous N-acetylcysteine for
prevention of contrast-induced nephropathy: a meta-analysis
of randomized controlled trials,” PLoS ONE, vol. 8, Article ID
e55124, 2013.

[57] C. Briguori, A. Colombo, A. Violante et al., “Standard vs double
dose of N-acetylcysteine to prevent contrast agent associated
nephrotoxicity,” European Heart Journal, vol. 25, no. 3, pp. 206–
211, 2004.

[58] C. S. R. Baker, A. Wragg, S. Kumar, R. De Palma, L. R. I.
Baker, and C. J. Knight, “A rapid protocol for the prevention

of contrast-induced renal dysfunction: the RAPPID study,”
Journal of the American College of Cardiology, vol. 41, no. 12, pp.
2114–2118, 2003.

[59] U. Ludwig, M. K. Riedel, M. Backes, A. Imhof, R. Muche,
and F. Keller, “MESNA (sodium 2-mercaptoethanesulfonate)
for prevention of contrast medium-induced nephrotoxicity—
controlled trial,”Clinical Nephrology, vol. 75, no. 4, pp. 302–308,
2011.

[60] S. M. Bagshaw andW. A. Ghali, “Theophylline for prevention of
contrast-induced nephropathy: a systematic review and meta-
analysis,”Archives of InternalMedicine, vol. 165, no. 10, pp. 1087–
1093, 2005.
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The exact pathophysiology of contrast-induced nephropathy (CIN) is not fully clarified, yet the osmotic characteristics of contrast
media (CM) have been a significant focus in many investigations of CIN. Osmotic effects of CM specific to the kidney include
transient decreases in blood flow, filtration fraction, and glomerular filtration rate. Potentially significant secondary effects include
an osmotically induced diuresis with a concomitant dehydrating effect. Clinical experiences that have compared the occurrence
of CIN between the various classes of CM based on osmolality have suggested a much less than anticipated advantage, if any,
with a lower osmolality. Recent animal experiments actually suggest that induction of a mild osmotic diuresis in association with
iso-osmolar agents tends to offset potentially deleterious renal effects of high viscosity-mediated intratubular CM stagnation.

1. Introduction

Although osmotic characteristics of contrast agents in cur-
rent use have been a significant focus in both animal and
human studies [1, 2], the exact pathophysiology of contrast-
induced nephropathy (CIN) is still not fully clarified [3–5].
High osmolality of water soluble contrast media (CM) has
been shown to be responsible for significant hemodynamic,
cardiac, and subjective effects including vasodilatation, heat,
pain [6], and a variety of rheological effects such as red blood

cell crenation [7] and renal osmotic diuresis [1, 6]. Universal
implementation of lower osmotic, nonionic contrast agents
has significantly reduced serious acute systemic side effects
[6]making these drugs among the safest inmedical use today.
Yet, themajor driving forces in the evolution of CMuse today
have been to eliminate systemic reactions and neurotoxicity
[8], including disruption of the blood brain barrier [9] rather
than renal toxicity. It has been presupposed that osmotoxicity
is fundamental to CIN. This review will critically examine
what is known about the role of CM osmolality in CIN.
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2. Classification of Contrast Materials
Based on Osmolality

Currently available iodinated contrast agents are based on
one (monomers) or two (dimers) tri-iodinated benzene rings,
which can be broadly classified into three groups according
to their osmolality, defined as the number of particles dis-
solved in one kilogram of water [2]. High osmolar contrast
media (HOCM) are 5 to 8 times the osmolality of blood,
(1,500 to over 2,000mOsm/kg H

2
O) among which are older

formulations that became available in the 1950s. Newer
agents, although still more than three times the osmolality
of blood, are of relatively low osmolality and are termed
“low osmolar contrast media” (LOCM; up to 900mOsm/kg
H
2
O). All but ioxaglate are nonionic. These contrast agents

include (in alphabetical order): iobitridol (XENETIX, Guer-
bet, France), iohexol (OMNIPAQUE, GE Healthcare, USA),
iomeprol (IOMERON, Bracco Diagnostics, USA), iopamidol
(ISOVUE, Bracco Diagnostics, USA), iopromide (ULTRA-
VIST, BayerHealthCare Pharmaceuticals, Germany), ioversol
(OPTIRAY, Covidien, USA), ioxaglate (HEXABRIX, Guer-
bet, France), and ioxilan (OXILAN, Guerbet, France). Iodix-
anol (Visipaque, GE Healthcare), the only nonionic dimer in
general clinical use today, was introduced in the mid-1990’s
and represents an iso-osmolar contrast medium (IOCM). As
such, its osmolality is equal to that of blood (290mOsm/kg
H
2
O).

3. Effects of Contrast Medium Osmolality on
Renal Physiology

A widely proposed mechanism for CIN is decreased renal
blood flow [4]. Following CM injection into the main renal
artery, renal blood flow (RBF) shows a biphasic response [18–
20], that is an initial increase followed by prolonged reduction
[18]. Reduced blood flow after CM injection is unique to the
kidney as systemic vascular responses to CM in all other
vascular beds are marked by vasodilation [2, 20, 21]. There-
fore, renal ischemia has been thought to be a primary factor
in the pathophysiology of CIN. Pharmacologic blockade of
endogenous renal vasoconstrictors has failed to eliminate
the decreased RBF in the experimental setting. Conversely,
mannitol matched for CM osmolality and hypertonic saline
solution both produce renal hemodynamic effects similar
to those observed with administration of CM [22–30]. A
reduction in both filtration fraction (FF) and glomerular
filtration rate (GFR) has also been observed simultaneously
with the decrease in RBF after CM administration. In con-
tradistinction renal vasoconstrictors such as norepinephrine,
angiotensin II, and serotonin produce an increase in FF with
the expected decrease of RBF and GFR [18].

The induced reduction of GFR by osmotic CM can be
explained by intratubular pressure changes. The osmotic
forces, associated with CM molecules undergoing renal
filtration, increase osmotic pressure in the proximal tubules
and Bowman’s capsule which by Starlings Law results in a
lowered hydrostatic filtration pressure gradient across the
filtering membrane of the glomerulus [1]. Due to their

lowered osmolality, LOCM have been shown to minimize
these effects [1, 2, 31–34].

4. Vacuolization in the Proximal
Tubular Cell Cytoplasm

HOCM have been linked to an observation termed “osmotic
nephrosis”—the induction of vacuolization in the cytoplasm
of the renal proximal tubular cells. This phenomenon is
attributed to the osmolality of the CM since similar osmotic
diuretics have also been shown to produce these findings.
These vacuolizations have been reported to occur more
commonly in patients with preexisting renal insufficiency
and are nonspecific but may rarely be associated with acute
kidney injury (AKI) [35]. There is no proven link between
vacuolization and CIN. Proximal tubular cell vacuoles have
also been recently noted to occur with the IOCM, iodixanol,
and have been associated with prolonged renal nephrograms
demonstrated by CT [36]. Carraro et al. have suggested that
it is the maximal urinary iodine concentration, rather than
osmolality, that is responsible for the vacuolization in the
proximal tubules occurring after iodixanol administration
[37, 38].

5. Prerenal Effects of Hyperosmolar
Contrast Media

All iodinated CM are osmotic diuretics; however, higher
osmolality CM elicit greater diuresis. As such, patients
will undergo an osmotic diuresis when given CM and as
a consequence experience a dehydrating effect. This is of
greater clinical concern if large doses of CM are administered
over a short period of time in populations with multiple,
closely spaced CT scans or extended cardiac catheterization
procedures. It is quite possible that incidences of CIN could
be the result of this nonspecific side effect, rather than a direct
renal toxicity of the CM, per se.This may also help to explain
the well-known beneficial effects of prophylactic hydration
for CIN.

6. Comparison of the Incidence of CIN with
Differing Osmotic Classes of Contrast Media

Head-to-head clinical comparisons between the different
osmotic classes of CM have been performed comparing
their effects on renal function. CIN is currently defined for
these trials by an increase in serum creatinine concentration
(SCr) within the first 5 days subsequent to contrast medium
administration as a surrogate of decreased kidney function
[39]. HOCMhave been compared to LOCMand LOCMhave
been compared against IOCM (iodixanol) for both intra-
venous and intra-arterial administration. Here we provide an
overview of relevant clinical reports.

6.1. Clinical Studies of HOCMversus LOCM for CIN. Surpris-
ingly, comparisons between HOCM and LOCM have shown
a much less than anticipated advantage for the ability of
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Table 1: Meta-analyses for CIN comparison of LOCM∗ versus IOCM∗∗ (mainly I.A.).

Authors (date) Search results Analyzed trials Total patients Dates included Agent superiority
Solomon (2005), [10] 1,594 17 1,365 1991–2004 LOCM = IOCM > Iohexol
McCullough et al. (2006), [11] Iohexol database 16 2,727 1991–2003 IOCM > LOCM
Heinrich et al. (2009), [12] 926 25 3,270 1950–2007 LOCM = IOCM > Iohexol
From et al. (2010), [13] 112 (abstracts) 36 7,166 1966–2009 IOCM ≥ LOCM
∗LOCM: low osmolality contrast media.
∗∗IOCM: iso-osmolar contrast media.

LOCM to decrease the risk of CIN, even in subjects with
preexisting renal impairment.

In one large randomized double blinded study, Moore et
al. included 929 patients receiving either HOCM or LOCM
when undergoing diagnostic angiocardiography or contrast
enhanced body CT [40]. CIN was defined as a 33% or
0.4mg/dL increase in SCr from baseline where comparative
creatinine levels were measured 48 hours after intervention.
There was no overall difference in CIN between HOCM and
LOCM. Only a “marginal difference” (𝑃 < 0.06) in CIN
between HOCM and LOCM was found in subjects with
preexisting renal insufficiency (RI), (SCr > 1.5mg/dL). Other
factors identified that rendered these patients at higher risk
were angiocardiographic examinations, insulin-dependent
diabetes, and the utilization of furosemide.

Drawing from a pool of 45 primary trials, Barrett and
Carlisle (1993) conducted a large meta-analysis of 25 clinical
trials with data of patients with increased SCr > 0.5mg/dL
after administration of CM [41]. They found no advantage
of LOCM over HOCM in the setting of CIN with I.V.
administration. Overall, pooling data for both I.V. and I.A.
studies, there was only a small difference for CIN after
comparing LOCM to HCOM.The presence of precontrast RI
was the only factor identified that influenced the difference
between the media effects. The results were reported to be
“encouraging” that LOCM “may obviate more severe renal
injury in patients with renal impairment,” but the authors did
not go so far as to recommend the routine use of LOCM in
patients with normal renal function.

Specifically for I.A. use and the occurrence of CIN
between the LOCM iopamidol and the HOCM sodium
diatrizoate, Schwab et al. [42] were unable to demonstrate
a difference in a randomized controlled trial of 443 patients
undergoing cardiac catheterization of whom 160 (36%) were
at high risk (diabetes mellitus, heart failure, or preexisting
renal failure (baseline SCr > 133 𝜇mol/L)). Additionally,
Rudnick et al. [43] found no difference in CIN in low risk
patients, even if diabetes was present in their randomized,
double-blind, multicenter study of 1,196 patients. However,
“high risk patients” with elevated creatinine at baseline alone,
or combined with diabetes, had a 3.3 times higher rate of CIN
with the HOCM sodium diatrizoate, compared to the LOCM
iohexol.There was no difference betweenHOCMand LOCM
in the incidence of severe adverse renal events, though the
total number of cases was small (15 cases in total, 8 of which
required acute dialysis; 5 with iohexol; and 3with diatrizoate).

In summary, these studies do not convincingly demon-
strate the decrease in risk for CIN between HOCM and

LOCM that was anticipated for lowered osmolality CM.
Additionally the highlighted studies did not include a control
group for reference of the incidence of CIN, as some later
studies would, an important consideration towards the valid-
ity of assessment based on SCr measurements [44].

6.2. Clinical Studies Comparing LOCM and IOCM for I.A.
Use with an Emphasis on Meta-Analyses. In this section,
studies were distinguished by route of administration as this
appears to be a considerable source of confounding bias [45].
Intra-arterial administration has generally been associated
with a higher risk of CIN. Potential factors contributing to
discrepant incidences are higher underlying morbidity in
patient populations clinically indicated to receive procedures
that require I.A. CM administration, as well as procedural
trauma and associated complications. Consequently trials
recording the incidence of CIN occurring with I.A. injection
likely overestimate the risk for patients receiving IV admin-
istration of CM for diagnostic imaging [44, 45].

A highly influential clinical report that compared the
LOCM iohexol to the IOCM iodixanol for CIN was the
NEPHRIC study [46]. The trial was set up in a double
blind, prospective, multicenter design including 129 patients
presenting with creatinine levels between 1.3 and 3.5mg/dL,
diabetes mellitus, and clinical indication for invasive catheter
angiography. The incidence of CIN, defined by an absolute
SCr elevation of 0.5mg/dL, was 3% in the iodixanol group
and 26% in the iohexol group (which was exceptionally high
when compared to later studies). Peak increase of SCr in
the 3 days following CM administration was also signifi-
cantly smaller in the iodixanol group (iodixanol: 0.13mg/dL;
iohexol: 0.55mg/dL; 𝑃 = 0.001). Intra-arterial administra-
tion, selection of small patient cohorts, and specific CM gave
little generalizability to these results. However, the findings
stimulated numerous subsequent studies. Our attention is
turned to ensuing meta-analyses that have attempted an all-
encompassing assembly and appraisal of data pertinent to the
question of LOCM versus IOCM for I.A. administration and
the occurrence of CIN. We highlight these studies because
of their high impact which when combined can provide a
comprehensive overview.

The first meta-analysis was performed by Solomon et al.
in 2005 [10] and reviewed seventeen primary studies from
1991 to 2004 with a total of 1,365 patients [10] from a selection
of 1594 citations (Table 1). Six nonionic LOCM agents as
well as iodixanol were administered intra-arterially in these
studies. Between iodixanol and iopamidol the risk of CIN
was found to be similar with both of these agents having a
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significantly lower risk for CIN than iohexol. A significant
advantage for iodixanol in this analysis was only shown in
direct comparison with iohexol. In individual comparison
iohexol also resulted in a higher incidence of CIN when
compared to all other low osmolality agents while iopamidol
was associated with a lower incidence of CIN compared to all
other agents. From these results the authors concluded that
osmolality alone cannot account for the observed differences
in CIN.

This study was followed by McCullough et al. [11] with
an analysis from the iodixanol database (GE Healthcare)
pooling individual data of 2,727 patients from 16 double-
blinded, randomized, controlled trials using I.A. administra-
tion between 1991 and 2003. Results from I.A. administration
showed a benefit of iodixanol (𝑛 = 1, 382) compared to the
pooled LOCM population (𝑛 = 1, 345) composed of iohexol
and ioxaglate in the vast majority of cases. The study further
demonstrated a lower incidence ofCIN, by absolute threshold
of 0.5mg/dL from baseline, with iodixanol use (2.4%, versus
6.2%; 𝑃 = 0.002) even before stratifying for elevated baseline
SCr and presence of diabetes mellitus. The authors therefore
concluded lower risk for CIN with iodixanol than LOCM in
all cases, and particularly in patients with elevated baseline
SCr or elevated baseline SCr and diabetes mellitus.

Further expanding the scope of pooled data, Heinrich
et al. [12] published a meta-analysis in 2009 including 25
randomized controlled trials in the timeframe from 1950
to 2007 from a selection of 926 trials, pooling data of
3,270 patients. Contrast media included several nonionic
LOCM and iodixanol. For intra-arterial use in patients with
prior renal insufficiency and diabetes mellitus, there was no
decrease of CIN incidence associated with iodixanol com-
pared with LOCMother than iohexol [12]. Independent from
route of administration or preexisting renal insufficiency,
the use of iohexol versus LOCM other than iohexol had
a significant influence on the relative risk of CIN (𝑃 <
0.01). The authors stated in conclusion that evidence does
not suggest iodixanol to be less nephrotoxic than LOCM,
with the exception of iohexol in the case of intra-arterial
administration and prior renal insufficiency.

Amore recent analysis by From et al. [13] in 2010 included
36 randomized controlled trials from an initial selection of
112 abstracts arriving at a total of 7166 patients (3672 patients
received iodixanol and 3494 patients received other LOCMs)
between 1966 and 2009. Differences in incidence of CIN
between iodixanol and the pooled LOCM did not reach
statistical significance [13]. Overall, a significant reduction of
CIN with iodixanol was only shown in direct comparison of
iodixanol with iohexol. Even in subanalysis of patients receiv-
ing intra-arterial CM, there was no benefit for iodixanol over
LOCM other than in individual comparison to iohexol. The
authors further point out that this significance is attributable
to inclusion of one study [46], where reported incidences of
CIN are higher than those seen in any other trial arm of the
studies included.

These studies present supportive evidence that osmo-
lality is not the decisive factor for the incidence of CIN
at osmolality levels of LOCM or IOCM, even when
used intra-arterially [41]. Apparent differences in recorded

nephrotoxicity between agents of similar osmolality (iohexol
and iopamidol) hint towards other contributing factors, such
as direct tubular toxicity as investigated by prior animal
studies [10, 47–49]. Differences between iohexol and other
LOCM would most likely be a consequence of the specific
molecular structure as there is no other known pathogenetic
mechanism.

6.3. Clinical Studies of LOCM versus IOCM for I.V. (CT)
Use. Of particular clinical relevance is the evaluation of
intravenous CM administration for contrast enhanced CT
studies [50, 51]. Amongst four comparable head-to-head
prospective studies published between 2006 and 2008 com-
paring intravenous iodixanol and LOCM in patients with
renal insufficiency, two found no significant difference [14,
15], one suggested a lower incidence of CIN with iodixanol
(over iopromide) [17], and one found a higher incidence of
CIN with iodixanol (over iomeprol) [16] (Table 2).

Barrett et al. [14] included 153 patients with elevated
baseline SCr of which 36 had diabetes mellitus. Both groups
were comparable in distribution of age, gender presence of
diabetes, hydration, and concomitant medication. Of the
77 patients receiving iopamidol (370mgI/dL), in equal total
iodine-dose to the iodixanol arm, none showed an absolute
increase of >0.5mg/dL SCr. In the iodixanol group a small
number of patients showed such an increase (2 of 76 patients,
2.6%; 𝑃 = 0.2). A relative increase in SCr, above 25% of
baselinemeasurement, occurred in equal relative distribution
(4%) among both study arms (95% confidence interval −6.2-
6.1, 𝑃 = 1.0).

Using the same contrast agents, Kuhn et al. [15] enrolled
only patients who presented with both diabetes mellitus
as well as elevated baseline SCr in their study. A total
of 258 patients were randomized to receive either iopami-
dol (370mgI/dL) or iodixanol (320mgI/dL). A significantly
higher total iodine dose was present in the iopamidol arm
after comparable volumes of both agents were administered.
Mean serum creatinine change from baseline was equal in
both groups (0.04mg/dL). The incidence of CIN by relative
increase from baseline SCr was similarly low in both arms:
5.6% for iopamidol and 4.9% for iodixanol (95% CI, −4.8%
to 6.3%; 𝑃 = 1.0). There was no statistical difference for
the incidence of CIN between the two classes of agents. It
was concluded that there was no difference in the incidence
of CIN as shown within this high risk population between
iopamidol and iodixanol.

Thomsen et al. [16] investigated iomeprol-400 (400mgI/
mL, 726mOsm/kg) in the LOCM cohort of this multicenter
trial.The authors evaluated 76 of 148 patients with equivalent
iodine-dose as in the iodixanol-320 cohort (320mgI/mL,
290mOsm/kg). CIN, again defined by relative elevation from
baseline (above 25% SCr baseline), did not differ significantly
(𝑃 > 0.05) in the study group.Absolute elevation of SCr above
0.5mg/dL was observed in the iodixanol-320 group only (in 5
of 72 patients).This difference reached statistical significance
(𝑃 = 0.025). Mean SCr changes from baseline in both groups
also differed significantly: 0.06 ± 0.27mg/dL with iodixanol-
320 and −0.04 ± 0.19mg/dL with iomeprol-400. Thus, the
authors concluded that in patients with moderate to severe
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Table 2: Clinical studies for CIN comparison of LOCM∗ versus IOCM∗∗ (mainly I.V.).

Authors (date) Patients evaluated
(originally included)

CIN
absolut1
(relative2)
LOCM

CIN
absolut1
(relative2)
IOCM

Agent superiority

Barrett et al. (2006), [14] 153
(166)

0/77
(3/77)

2/76
(3/76) LOCM = IOCM

Kuhn et al. (2008), [15] 248
(264) (6/123) (7/125) LOCM = IOCM

Thomsen et al. (2008), [16] 148
(184)

0/76
(4/76)

5/72
(5/72) LOCM > IOCM

Nguyen et al. (2008), [17] 126
(117)

10/56
(15/56)

3/61
(5/61) IOCM > LOCM

∗LOCM: low osmolality contrast media.
∗∗IOCM: iso-osmolar contrast media.
SCr: serum creatinine.
CIN: contrast-medium induced nephropathy.
1SCr increase ≥0.5mg/dL.
2SCr increase ≥25%.

chronic kidney disease the incidence of CIN is higher after
intravenous administration of iodixanol than iomeprol.

Using the same criteria of elevated baseline SCr, Nguyen
et al. [17] enrolled 126 patients between 2004 and 2006.
Iodixanol-320 (61 patients) was compared to iopromide-370
(370mgI/mL;Ultravist, Bayer) (56 patients).The incidence of
CIN by relative SCr increase of 25% from baseline was 8.5%
(5 of 61) for iodixanol and 27.8% (15 of 56) for iopromide
(𝑃 = 0.012). The incidence of CIN by absolute SCr elevation
of more than 0.5mg/dL was observed in 5.1% (3 of 61) in the
iodixanol group and 18.5% (10 of 56) in the iopromide group
(𝑃 = 0.037). Significant reduction of CIN incidence was thus
reported with iodixanol compared to iopromide.

Observation of background fluctuation of SCr measure-
ments was possible in a large retrospective nonrandomized
analysis comparing iohexol and iodixanol by Bruce et al.
[52]. This trial also included a control group of patients
receiving unenhanced CT. Within all groups, 11,588 patients
were included between 2000 and 2006. While the iohexol-
group contained 5,328 patients, the iodixanol group was
considerably smaller containing 462 patients. The remaining
7,484 patients received no CM. The authors found no sig-
nificant difference in the overall incidence of CIN between
the IOCM iodixanol (8.2%) and control groups (5.9%) for
all baseline creatinine values. The overall incidence of CIN
in the LOCM group paralleled that of the control group
up to a SCr level of 1.8mg/dL. Increases in SCr above this
level were associated with a higher incidence of CIN in
the LOCM group. We consider this to be an important
study, however of somewhat less significance than the above-
noted head-to-head prospective studies for the following
limitations. First, patients were not assigned prospectively
but treated according to current CM protocols. Second,
considerable differences in demographics existed and no
propensity scoring was performed to reconcile this. Overall
no additional incidence of CIN was found with iodixanol
use in comparison to the control group. A disadvantageous
comparison of iohexol to iodixanol was confirmed in high

risk patients.The authors therefore suggested use of iodixanol
over iohexol in this high risk group. In conclusion, the high
rate of CIN within the control group of this study introduces
further problems as to the validity of studies assessing the
incidence of CIN after CM administration without control
groups.

From the studies presented, the risk of CIN shows no
consistent difference between LOCM and IOCM. Individual
comparisons suggest a higher risk for iohexol than other
LOCM when compared to IOCM. Furthermore, equal inci-
dence of risk for CIN with iopamidol and lower incidence
of risk with iomeprol over iodixanol have been reported.
These discrepancies illustrate that risk stratification based
on osmolality alone is not sufficient. Further salient factors
and limitations in measurements have been repeatedly put
forward.

7. Shifting Paradigm That Osmolality May
Actually Be Beneficial

Recent attention has turned to CM viscosity being a more
important contributing factor in the pathophysiology of CIN.
Iodixanol is the newest iodinated contrast agent to be devel-
oped, having an iso-osmolar profile, but with a much higher
viscosity than the low osmolar monomers. In animal studies
viscosity-mediated decreases in GFR, urine flow and renal
medullary blood flow have been demonstrated [4, 53, 54].
Viscosity increases of up to 50-fold have been shown for the
iso-osmolality agent iodixanol [55]. Urinary fluid viscosity
with iodixanol ismarkedly higher than LOCMat equal iodine
concentrations [56]. Initial differences become even more
prominent as the filtrate becomes more concentrated along
the tubular system of the kidney, since CM viscosity increases
exponentially rather than linearly with higher concentrations
[57]. Increased viscosity creates urinary stagnation, increased
hydrostatic pressure in Bowman’s space, and by Starlings
law a decreased hydrostatic gradient for glomerular capillary
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filtration. Medullary blood flow is also diminished with
increasing capillary fluid viscosity [58]. Increased red blood
cell aggregation is reported to be a characteristic of the iso-
osmotic dimers [59]. Viscosity has therefore been highlighted
as a significant factor amongst the scope of chemical proper-
ties of iodinated contrast agents suspected to impede renal
function, [60].

One strategy to diminish the viscosity effect of the iso-
osmotic dimers is by enhancing tubular flowwith a concomi-
tant osmotic diuresis, as occurred naturally with the LOCM
[36, 61]. Lenhard et al. [36] generated an iodixanol/mannitol
formulation with a similar osmolality to the LOCM iopro-
mide in a rat model and eliminated the enhanced expression
of kidney injury markers caused by iodixanol-only injection.
An important assumption here is that prolonged iodine
exposure in the kidney is harmful [62]. Indeed, Liss et al. [63]
have shown a higher rate of CIN with an IOCM, iodixanol,
than with LOCM in a large retrospective study of 57,925
patients undergoing coronary procedures in Scandinavia.

8. Conclusion

From the preceding there is no conclusive evidence that
osmolality, within the range that includes LOCM and IOCM,
is the prominent factor for CIN. Furthermore, suggestions
have been proposed that osmolality levels, within the range
of currently available LOCM,might actually have nephropro-
tective effects.
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Contrast-induced AKI (CI-AKI) has been one of the leading causes for hospital-acquired AKI and is associated with independent
risk for adverse clinical outcomes including morbidity and mortality. The aim of this review is to provide a brief summary of the
studies that focus on nonpharmacological strategies to prevent CI-AKI, including routine identification of at-risk patients, use of
appropriate hydration regimens, withdrawal of nephrotoxic drugs, selection of low-osmolar contrast media or isoosmolar contrast
media, and using the minimum volume of contrast media as possible. There is no need to schedule dialysis in relation to injection
of contrast media or injection of contrast agent in relation to dialysis program. Hemodialysis cannot protect the poorly functioning
kidney against CI-AKI.

1. Introduction

The definition of acute kidney injury (AKI) is reclassified
according to theKidneyDisease ImprovingGlobalOutcomes
(KDIGO) staging system. Using the KDIGO definition, 1 in 5
adults and 1 in 3 children worldwide experience AKI during a
hospital episode of care [1]. Contrast-induced AKI (CI-AKI)
is defined as a ≥0.5mg/dL rise or a 25% increase in serum
creatinine, assessed within 48–72 hours after administration
of contrast media. CI-AKI is one of the most common causes
of hospital-acquired AKI. The incidence varies from less
than 2% in general population up to 50% in patients with
advanced kidney disease [2]. A recent meta-analysis regard-
ing incidence of CI-AKI after contrast-enhanced computed
tomography (CT) showed that the pooled incidence of CI-
AKI was 6.4% (95%CI 5.0–8.1).The risk of renal replacement
therapy requirement after CI-AKI was low (0.06% 95% CI
0.01–0.4). The decline in renal function persisted in 1.1% of
patients (95% CI 0.6–2.1%). Patients with chronic kidney
disease (CKD) (odds ratio 2.26, 𝑃 < 0.001) or diabetes
mellitus (odds ratio 3.10, 𝑃 < 0.001) were at increased risk for

the development ofCI-AKI [3]. CI-AKI is also associatedwith
an increased risk of mortality, cardiovascular events, CKD,
and prolonged hospitalization [4].

The number of published studies on CI-AKI has dra-
matically increased during the past decade. Since CI-AKI
is a potentially preventable clinical condition, the more the
knowledge regarding CI-AKI is understood, the greater the
likelihood of reducing the risk. The aim of this review is to
provide a brief review and summary of the studies that focus
on nonpharmacological strategies to prevent CI-AKI.

2. Pathophysiology of CI-AKI

Besides direct tubular toxicity and intraluminal obstruction,
renal hypoxia and concomitant release of reactive oxygen
species (ROS) have also been considered as important mech-
anisms of renal injury in CI-AKI [5, 6]. Hypoxia results from
the imbalance of oxygen supply from renal blood flow and
oxygen demand from renal tissue. Impaired oxygen supply is
caused by the reduction of effective renal cortical-medullary
blood flow and afferent arteriole constriction mediated
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Table 1: Risk factors for contrast-induced acute kidney injury.

Patient-related Procedure-related
(i) eGFR less than 60mL/min/1.73m2 before intra-arterial
administration
(ii) eGFR less than 45mL/min/1.73m2 before intravenous
administration
(iii) In particular, in combination with

diabetic nephropathy
dehydration
congestive heart failure (NYHA grade 3-4) and low LVEF
recent myocardial infarction (<24 hours)
intra-aortic balloon pump
periprocedural hypotension
low hematocrit level
age over 70 years
concurrent administration of nephrotoxic drugs

(iv) Known or suspected acute kidney injury

(i) Intra-arterial administration of contrast media
(ii) High osmolality agents
(iii) Large doses of contrast media
(iv) Multiple contrast media administrations within a few days

via the tubuloglomerular feedback from osmotic diuresis
[7].

In addition, hyperosmotic contrast media also cause
diuresis and natriuresis that stimulate the macula densa to
release adenosine for the activation of adenosine A1 recep-
tors, resulting in vasoconstriction of the afferent arteriole
of the glomerulus as well as the medullary vascular bed
[6]. Regarding oxygen demand, the increased reabsorption
from osmotic load could acceleratemetabolism and results in
heightened oxygen consumption in the kidney, finally leading
to the microvascular damage and intrarenal hypoxia [7].

Furthermore, renal medullary hypoxia may also pro-
duce ROS to scavenge nitric oxide (NO). Superoxide (O

2

−),
hydrogen peroxide (H

2
O
2
), and hydroxyl radical (OH−) are

the most common ROS [6]. Moreover, the production of
these ROS could be aggravated by oxidative stress in the
mitochondria [6]. Increased markers of ROS were evident in
the urine and plasma of patients after cardiac catheterization,
particularly in those with CKD and diabetes mellitus [8].

3. Nonpharmacological Strategies to
Prevent CI-AKI

3.1. Evaluation of the Risk of CI-AKI and Consideration of
Alternative Imaging Methods. All patients going to receive
contrast media should be evaluated for the risk of CI-AKI.
Prophylaxis with therapies that are supported by clinical
evidence should be considered in high-risk patients. If it
is possible, alternative imaging methods without contrast
media in high-risk patients should be performed.

Moos et al. [9] summarized the incidence of CI-AKI and
the associations betweenCI-AKI incidence and risk factors in
patients undergoing intravenous contrast-enhanced CT with
iodinated low- or isoosmolar contrast media (LOCM and
IOCM, resp.). The authors reported that the overall pooled
CI-AKI incidence was 4.96% (95% CI: 3.79–6.47) and found
the significant associations between CI-AKI and those who
had renal insufficiency, diabetesmellitus, andmalignancy, are
of age > 65 years, and used nonsteroidal anti-inflammatory
drugs (NSAIDs). Moreover, despite having a normal baseline

creatinine, diabetic patients are at an increased risk of
developing CI-AKI, particularly older patients and patients
with high urine albumin/creatinine ratio [10].

Serumuric acid level [11], neutrophil-to-lymphocyte ratio
as a systemic inflammation marker [12], pulse pressure
[13], aortic stiffness represented as pulse wave velocity and
augmentation index [14], and anemia [15, 16] are simple
independent early predictors of CI-AKI in patients who were
exposed to contrast media and are probably used for early
detection that may attenuate the progression of CI-AKI.

Gurm et al. [17] also proposed the model for predicting
CI-AKI including patient’s conditions such as the presence of
heart failure and cardiogenic shock as well as the values of
laboratory setting such as hemoglobin and creatinine (area
under the receiver-operating characteristic curve (AUC) for
predicting CI-AKI = 0.85). The details of this model can
be downloaded from the website https://bmc2.org/calcu-
lators/cin.

Recently, the Contrast Media Safety Committee of Euro-
pean Society of Urogenital Radiology (ESUR) has reported
the risk factors for CI-AKI (Table 1) [18].

Electronic Warning Systems. Cho et al. [19] demonstrated the
benefit of using computerized alertness program in hospital-
ized patients. When contrast-enhanced CT was ordered in
patients with a GFR of <60mL/min/1.73m2, the physician
was immediately alerted by a warning message to consider
prophylactic measures for CI-AKI. This electronic warning
systems significantly decreased the risk of CI-AKI (3% versus
10%, 𝑃 = 0.02) [19].

3.2. Drug Review and Medication Discontinuation. Prior to
contrast media exposure, the use of established nephrotoxic
drugs, for example, cyclosporine A, aminoglycoside, and
NSAID including COX-2 inhibitors, should be stopped for at
least 2 days. Diabetic patients with preexisting renal impair-
ment should withhold metformin for 48 hours because lactic
acidosis may occur once CI-AKI develops. However, patients
with normal renal functionwho are takingmetformin are not
at risk of CI-AKI and should be assessed according to their
overall clinical conditions [20].
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The pathogenic role of angiotensin-converting enzyme
(ACE) inhibitors in CI-AKI is still controversial. Some
studies pointed out that ACE inhibitors were effective in
the prevention of CI-AKI, while some concluded that they
were associated with increased risk of CI-AKI, especially for
patients with preexisting renal impairment. On one hand,
experimental data suggest that activated renin-angiotensin-
aldosterone system, enhanced endothelin-1, and increased
ROS play important roles in the pathogenesis of CI-AKI
and these can be inhibited by ACE inhibitors. On the other
hand, ACE inhibitors impair angiotensin II synthesis. In the
presence of contrast-induced acute reduction of renal blood
flow, blunting the vasoconstriction of efferent arterioles by
decreased angiotensin II levels may have a deleterious effect
on GFR via decreasing the intraglomerular pressure. These
opposite effects probably explain why the studies to date have
provided inconclusive results on this issue [21].

Kwok et al. [22] performed systematic review and meta-
analysis involving 9 different interventions for CI-AKI;
furosemide was shown to increase the risk of CI-AKI (RR
3.27, 95% CI 1.48–7.26). Therefore, this drug should be with-
held for avoiding dehydration status before receiving contrast
media. However, in patients who still had volume overload
such as congestive heart failure or pulmonary edema, furo-
semide should be used to establish normovolemia prior to
contrast exposure.

Lapi et al. [23] reported that current use of a double
therapy combination of either diuretics or ACE inhibitors
or angiotensin receptor blockers with NSAIDs was not
associated with an increased rate of CI-AKI. On the contrary,
the current use of a triple therapy combinationwas correlated
with an augmented rate of CI-AKI (rate ratio 1.31, 95% con-
fidence interval 1.12 to 1.53). The highest risk was observed in
the first 30 days of use (rate ratio 1.82, 95% confidence interval
1.35 to 2.46).

3.3. Volume Expansion. All patients receiving contrast media
should have an optimal volume status at the time of exposure.
Indeed, volume supplementation plays an important role
in the prevention of CI-AKI via two mechanisms. First,
expansion of the intravascular space is thought to blunt the
vasoconstrictive effect of contrast on the renal medulla via
suppression of vasopressin secretion, inhibition of the renin-
angiotensin axis, and increased synthesis of vasodilatory
renal prostaglandins. Second, intravenous fluid replacement
is believed to attenuate the direct toxic effect of contrast
agents on tubular epithelial cells by decreasing the concen-
tration and viscosity of contrast media in the tubular lumen.
This attenuating effect is the result of volume-mediated
inhibition of proximal tubular salt and water reabsorption
and decreasing contact time from the associated increase in
tubular flow [24].

In patients without heart failure, parenteral isotonic
normal saline (0.9% NaCl) without any diuretics should be
started 12 hours prior to contrast media administration with
an infusion rate of 1mL/kg/hour and continued for 24 hours.
The use of sodium bicarbonate (NaHCO

3
) infusion may not

only allow for shorter period of volume supplementation
but also further reduce the generation of injurious ROS.

Typically, patients should receive 154mEq/L of NaHCO
3
, as

a bolus of 3mL/kg/hour for 1 hour prior to contrast media
administration, followed by an infusion of 1mL/kg/hour for
6 hours after the procedure [25].

An earlier meta-analysis could not demonstrate the
superior benefit of NaHCO

3
when compared with normal

saline [26]. Recent large meta-analysis studies revealed that
NaHCO

3
had a greater benefit than sodium chloride in terms

of a change in serum creatinine but provided no significant
differences in the occurrence of death and requirement
for renal replacement therapy which were of much more
important concerns [27–30]. Subgroup analysis by the type
of contrastmedia was performed and suggested lower odds of
CI-AKI withNaHCO

3
in studies using LOCM (OR 0.40; 95%

CI 0.23–0.71, 𝑃 = 0.002) compared with IOCM (OR 0.76;
95% CI 0.41–1.43; 𝑃 = 0.40) [30]. The relatively low quality of
the individual study, heterogeneity, and possible publication
bias mean that only a limited recommendation can be made
in favor of the use of NaHCO

3
(Table 2).

Surprisingly, a recent meta-analysis [31] reported that
the oral route of volume expansion may be as effective
as the intravenous route for volume expansion for CI-
AKI prevention (odds ratio 1.19; 95% CI 0.46, 3.10, 𝑃 =
0.73). In addition, Marenzi et al. [32] also demonstrated
that furosemide-induced high urine output with matched
hydration (receiving an initial 250mL intravenous bolus of
normal saline over 30min followed by an intravenous bolus
0.5mg/kg of furosemide) significantly reduced the risk of
CI-AKI and might be associated with improved in-hospital
outcome. Hydration infusion rate was automatically adjusted
to precisely replace the patient’s urine output. When a urine
output rate > 300mL/hour was obtained, patients underwent
the coronary procedure. Matched fluid replacement was
maintained during the procedure and for 4 h after treatment.

3.4. Contrast Agent

3.4.1. Type of Contrast Agent (Table 3). In a meta-analysis
of 25 trials, the pooled odds ratio of CI-AKI with LOCM
was 0.61 (95% confidence interval (CI), 0.48–0.77) times
that after high osmolar contrast media (HOCM). For CKD
patients, this odds ratio was 0.5 (95% CI, 0.36–0.68), while
it was 0.75 (95% CI, 0.52–1.1) in patients without prior renal
insufficiency. These data suggest that HOCM is generally
more nephrotoxic than LOCM and the use of LOCMmay be
beneficial, particularly in CKD patients [33]. Furthermore, a
meta-analysis from 16 double-blind, randomized, controlled
trials demonstrated significantly decreased risk of CI-AKI
associated with the use of IOCM compared with LOCM,
especially in patients with CKDorCKD and diabetesmellitus
[34].

However, the risk of CI-AKI with two LOCM including
iohexol and ioxaglate was significantly higher than other
LOCM (for example, iopamidol, iopromide, and ioversol)
and the IOCM (iodixanol) in many studies [35, 36]. In
addition, iopamidol and iodixanol are preferable to the others
because both reduce the risk of CI-AKI and are less costly and
appear to be cost-effective when compared with iohexol or
other LOCM [37].
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Table 3: Type of contrast media.

Type Ionicity Generic name Iodine content
(mg/mL) Osmolality

Viscosity at
20–25∘C
(mPa⋅S)

Viscosity at 37∘C
(mPa⋅S)

HOCM Ionic monomer Diatrizoate 300–370 1500–2000 3.3–16.4 1.4–19.5
HOCM Ionic monomer Metrizoate 280–370 2100 5–9 2.8–5
HOCM Ionic monomer Iothalamate 141–480 600–2400 2–9 1.5–5.0
LOCM Ionic dimer Ioxaglate 280–320 600 12–15.7 6–7.5
LOCM Nonionic monomer Iohexol 140–350 322–844 2.3–20.4 1.5–10.4
LOCM Nonionic monomer Iopamidol 150–370 300–832 2.3–20.9 1.5–9.5
LOCM Nonionic monomer Iopromide 150–400 340–880 2.3–22 1.2–12.3
LOCM Nonionic monomer Iopentol 150–350 310–810 2.7–26.6 1.7–12.0
LOCM Nonionic monomer Iomeprol 150–400 301–730 1.9–27.5 1.4–12.6
IOCM Nonionic dimer Iodixanol 270–320 290 12.7–26.6 6.3–11.8
IOCM Nonionic dimer Iotrolan 240–300 270–320 6.8–16.4 3.9–8.1
HOCM: high osmolar contrast media, LOCM: low-osmolar contrast media, and IOCM: isoosmolar contrast media.

Hence, the CI-AKI Consensus Working Panel suggests
that, for intra-arterial administration in high-risk patients
with CKD, particularly those with diabetesmellitus, nonionic
IOCM are associated with the lowest risk of CI-AKI [38]. In
addition, the current guidelines of the American College of
Cardiology/AmericanHeart Association recommend the use
of either IOCMor LOCMother than iohexol and ioxaglate in
CKD patients undergoing angiography [39]. Either IOCM or
LOCM, except iohexol or ioxaglate, can be used in all patients.
IOCM (iodixanol) may be a better choice for high-risk
patients with CKD requiring intra-arterial administration.

3.4.2. Temperature. The contrast media should be pre-
warmed to 37∘C for decreasing viscosity (Table 3).

3.4.3. Route of Administration. In a previous study, the
incidences of AKI after intra-arterial and intravenous con-
trast media administrations were comparable [40]; however,
IOCM (iodixanol) significantly decreased the risk of CI-AKI
(risk ratio (RR) = 0.68; 95% CI 0.50–0.92; 𝑃 = 0.01) with
intra-arterial route, but not with intravenous application (RR
= 0.75; 95% CI 0.44–1.26; 𝑃 = 0.27), when compared with a
pool of LOCM in a recent meta-analysis [41].

3.4.4. Contrast Volume and Multiple Studies. Multivariate
analyses have established the correlation between higher dose
of contrast media and risk for CI-AKI [42]. The CI-AKI
ConsensusWorking Panel concludes that the higher contrast
volumes (>100mL) are associated with the higher rates of CI-
AKI in patients at risk [38].

Tan et al. [43] proposed the usage of the value derived
from contrast media volume divided by creatinine clearance
(V/CrCl) above 2.62 for predicting the risk for CI-AKI.

AutomatedContrast Injector Systems (ACIS). Contrast volume
is a major modifiable risk factor for CI-AKI. ACIS are
believed to be associated with a reduction in the total
volume of contrast media. Unfortunately, the use of ACIS was
associated with a statistically significant lower in the average

volume of contrast media with no difference in the incidence
of CI-AKI or new need for dialysis [44].

In a recent meta-analysis in 79,694 patients from 10 stud-
ies, ACIS reduced contrast volume delivery by 45mL/case
(𝑃 < 0.001, 95% CI −54 to −35). The CI-AKI incidence
was significantly reduced by 15% with an odds ratio of 0.85
(𝑃 < 0.001, 95% CI 0.78 to 0.93) for those using ACIS com-
pared with manual injection [45]. In addition, a significant
association between contrast media dose increment and high
prevalence of CI-AKI was demonstrated in a recent cohort
[46]. Therefore, using the lowest dose of contrast media
should be emphasized.

In terms of the time interval between procedures that
require intravascular contrast media administration, the
ContrastMedia Safety Committee of ESUR recommends that
the ideally optimal time interval should bemore than 2 weeks
which are expected for recovery time of the kidney after acute
injury from contrast media. When this is not possible, the
interval should be as long as clinically acceptable.

In conclusion, the contrastmedia should be injected at the
lowest possible dose. Repeated injection especially within 72
hours should be avoided and may be requested after 2-week
period from the first exposure.

3.5. Follow-Up Assessment of Kidney Function. Serum cre-
atinine at 48–72 hours following contrast media exposure
should be assessed for CI-AKI detection.

3.6. Dialysis (Hemodialysis, Hemofiltration, or PeritonealDial-
ysis). Contrast media are excreted mainly by glomerular
filtration. Thus, there is a significant correlation between
renal clearances of contrast media and glomerular filtration
rate. Thus, renal excretion of contrast media will be delayed
in CKD patients. A single session of hemodialysis (HD) can
effectively remove 60–90% of contrast media from the blood.
Because most contrast media are middle-sized molecules,
the main factors potentially affecting CI-AKI depend on HD
efficacy of contrast media removal. Blood flow, membrane
surface area, molecular size, transmembrane pressure, and
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dialysis time are important factors that contribute to the
efficacy of HD [47]. Generally, several hemodialysis sessions
are needed to eliminate all contrast media. Some studies have
explored the necessity of immediate HD after intravascular
injection of contrast media in chronic HD patients; the
authors demonstrated no effective evidence for preventing
CI-AKI [48]. The reasons why HD treatment was not ben-
eficial in these studies are still unestablished. The rapid onset
of renal injury after administration of contrast media might
partly explain such finding. However, Marenzi et al. [49]
reported the more efficacy of periprocedural hemofiltration
in preventing CI-AKI in CKD patients undergoing coronary
interventions.

Peritoneal dialysis is also effective in removing contrast
agents from the body but takes longer duration time period
than HD. Three weeks of continuous ambulatory peritoneal
dialysis is needed for completely removing the agent. Con-
trast media can be removed effectively by various peritoneal
dialysis modalities, including intermittent peritoneal dialysis,
automated peritoneal dialysis, and continuous ambulatory
peritoneal dialysis [47].

A previous meta-analysis [50] and a recent meta-analysis
[51] could not demonstrate the benefit of dialysis on the
incidence of CI-AKI when compared with routine preventive
care. However, in sensitivity analyses, limiting to only HD
studieswhich could significantly reduce heterogeneity among
the included studies, HD appeared to increase CI-AKI risk
(RR 1.61; 95% CI, 1.13–2.28) but had no effect on the need for
permanent RRTor progression to end-stage renal disease (RR
1.47; 95% CI, 0.56–3.89) [51] (Table 4).

Interestingly, Lee et al. [52] demonstrated the benefit of
HD after coronary angiogram in patients with CKD stage V
with a mean baseline creatinine clearance of 12.9mL/min/
1.73m2. Approximately, 60% had diabetes mellitus and the
mean volume of total contrastmedia (iohexol) wasmore than
100mL that contributed to a high risk of CI-AKI. All patients
were given intravenous normal saline at 1mL/kg/hour for 6
hours before and 12 hours after contrast media exposure. HD
was prescribed by using a high-flux dialyzer. The blood flow
was 150mL/min, the duration of dialysis was 4 hours, and the
dialysate flow was 500mL/min. To lessen the hemodynamic
changes, 200mL normal saline priming was administered
before dialysis and no fluid removal was prescribed in the
dialysis group. HD was initiated at an interval of 81± 32min,
ranging from 45 to 180min, after exposure to the contrast
media. A potential important limitation of this study is the
use of serum creatinine to diagnose CI-AKI. Indeed, any
initial reduction of serum creatinine in HD group is likely a
falsely beneficial effect resulting from creatinine removal.The
bicarbonate dialysate used and additional fluid replacement
might be another important effect. However, the prophylactic
dialysis seems not to be important even in advanced CKD.

In addition, the risks of dialysis procedures and the much
greater cost should be considered. As such, the Contrast
Media Safety Committee of ESUR states that there is no need
to schedule the dialysis in relation to the injection of contrast
media or the injection of contrast agent in relation to the
dialysis program. Hemodialysis does not protect the poorly
functioning kidney against CI-AKI [53].

3.7. Coronary Sinus Contrast Removal System. As a strong
relationship between contrast load and incidence of CIN is
obviously demonstrated, alternative strategies to limit the sys-
temic contrast exposure are being developed. The CINCOR
catheter (Contrast Removal System, OspreyMedical, St. Paul,
Minnesota, USA) has been innovated for removing contrast
media from coronary sinus shortly after contrast delivery
[54]. Contrast media were effectively withdrawn (44 ± 8%)
as assessed by fluoroscopy [55]. Early data demonstrated the
benefit of the procedure in attenuating CI-AKI compared
with the standard care in small cohort studies [56, 57].
However, one limitation of this system was the requirement
for 14 French internal jugular vein sheath insertion. A large-
scale randomized trial to evaluate the capacity of this device
to reduce the risk of CI-AKI and its complications is required.

3.8. Oxygenation Support. Sekiguchi et al. [58] randomly
allocated 349 eligible patients who underwent elective coro-
nary angiography and/or percutaneous coronary interven-
tion to either an oxygenation group (oxygen administration
via nasal cannula; 2 L/min of oxygen from 10min before the
procedure to the endof the procedure; 𝑛 = 174) or to a control
group (room air; 𝑛 = 175). Continuous infusion of isotonic
saline solution (1mL/kg/hour) was administered 12 hours
before the procedure until 12 hours after the procedure in
both groups.ThePaO

2
at the baselinewas significantly higher

in the oxygen preconditioning group than the control group
(134 ± 28 versus 90 ± 12mmHg, 𝑃 < 0.001). The authors
demonstrated that the oxygen preconditioning reduced the
incidence of CI-AKI, particularly in CKD patients, via
decreased intrarenal hypoxia. Therefore, this simple strategy
to attenuate CI-AKI might be beneficial in CKD patients.

3.9. Remote Ischemic Preconditioning (IPC). Er et al. [59]
demonstrated that remote IPC induced by intermittent
upper-arm ischemia prior to elective coronary angiography
dramatically reduced the incidence ofCI-AKI in patientswith
CKD and those at high risk of CI-AKI (OR 0.21, 95% CI
0.07–0.57, 𝑃 = 0.002). The IPC was performed as 4 cycles
of alternating 5-minute inflation and 5-minute deflation of a
standard upper-arm blood pressure cuff to the individual’s
systolic blood pressure plus 50mmHg to induce transient
and repetitive arm ischemia and reperfusion. Although the
protective mechanism of IPC is still unestablished, it is
postulated that a remote organ might release humoral factors
such as adenosine, bradykinin, or erythropoietin into the
systemic circulation, all of which subsequently protect the
remote region or organ.

4. Conclusion

The Contrast Media Safety Committee of ESUR [18] has
updated its guidelines on CI-AKI (Table 5). First, iden-
tify high-risk patients, especially those with eGFR <
60mL/min/1.73m2, diabetes mellitus, recent nephrotoxic
exposure, and intra-arterial route. In at-risk patients, con-
sider an alternative imagingmethod, start volume expansion,
and utilize the lowest dose of contrast media consistent with
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a diagnostic result. Finally, determining eGFR 48–72 hours
after receiving contrast media should be performed for CI-
AKI detection.

Similarly, the KDIGO Clinical Practice Guidelines on
Acute Kidney Injury [60] recommend that balancing the
risk for CI-AKI against the benefit of administering contrast
media should be firstly considered. Alternative imaging
methods not requiring contrast media administration in
patients at increased risk for CI-AKI so long as these yield the
same diagnostic accuracy might be required. Before an inter-
vention which encompasses a risk for CI-AKI, a baseline
serum creatinine should be determined. Volume expansion
with either isotonic sodium chloride or sodium bicarbonate
solutions, rather than no volume expansion in patients at
increased risk for CI-AKI, should be considered during
hospitalization. In high-risk patients, a repeated serum creat-
inine should be performed at 12 and 72 hours after admin-
istration of contrast media. Prophylactic intermittent hemo-
dialysis or hemofiltration did not have strong evidence in
updated data for the purpose of CI-AKI prevention only.

In conclusion, contrast-induced AKI (CI-AKI) has been
one of the leading causes for hospital-acquired AKI and is
associated with independent risk for adverse clinical out-
comes includingmorbidity andmortality. To prevent CI-AKI
in patients who are receiving contrast media, every effort is
required, including routine identification of at-risk patients,
the use of appropriate hydration regimens, withdrawal of
nephrotoxic drugs, selection of LOCM or IOCM, and using
the minimum volume of contrast media as possible. There is
no need to schedule the dialysis in relation to the injection of
contrast media or the injection of contrast agent in relation
to the dialysis program. Hemodialysis does not protect the
poorly functioning kidney against CI-AKI.
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Modern iodinated radiocontrast media are all based on the triiodinated benzene ring with various chemical modifications having
been made over the last few decades in order to reduce their toxicity. However, CIN remains a problem especially in patients with
pre-existing renal failure. In vitro studies have demonstrated that all RCM are cytotoxic. RCM administration in vivomay lead to a
decrease in renal medullary oxygenation leading to the generation of reactive oxygen species that may cause harmful effects to renal
tissue. In addition, endothelin and adenosine release and decreased nitric oxide levels may worsen the hypoxic milieu. In vitro cell
culture studies together with sparse in vivo rat model data have shown that important cell signalling pathways are affected by RCM.
In particular, the prosurvival and proproliferative kinases Akt and ERK1/2 have been shown to be dephosphorylated (deactivated),
whilst proinflammatory/cell death molecules such as the p38 and JNK kinases and the transcription factor NF-𝜅Bmay be activated
by RCM, accompanied by activation of apoptotic mediators such as caspases. Increasing our knowledge of themechanisms of RCM
action may help to develop future therapies for CIN.

1. Introduction

Radiocontrast media (RCM) are commonly used in med-
ical practice, but their use may lead to contrast-induced
nephropathy (CIN). The continued growth in radiographic
examinations means that increasing numbers of patients are
exposed to RCM, which in turn has resulted in increasing
incidence of CIN. CIN is the third most common cause
of hospital-acquired kidney failure accounting for 12% of
all cases [1, 2]. Whilst the toxicity of RCM is not fully
understood, it is believed to be due to many factors, the two
possible principal mechanisms being their effects on renal
hemodynamics and direct toxicity on renal cells [3, 4].

The opacity of iodine to X-rays renders it a suitable
compound as a contrastmedium.However, due to its toxicity,
iodine is not suitable to be used in itsmolecular or ionic form.
Whilst many iodinated organic compounds (with covalently

bound iodine within the molecule) had been proposed, the
search was for a compound that was less toxic, more soluble,
and having more opacity (i.e. containing more iodine atoms
per molecule). It was in the 1950s that certain derivatives
of iodinated benzoic acid were suggested as possible safe
contrast media [5], and since then, all modern iodinated
contrast media are based on the triiodinated benzene ring.
The ratio of iodine atoms to dissolved particles is important
since a greater number of iodine atoms would give better
opacification and fewer particles in solution would result
in a lower osmotic effect, and bearing these characteristics
in mind, the evolution of the RCM have involved succes-
sive chemical modifications. Firstly, hydrogen atoms on the
benzene ring were substituted with acetamido groups to
reduce protein binding (protein bindingwas believed to cause
anaphylactoid reactions) giving rise to the acetrizoates and
diatrizoates. These compounds are ionic and dissociate in
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solution and are termed as high-osmolar contrast media
(HOCM). Then the carboxyl groups were replaced by non-
polar groups giving nonionic soluble molecules with lower
osmolality. These were termed as the low-osmolar contrast
media (LOCM) and were further improved by the addition
of more hydroxyl groups for increased hydrophilicity and
then a more even distribution of the hydroxyl groups on
the molecule. Finally, the dimerization of two molecules via
side chains on the benzene ring gave rise to the nonionic
iso-osmolar contrast media (IOCM) with increased iodine
atoms per molecule [6]. Of interest is the RCM ioxaglate
that whilst it is ionic, it is classified as an LOCM as it is a
dimer containing more iodine atoms per particle in solution.
A summary of the most commonly used RCM are presented
in Table 1.The improvements in contrast media development
have resulted in the acknowledgement that, in clinical use,
the newer LOCM and ICOM are less toxic than the original
HOCM [7], but in vitro cell culture studies have suggested
that all types of RCM have a direct toxic effect in many
different types of cells (see Table 2). It has been suggested that
molecular iodine may be present in solutions of RCM due to
degradation [8], but this may be negligible in solutions that
have been properly stored. Moreover, a study has shown that
incubating isolated proximal tubule segments with varying
concentrations of NaI had no adverse effects on cell viability
[9], and a further study showed that sodium iodide alone did
not cause significant cell death in cultured renal cells [10].

2. Toxicity of Radiocontrast Media in
In Vitro Cell Culture Studies

Many in vitro studies have investigated the toxicity of RCM
using different types of cultured cells, including renal epithe-
lial cells, mesangial cells, endothelial cells, smooth muscle
cells, hepatic cells, human fibroblasts, pulmonary mast cells,
human embryonic kidney cells, and human neutrophils.

The most common in vitro studies addressing the patho-
physiology of RCM-induced apoptosis have been criticized
because of their limitations which include: (1) the assessment
of only one potential mechanism of the RCM-induced renal
cell damage in the absence of several conflicting variables
that can be found in vivo; (2) the exposure to a constant
concentration of RCM to all cell lines, whereas in vivo, the
more distal epithelial tubular cells are exposed to a much
higher concentration than the proximal tubular cells; (3) the
potentially high dose of RCM commonly used for the cell
culture experiments; (4) the fact that effects of the RCM are
usually investigated as cellular “short term”-induced effects
(i.e. just after their exposure to cells), not along several hours
(as “long term” effects) of exposure to them. Finally, research
groups rarely compare different types of RCM (especially
those with different osmolarities) in the same study.

The most commonly used types of renal tubular cells for
in vitro studies include the canine-derived MDCK cells (a
model of distal tubular cells), the porcine cell line LLC-PK1
(a model of proximal tubular cells), and the humanHK-2 cell
line. The last one is a commonly used immortalized human
proximal tubular cell line which retains the phenotypic

expression and functional characteristic of human proximal
tubular cells, as described by others [29, 30].

Different measures of cellular functional/structural
changes have been used to indicate cell toxicity due to RCM
as outlined in the Table 2.

3. Radiocontrast Agents Cause Renal
Hypoxia-Role of Reactive Oxygen Species

Many studies have reported that administration of radiocon-
trast agents causes a decrease in renal medullary oxygena-
tion [31]. This may be due to mechanical factors such as
increased blood viscosity (in part related to red blood cell
aggregation) and urine viscosity as well as changes in the
levels of vasoactivemediators such as endothelins, natriuretic
peptides, nitric oxide, adenosine, and prostaglandins [31]. It
has also been proposed that the medullary hypoperfusion is
caused by constriction of the descending vasa recta (DVR)
due to cytotoxic damage of the endothelial cells of the DVR
caused by RCM [32]. Using isolated perfused human and
rat DVR [32], it was observed that the IOCM iodixanol at
physiologically relevant concentrations caused constriction
of DVR and caused structural damage of endothelial cells
from rat renal interlobular arteries. Thus, it is possible that
such RCM-induced effects lead to reduced medullary blood
flow in the kidney. A decrease in blood flow and hence in
oxygen supply may lead to perturbations in the mitochon-
drial electron transport chain leading to the production of
reactive oxygen species (ROS) that may have a detrimental
effect within the cell by oxidizing membrane lipids, inacti-
vating proteins, oxidizing DNA, and activating cell signalling
pathways leading to inflammation and cell death [33, 34].
In vitro studies have suggested that RCM may also lead
to ROS production. Sendeski et al., using isolated single
specimens of rat descending vasa recta (DVR), demonstrated
that iodixanol caused vasoconstriction of the DVR, and the
use of the superoxide dismutase (SOD) mimetic Tempol
reduced this iodixanol-induced vasoconstriction [35]. In
addition to demonstrating that iodixanol causes structural
damage to endothelial cells from isolated arteries, the same
group has demonstrated that iodixanol caused an increased
permeability of HUVEC (human umbilical vein endothelial
cell)monolayers and an increased phosphorylation ofmyosin
light chain, an indicator of endothelial cell retraction and
increased permeability [32]. Hence, it is feasible that RCM
may penetrate through the cell membrane and once in
the cytosol may also inflict similar damage to intracellular
organelles. Indeed, plasma membrane damage (measured as
loss of the membrane proteins caveolin and NaK-ATPase)
andmitochondrial damage (cytochrome c release) by ioversol
has been reported [9]. As mentioned earlier, disruption of
mitochondria may lead to the production of ROS and this
may be how RCM can induce the formation of ROS in
vitro without the need for hypoxia [34, 36]. Zager et al.
[9] questioned the role of oxidative stress in RCM renal
tubular and cell injury. They found that plasma membrane
damage to proximal tubule segments isolated from mice and
subjected to the LOCM, ioversol, was not due to oxidant
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Table 1: Iodinated contrast media commonly used in clinical practice.

Name Type Iodine content Osmolality Osmolality type
(mg/mL) (mOsm/kg)

Ionic
Diatrizoate (Hypaque 76) Monomer 370 2,016 HOCM
Metrizoate (Isopaque 370) Monomer 370 2,100 HOCM
Iothalamate (Conray 400) Monomer 400 2,300 HOCM
Ioxaglate (Hexabrix) Dimer 320 580 LOCM

Nonionic
Iopamidol (Isovue 370) Monomer 370 796 LOCM
Iohexol (Omnipaque 350) Monomer 350 884 LOCM
Iopromide (Ultravist 370) Monomer 370 774 LOCM
Ioversol (Optiray 350) Monomer 350 792 LOCM
Iomeprol (Iomeron 400) Monomer 400 720 LOCM
Iobitridol (Xenetix 350) Monomer 350 915 LOCM
Iodixanol (Visipaque 320) Dimer 320 290 IOCM
Iotrolan (Isovist 300) Dimer 300 320 IOCM

Ionic and nonionic contrast media may be monomeric or dimeric; 3 iodine atoms are present on each benzene ring of the contrast medium: if a contrast
molecule contains only 1 benzene ring, it is called a monomer, if it contains 2 benzene rings, it is called a dimer. In solution, ionic contrast media break up into
their anion and cation components, thereby increasing osmolality, while nonionic contrast media do not break up in solution. Nonionic dimers are the ideal
contrast media as they deliver the most iodine with the least effect on osmolality.
The osmolality of contrast media is compared with the osmolality of plasma. HOCM (high-osmolar contrast media) have the highest osmolality, that is, 5–8
times the osmolality of plasma. LOCM (low-osmolar contrast media) have an osmolality still higher than plasma, which is, 2-3 times the osmolality of plasma.
IOCM (iso-osmolar contrast media) have the same osmolality as plasma.

stress since no lipid peroxidation of the tubules was observed.
Furthermore, using HK-2 cells, Zager et al. [9] observed
that the antioxidant N-acetylcysteine (NAC) failed to protect
against RCM toxicity as assessed by lactate dehydrogenase
release and MTT reduction.

However, more recent work using a recombinant man-
ganese superoxide dismutase (SOD) administered in vivo to
rats undergoing diatrizoate treatment caused an improve-
ment in the glomerular filtration rate and a reduction in
renal histologic damage [37]. But the use of antioxidants
as therapeutic agents for the alleviation of CIN has yielded
conflicting data. The use of the antioxidant NAC had been
suggested as a means of reducing CIN in patients [38], but
successive trials have been contradictory [39], and recently
the Acetylcysteine for Contrast-induced nephropathy Trial
(ACT) has concluded that NAC does not reduce the risk
of CIN [40]. Other antioxidants have been reported to be
effective. In a clinical trial, administration of ascorbic acid
(vitamin C) protected against CIN, whilst in an animal
model rats fed with doses of alpha-tocopherol (vitamin
E) before iopromide injection showed decreased tubular
injury due to the RCM, increased SOD levels, and reduced
malondialdehyde levels [41]. Furthermore, rats fed with the
grape seed proanthocyanidin extract and treated with the
HOCM diatrizoate showed decreases in biochemical mark-
ers of oxidative stress, apoptosis, and renal tissue damage
caused by the RCM. Hizoh and Haller [20] observed a
protective effect by taurine on DNA fragmentation induced
by RCM in MDCK cells but not by NAC. Nonetheless, it
should be mentioned that intracellular peroxide levels in
cultured glomerularmesangial cells increased upon exposure

to diatrizoate and iohexol, and those levels were attenuated
by alpha-tocopherol in diatrizoate-treated but not in iohexol-
treated cells [42]. Nonetheless, it has been argued that the
oxidative stress observed with the use of RCM may be a
consequence of the toxicity of the RCM rather than the cause
[8].

4. RCM Effects on Endothelin Release

RCM have been reported to induce the release of the potent
vasoconstrictor peptide endothelin (ET) both in vivo and
in vitro, as well as upregulating ET mRNA transcription
[43–45] and also mediating the upregulation of the renal
medullary endothelin converting enzyme-1 expression and
synthesis [46]. It is believed that the ET-A receptor is involved
in vasoconstriction, whilst stimulation of the ET-B receptor
has the opposite effect. A study in humans receiving RCM
in which both ET receptors were blocked, resulted in a
higher incidence of CIN in patients receiving the blocker
than those receiving a placebo [47]. However, the use of a
specific ET-A antagonist gave a more positive outcome in an
in vivo rat study, but this was explained by inhibitory effects
of the antagonist on tubular transport mechanisms, thereby
decreasing the oxygen demand and reducing hypoxia [48].

5. Role of Adenosine in CIN

Adenosine is a product of ATP degradation and may arise
under the hypoxic conditions arising from RCM adminis-
tration. Whilst it may cause vasodilatation in most vessels,
adenosine causes vasoconstriction in the renal vasculature
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Table 2: Summary of some in vitro cell culture studies using different types of RCM.

Authors/year of publication Radiocontrast media used; cell type used Cell functional/structural changes observed

Laerum 1983 [11] HOCM and LOCM; human endothelial
cells

Chromium-51 release as measure of cell toxicity;
HOCMmore toxic than LOCM

Andersen et al. 1994 [12] Ionic monomeric/dimeric, nonionic
LOCM; MDCK and LLC-PK1 cells

RCM caused formation of large cytoplasmic vacuoles;
increase in brush border and lysosomal marker enzyme
activity

Dascalu and Peer 1994 [13] Ionic/nonionic RCM; endothelial and
renal cells Acidification of internal pH; decrease in cell viability

Andersen et al. 1995 [14] Nonionic LOCM and IOCM; MDCK and
LLC-PK1 cells

RCM caused concentration-dependent formation of
large cytoplasmic vacuoles; cell death/decrease in cell
viability; increase in brush border and lysosomal
marker enzyme activity. These effects were more
pronounced with LOCM than with IOCM

Potier et al. 1997 [15] Ionic/nonionic LOCM and HOCM;
mesangial cells

Dye uptake as measure of cell viability
HOCMmore toxic than LOCM

Haller et al. 1997 [16] HOCM and LOCM; MDCK and
LLC-PK1 cells

HOCMmore toxic. LLC-PK1 cells more susceptible to
RCM cytotoxicity

Hizóh et al. 1998 [17] MDCK; HOCM DNA fragmentation caused by RCM

Hardiek et al. 2001 [18] LLC-PK1 cells and human renal proximal
tubule cells; HOCM, LOCM, and IOCM

Cell viability was affected by all RCM with HOCM
having a greater affect than IOCM which in turn had a
greater effect than LOCM

Fanning et al. 2002 [19] Human neutrophils; HOCM, LOCM, and
IOCM

All types of RCM induced neutrophil apoptosis, with
HOCM having greater effect

Hizoh and Haller 2002 [20] MDCK cells; HOCM HOCM induced DNA fragmentation
Yano et al. 2003 [21] LLC-PK1 cells; HOCM and LOCM HOCM caused a greater decrease in cell viability

Ribeiro et al. 2004 [22] Renal artery smooth muscle cells; HOCM
and LOCM HOCM caused a greater decrease in cell viability

Heinrich et al. 2005 [23] LLC-PK1 cells; HOCM, LOCM, and
IOCM

All types of RCM cause a decrease in cell viability with
HOCM showing greatest effect

Andreucci et al. 2006, 2011, 2014
[24–26] HK-2 cells; HOCM, LOCM, and IOCM All RCM caused a decrease in cell viability in the order

HOCM > LOCM > IOCM

Heinrich et al. 2007 [27] LLC-PK1 cells; LOCM and IOCM Cell viability measured; no difference in toxicity
between the 2 types of RCM

Yang et al. 2013 [28] LOCM (ioversol); rat renal proximal
tubular cell line (NRK-52E)

Decrease in cell viability and increase in intracellular
Ca2+ ion concentration

[49], thereby worsening the hypoxic conditions in the kidney
parenchyma. Hence, unselective (theophylline) and adeno-
sine A1-receptor selective antagonists have been used to
prevent CIN with some reported positive outcomes [50, 51].
In vitro mitochondrial damage by RCM may lead to disrup-
tion of the electron transport chain which, as in hypoxic
conditions, will lead to ATP degradation and adenosine
production. The adenosine produced may act as a substrate
for xanthine oxidase leading to production of the ROS,
hydrogen peroxide, which would be harmful [52]. However,
whilst it has been observed that RCM can increase adenosine
levels threefold in cultured HK-2 cells, inhibition of xanthine
oxidase with oxypurinol did not confer protection [9].

6. RCM May Impair Nitric Oxide (NO)
Production

In a study by Ribeiro et al. [22], using cultured smoothmuscle
cells obtained from rat renal artery, HOCM and LOCM but

not IOCM were found to lower NO levels. Thus, in this
case RCM may act to block a vasodilatory pathway. It has
been suggested that one mechanism by which NO levels are
lowered is by reactionwith superoxide ions that are generated
in the kidney by the RCM [53] which would lead to the
formation of the even more potent oxidant peroxynitrite
anion [54].

7. Cellular Signalling Pathways
Affected by RCM

Over the course of the last two decades, our knowledge
of signal transduction pathways by which cells respond to
changes in their environment has increased immensely.These
intracellular signalling pathways may determine cell fate,
for example, death, survival, proliferation, and release of
hormones, and may be triggered by mechanical, chemical,
light, and thermal stimuli.
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7.1. Pathways Involved in Cell Survival and Proliferation.
Saito et al. [55] reported a reduction in cyclic adenosine
monophosphate (cAMP) levels inmast cells.This was quickly
followed by reports of the LOCM ioversol inducing apoptosis
in LLC-PK1 cells [21]. Incubation of LLC-PK1 cells with
ioversol for 30 minutes followed by a further incubation
for 24 h in the absence of the RCM caused an increase in
the activities of caspases-3 and -9 (proteases involved in
apoptosis) and an increase in the mRNA for the proapoptotic
protein Bax, whilst the mRNA levels of the antiapoptotic
Bcl-2 decreased. It was also found that use of the cAMP
analogue dibutyl(DB)cAMP reversed the changes in a way
that was dependent on the signalingmolecules protein kinase
A (PKA) and phosphatidylinositol 3-kinase (PI 3-K). The
same group also found that the prostaglandin I2 analogue
beraprost sodium could also reverse the effects of ioversol
on caspases and Bax/Bcl-2 [56] by phosphorylation of the
cAMP-responsive element binding protein (CREB) via a
PKA-dependent mechanism. Further studies, again using
LLC-PK1 cells, suggested that the prosurvival kinase Akt may
also be involved in the effects of beraprost sodium [57].Work
from our laboratory has shown that incubation of HK-2 cells
with an HOCM (sodium diatrizoate), LOCM (iopromide
and iomeprol), and IOCM (iodixanol) causes the dephos-
phorylation of Akt at the Serine473 and Threonine308 sites
[24, 26]. This was accompanied by effects on downstream
targets of Akt such as p70S6 kinase (inactivated) which is
involved in protein synthesis and the FoxO (Forkhead-box)
family of transcription factors (dephosphorylated and hence
activated) [24]. Both diatrizoate and iopromide caused a
decrease in HK-2 cell viability which was partially alleviated
by transfection with plasmids encoding constitutively active
Akt [24]. Diatrizoate also caused a greater dephosphorylation
of mTOR (mammalian target of rapamycin) and ERK1/2
(extracellular signal regulated kinases 1/2) with respect to
iopromide, iomerol, or iodixanol [24, 26]. It should also
be noted that the dephosphorylation of Akt, p70S6 kinase,
and FoxO proteins was observed in primary cultures of
human proximal tubule cells [24]. It should be noted that
perturbations in the activity of kinases such as the ERK1/2 and
Aktmay affect the synthesis of vasodilatory and vasoconstric-
tory molecules. For example, endothelin-1 gene transcription
is negatively regulated by Akt and positively regulated by
FoxO1 [58], whilst COX-2 expression and prostaglandin
F2𝛼 synthesis may be dependent on ERK1/2 activity [59].
Akt has also been implicated in vasorelaxation [60]. West-
ern blot analysis of whole lysates prepared from kidneys
removed from rats treated with the LOCM iomeprol and
the IOCM iodixanol also showed lowered levels of phospho-
Akt (pAkt) and phospho-ERK1/2 (pERK1/2) compared with
lysates obtained from control nontreated rats [26]. An earlier
study using the LOCM ioversol also indicated that RCM
may cause a decrease in the basal levels of pAkt in mouse
kidneys [61]. These authors suggested that RCM enhance de
novo ceramide synthesis and cause the activation of protein
phosphatase 2A (PP2A) which in turn can dephosphorylate
Akt. However, PP2A may also act as an ERK- and JNK-
phosphatase [62], but our in vitro results show discrepancy
between the effects of RCM on the phosphorylation status of

Akt, ERK1/2, and the JNK (c-jun N-terminal kinase) family
of mitogen activated protein kinases (MAPKs). Nonetheless,
Itoh et al. also found that use of ceramide synthase inhibitors
attenuated renal tubular cell injury induced by ioversol in
LLC-PK1 cells and reduced the decreased pAkt levels in
vivo. Our observations of the decrease in pAkt and pERK1/2
by RCM was surprising since RCM have been associated
with ROS production and our experience with HK-2 cells
is that these kinases are phosphorylated upon stimulation
with hydrogen peroxide [63, 64]. A possible explanation
for the decrease in phosphorylation of Akt may be due to
disruption of cell membrane rafts that organize membrane-
associated molecules such as receptors and kinases and reg-
ulate cellular signal transduction [65]. It has been proposed
that these membrane rafts allow for the close proximity and
interaction between Akt and kinases that phosphorylate it,
for example, PDK-1 (phosphoinositide-dependent kinase-1),
and any perturbation of the raft structure may interfere with
the phosphorylation of Akt. Given the already mentioned
physical impairment of the cell membrane by RCM [9, 32],
it is possible that RCM could be affecting signalling pathways
in this way.

7.2. Pathways Involved in Cell Death and Inflammation. Our
group also demonstrated the phosphorylation of the p38 and
JNK MAPKs, and of the transcription factor NF-𝜅B (Ser
276) by sodium diatrizoate and iomeprol in HK-2 cells [25].
Sodium diatrizoate had a greater effect than iomeprol (at the
same concentration of iodine) on phosphorylation of these
molecules, which have been implicated in inflammation and
upregulation of the proinflammatory cytokine IL-8 [66, 67].
Incubation of HK-2 cells with HOCM, LOCM, and IOCM
at concentrations of 75 and 100mgI/mL for up to 3 h did
not result in caspase-3 cleavage [26]. However, in HK-2 cells
that had been previously exposed to diatrizoate for 2-3 h
and then incubated for a further 22 h (after removal of the
RCM), caspase-3 cleavage was observed [25, 26]. It should
be noted that the presence of phosphorylated JNKs was
detected in renal tubular epithelial cells collected from urine
samples of patients, 24 h and 48 h after RCM administration
[68]. A possible role for the transcription factor NF-𝜅B was
also suggested by Xu et al. [69] who noted that the DNA-
binding activity of NF-𝜅B in rat increased after diatrizoate
administration.

In contrast, Romano et al. have demonstrated that both
LOCM and IOCM caused a marked increase in caspases-3
and -9 activities and poly(ADP-ribose) polymerase fragmen-
tation in HEK293 cells; no effect was observed by them on
caspase-8 and -10, thus indicating that the RCM activated
apoptosis mainly through the intrinsic pathway [10]. Both
RCM induced an increase in protein expression levels of
proapoptotic members of the Bcl2 family, Bim and Bad.They
also demonstrated that pretreatment with NAC and ascorbic
acid but notwith sodiumbicarbonate could prevent apoptosis
in a dose-dependent fashion.

Using HEK293T cells, Lee et al. [70] analyzed the effects
of four different contrast media: ionic high-osmolar diatri-
zoate, ionic low-osmolar iothalamate, nonionic low-osmolar
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iohexol, and nonionic iso-osmolar iodixanol. They showed
that diatrizoate, iodixanol, and iothalamate, but interestingly
not iohexol, induced the expression of ATF-2 (activating
transcription factor-2) mRNA and phosphorylation of ATF-
2 in HEK293T cells in a time-dependent manner. More
apoptotic cells were detected in diatrizoate-treated kidney
cells than in the saline injection group. Cell death was
significantly increased by knockdown ATF-2 expression in
the presence of diatrizoate, indicating a protective role of
ATF-2 in contrast media-induced apoptosis. Despite the
study’s limitations, such as the absence of any control
conditions (e.g., the use of hyperosmolar solutions since
diatrizoate is a high-osmolar RCM) in assessing the role
of hypertonicity in CIN pathogenesis and their choice of
cells that did not include an adult human proximal tubule
cell line (such as HK-2 cells), the work provided new
evidence that iodinated contrast media, with the exception
of iohexol (a nonionic LOCM), could activate the JNK/ATF-
2 signaling pathways. So, this provided a new insight into
the mechanism and a potential way of prevention of CIN,
showing a differential activation of ATF-2 by different RCM
[70].

Gong et al. studied the apoptotic signaling mechanism in
CIN and testedwhether the new antioxidantN-acetylcysteine
amide (NACA) could prevent it, using the RCM iohexol.
In this study [71], LLC-PK1 cells were exposed to iohexol
in order to observe their cell death with apoptotic features
in a dose- and time-dependent manner; they showed that
the initiation of iohexol-induced apoptosis was mediated by
upregulation of Bax and downregulation of Bcl-2 and Mcl-1
(another anti-apoptotic protein), which was preceded by p38
MAPK activation and iNOS (inducible nitric oxide synthase)
induction.The use of inhibitors of p38MAPK and iNOS par-
tially abolished iohexol-induced apoptosis. They also found
that pretreatment with NACA partially protected cells from
iohexol-induced death by reverting the expression of Bcl-2,
Mc1-1, and Bax expression through inhibition of p38 MAPK
and iNOS pathway. NACA, partially protecting LLC-PK1
cells from iohexol-induced apoptosis by suppression of p38
MAPK activation and iNOS protein expression, was more
effective than NAC, a widely used antioxidant compound.
The authors claimed that a possible explanation is that NACA
has better membrane permeation and could therefore be
expected to be even more effective than NAC in vivo [71].
However, our study with p38 MAPK inhibition only yielded
a small increase in cell viability after exposure of HK-2 cells
to diatrizoate [26].

Recently Gong et al. implicated the role of p38 MAPK
as well as FoxO1 pathways in RCM toxicity [72]. Using an
experimental model of CIN in rats, they showed that tetram-
ethylpyrazine (TMP) could significantly attenuate the result-
ing renal dysfunction and renal tubular cellular apoptosis.
These functional changes were accompanied by the decreased
levels of phospho-p38 MAPK protein and attenuation of
the increased FoxO1 mRNA and nuclear protein expression
[72]. Figure 1 shows a summary of the signaling molecules
that play roles in cell death, survival, inflammation and in
vasoconstriction/vasodilation, as discussed above.

7.3. Cell Survival Pathways Induced by RCM. The cellular
stress evoked by RCM has also been shown to prompt an
unfolded protein response [UPR] (which is believed to be
a prosurvival response) in a rat renal proximal tubular cell
line NRK-52E [73]. Wu et al. found that treatment of the
cells with diatrizoate caused the expression of the chaperones
GRP (Glucose regulated protein) 78 and GRP94 which act
to protect the cell under conditions of stress. Furthermore,
GRP78 dissociates from the endoplasmic reticulum trans-
membrane receptor PERK [PKR (double-stranded RNA-
activated protein kinase) like ER kinase], and in so doing
allowing PERK to be activated.Wu et al. suggested that active
PERK phosphorylates and activates the eukaryotic initiation
factor (eIF)2𝛼, which in turn reduces RCM-induced cell
apoptosis [73].

Moon et al. [74] suggested that angiopoietin-1 (Ang1)may
protect vascular endothelial cells from iopromide-induced
apoptosis through PI 3-K and mTOR/S6 kinase, postulating
that the pretreatment with Ang1 could help in maintaining
normal vascular endothelial cell integrity before and during
systemic RCM administration. In that work Ang1 reduced
iopromide-induced apoptosis in a dose-dependent manner.
Two PI 3-K inhibitors, wortmannin and LY294002, decreased
the Ang1-induced anti-apoptotic effect. Since Ang1 mediates
the activation of mTOR/ribosomal protein p70 S6 kinase
through PI 3-K, wortmannin, and rapamycin, an inhibitor of
mTOR, suppressedAng1-induced p70S6 kinase phosphoryla-
tion and partially inhibited the Ang1-induced anti-apoptotic
effect [74].

Yokomaku et al. have suggested that asialoerythropoi-
etin may have potential as a new therapeutic approach to
prevent CIN, given its ability to preserve renal function
and directly protect renal tissue, as demonstrated in rats,
in which nephropathy was induced by injection with the
RCM ioversol, in addition to inhibition of prostaglandin
and nitric oxide synthesis [75]. The administration of a
single dose of asialoerythropoietin before the induction of
nephropathy could significantly attenuate the resulting renal
dysfunction and the histologic renal tubular injury. RCM-
induced apoptosis of renal tubular cells was inhibited by
asialoerythropoietin both in vivo and in vitro, and this effect
was blocked by a Janus kinase 2 (JAK2) inhibitor in vitro. Fur-
thermore, phospho-JAK2/signal transducer and activator of
transcription 5 (STAT5) andheat-shock protein 70 expression
increased after injection of asialoerythropoietin, suggesting
that the effects of asialoerythropoietin might be mediated by
the activation of the JAK2/STAT5 pathway.

Another cellular mechanism that may be protective
against RCM injury was reported by Goodman et al. [76].
They demonstrated that heme oxygenase-1 induction by
cobalt protoporphyrin could prevent the increase in plasma
creatinine and in superoxide ion formation in both the cortex
and medulla in uninephrectomized, salt depleted male Sabra
rats treated with the RCM sodium iothalamate compared
with untreated rats.This protective effect of heme oxygenase-
1 was associated with increased anti-apoptotic proteins Bcl-2
and Bcl-xl and with a decrease of proapoptotic caspase-3 and
caspase-9 together with increased expression of inactive Bax.
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Figure 1: Scheme showing the effects of RCM on signaling molecules. The scheme relates to effects on signaling molecules that may
underlie the toxic effects of RCM. RCM cause inactivation of the kinase Akt (as shown by the minus symbol) leading to activation of FoxO
transcription factors which may lead to cell death; upregulation of ET-1 transcription and hence vasoconstriction; deactivation of the p70S6
kinase and hence downregulation of protein synthesis. ERK1/2 are also inactivated which may lead to a decrease in activity of COX-2 and
prostaglandin production and hence inhibition of vasodilation. RCM also downregulate cAMP and hence the cAMP dependent kinase PKA.
The antiapoptotic protein Bcl-2 is downregulated, whilst the proapoptotic proteins Bax, Bim, Bad, and caspases-3 and -9 are upregulated
(as shown by the plus symbol) by RCM. The JNK and p38 MAP kinases are activated as also is the transcription factor NF-𝜅B, all three of
which may play a role in cell death and inflammation. Hypoxia and mitochondrial damage caused by RCM may lead to the formation of
ROS (reactive oxygen species) that can cause cell death and inflammation; and to the formation of adenosine that can cause vasoconstriction,
whilst its metabolism by xanthine oxidase can lead to further formation of ROS.

8. Conclusions

It is clear that RCM induce a drastic effect both in vitro
and in vivo. Whilst in vivo they cause changes in the tissue
environment causing hypoxic conditions and changes in
levels of vasoconstrictory and vasodilatory factors that may
exacerbate the hypoxic milieu, in vitro cell culture studies
have demonstrated that RCM cause changes in a variety of
cell signaling molecules that play important roles in cellular
homeostasis. These include the deactivation of molecules
such as Akt and ERK1/2 that enable cells to survive stress and
to proliferate as well as to regulate the synthesis of vasoactive
molecules. At the same time other molecular species are
increased or activated that may be detrimental, such as ROS
and signalling molecules such as the p38 and JNK kinases
and transcription factors such asNF-𝜅B thatmaymediate cell
death and inflammation [77]. Delineation of the molecular
mechanisms of RCM may help future strategies to reduce
their detrimental effects.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

Ashour Michael is recipient of a Research Check from
“Magna Graecia” University of Catanzaro, Italy.

References

[1] K. Nash, A. Hafeez, and S. Hou, “Hospital-acquired renal
insufficiency,” American Journal of Kidney Diseases, vol. 39, no.
5, pp. 930–936, 2002.

[2] T. G. Gleeson and S. Bulugahapitiya, “Contrast-induced
nephropathy,” American Journal of Roentgenology, vol. 183, no.
6, pp. 1673–1689, 2004.

[3] S. N. Heyman, M. Brezis, F. H. Epstein, K. Spokes, P. Silva,
and S. Rosen, “Early renal medullary hypoxic injury from
radiocontrast and indomethacin,” Kidney International, vol. 40,
no. 4, pp. 632–642, 1991.

[4] H. D. Humes, D. A. Hunt, and M. D. White, “Direct toxic
effect of the radiocontrast agent diatrizoate on renal proximal
tubule cells,” American Journal of Physiology—Renal Fluid and
Electrolyte Physiology, vol. 252, no. 2, pp. F246–F255, 1987.

[5] V. H. Wallingford, H. G. Decker, and M. Kruty, “X-ray contrast
media. I. Iodinated acylaminobenzoic acids,” Journal of the
American Chemical Society, vol. 74, no. 17, pp. 4365–4372, 1952.



8 BioMed Research International

[6] R. W. Katzberg, “Urography into the 21st century: new contrast
media, renal handling, imaging characteristics, and nephrotox-
icity,” Radiology, vol. 204, no. 2, pp. 297–312, 1997.

[7] S. K. Morcos, “Contrast-induced nephropathy: are there differ-
ences between low osmolar and iso-osmolar iodinated contrast
media?” Clinical Radiology, vol. 64, no. 5, pp. 468–472, 2009.

[8] M. M. Sendeski, “Pathophysiology of renal tissue damage by
iodinated contrast media,” Clinical and Experimental Pharma-
cology and Physiology, vol. 38, no. 5, pp. 292–299, 2011.

[9] R. A. Zager, A. C. M. Johnson, and S. Y. Hanson, “Radiographic
contrast media-induced tubular injury: evaluation of oxidant
stress and plasma membrane integrity,” Kidney International,
vol. 64, no. 1, pp. 128–139, 2003.

[10] G. Romano, C. Briguori, C. Quintavalle et al., “Contrast agents
and renal cell apoptosis,” EuropeanHeart Journal, vol. 29, no. 20,
pp. 2569–2576, 2008.

[11] F. Laerum, “Acute damage to human endothelial cells by brief
exposure to contrast media in vitro,” Radiology, vol. 147, no. 3,
pp. 681–684, 1983.

[12] K.-J. Andersen, E. I. Christensen, and H. Vik, “Effects of iodi-
nated x-ray contrast media on renal epithelial cells in culture,”
Investigative Radiology, vol. 29, no. 11, pp. 955–962, 1994.

[13] A. Dascalu and A. Peer, “Effects of radiologic contrast media on
human endothelial and kidney cell lines: intracellular pH and
cytotoxicity,”Academic Radiology, vol. 1, no. 2, pp. 145–150, 1994.

[14] K. J. Andersen, H. Vik, H. P. Eikesdal, and E. I. Christensen,
“Effects of contrast media on renal epithelial cells in culture,”
Acta Radiologica. Supplementum, vol. 399, pp. 213–218, 1995.

[15] M. Potier, I. Lagroye, B. Lakhdar, J. Cambar, and J. Idee,
“Comparative cytotoxicity of low- and high-osmolar contrast
media to human fibroblasts and rat mesangial cells in culture,”
Investigative Radiology, vol. 32, no. 10, pp. 621–626, 1997.

[16] C. Haller, C. S. Schick, M. Zorn, andW. Kübier, “Cytotoxicity of
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Contrast-induced acute kidney injury (CI-AKI) is commonly defined as a decline in kidney function occurring in a narrow time
window after administration of iodinated contrast material. The incidence of AKI after contrast material administration greatly
depends on the specific definition and cutoff values used. Although self-limiting in most cases, postcontrast AKI carries a risk of
more permanent renal insufficiency, dialysis, and death. The risk of AKI from contrast material, in particular when administered
intravenously for contrast-enhanced CT, has been exaggerated by older, noncontrolled studies due to background fluctuations in
renal function.More recent evidence from controlled studies suggests that the risk is likely nonexistent in patients with normal renal
function, but there may be a risk in patients with renal insufficiency. However, even in this patient population, the risk of CI-AKI
is probably much smaller than traditionally assumed. Since volume expansion is the only preventive strategy with a convincing
evidence base, liberal hydration should be encouraged to further minimize the risk. The benefits of the diagnostic information
gained from contrast-enhanced examinations will still need to be balanced with the potential risk of CI-AKI for the individual
patient and clinical scenario.

1. Introduction

Soon after modern iodinated contrast agents had been
introduced, they have been causally linked to acute kidney
injury (AKI) [1, 2]. A large number of noncontrolled obser-
vational studies have since investigated the frequency of AKI
following intra-arterial and intravenous administration of
contrast material (CM) and the overwhelming majority of
studies found a significant risk [3]. Consequently, the risk
of contrast-induced acute kidney injury (CI-AKI) has been
widely accepted in medical literature and practice [4, 5].
Indeed, fear of CI-AKI is one of the most frequent reasons
why CM is withheld from patients undergoing computed
tomography (CT) and thus frequently compromises the
diagnostic information gained from CT [6].

This traditional concept has been challenged recently, in
particular for intravenous administration of contrastmaterial

[4]. This paradigm shift began when studies demonstrated a
high rate of fluctuation in kidney function in patients without
exposure to iodinated contrast material [7, 8], indicating that
the existing observational studies on CI-AKI without a non-
exposed control group are fundamentally flawed and likely
to greatly overestimate the incidence of CI-AKI. Since then,
a number of controlled studies have been performed exam-
ining the incidence of AKI in patients undergoing contrast-
enhanced CT compared to patients undergoing noncontrast
CT. A recent meta-analysis of 13 controlled studies found
a similar or lower rate of AKI following contrast-enhanced
CT compared to noncontrast CT indicating that CM is likely
not the causative agent in the majority of postcontrast AKI
cases [9]. It is, however, important to keep in mind that all of
these controlled studies had a nonrandomized study design,
whichmakes them vulnerable to selection bias, since patients
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perceived to be at risk for AKI are more likely to receive
noncontrast CT examinations [2].

In view of this recent controversy, this paper reviews
some fundamental aspects of the current concept of CI-
AKI including its definition, epidemiology, and outcome
and attempts to draw conclusions as to how the balance
between avoiding AKI and gaining the necessary diagnostic
information may need to be readjusted as a consequence of
the recently published new evidence.

2. Definition

CI-AKI is commonly defined as a rise in blood urea nitro-
gen (BUN), serum creatinine, or a decline in estimated
glomerular filtration rate (eGFR) occurring in a narrow
time window—typically 24–72 hours—after administration
of iodinated CM. In a recent meta-analysis of controlled
studies on intravenous CM, definitions of AKI based on
serum creatinine levels ranged from 0.3 to 0.5mg/dL for an
absolute increase and from 25 to 50% for a relative increase
[9]. An absolute increase of serum creatinine by ≥0.5mg/dL
from baseline is a simple and still widely used definition of
AKI [10]. Another commonly used definition is based on
the criteria originally proposed by Barrett and Parfrey which
considerCI-AKI to be present if an absolute increase in serum
creatinine levels by ≥0.5mg/dL or a relative increase in serum
creatinine by ≥25% from baseline is observed within 72 hours
after contrast exposure [11].

A more recent standardized definition of AKI was pro-
posed by the Acute Kidney Injury Network (AKIN) and
defines AKI if at least one of three conditions is met: (a) an
absolute increase in serum creatinine levels by ≥0.3mg/dL
from baseline, (b) a relative increase in serum creatinine
by ≥50% from baseline, or (c) a urine output reduced to
≤0.5mL/kg/hour for at least 6 hours [12–14]. This definition
is not designed for or specific to CI-AKI. However, the
American College of Radiology has recommended using
the AKIN criteria (occurring within 48 hours after the
administration of iodinated CM) to define contrast-induced
nephropathy in order to standardize the varying definitions
found in the literature [15, 16]. Since urine output is not
routinely measured in noncritically ill patients, the first two
of the 3 criteria listed above have been used to define AKI in
recent studies on CI-AKI with intravenous CM [15, 17].

The RIFLE classification is an alternative classification
system which defines different stages of acute kidney injury
(risk, injury, failure, loss, and end-stage renal disease) based
on changes in serum creatinine or eGFR and urine output [12,
18]. In this classification, kidney injury is defined as a >100%
increase in serum creatinine, a >50% decrease in eGFR, or
a urine output of less than 0.5mL/kg/h for 12 hours. This
classification has been applied to postcontrast AKI [19, 20]
but is not commonly used in this setting.

The incidence of AKI after contrast material adminis-
tration greatly depends on the specific definition and cutoff
values used to define AKI. For example, a prospective
observational study of patients receiving intravenous contrast
material for contrast-enhanced CT examined six different

definitions of CI-AKI based on repeat serum creatinine
measurements 48 to 72 hours after contrast exposure and
the resulting incidence rates of CI-AKI ranged from 0–11%,
depending on the definition used [21, 22]. Novel biomarkers
of acute kidney injury such as cystatin-C, IL-18, KIM-
1, and NGAL have been identified in recent years [23].
Further research is warranted to investigate whether these
novel biomarkers may have a role in improving the risk
stratification of patients receiving contrast material or in
refining the diagnostic criteria of AKI.

Ultimately, all of these are arbitrary definitions of CI-AKI
based on laboratory parameters. They are useful to create
a numerical measure that can be statistically compared in
clinical trials but bear no meaning for an individual patient.
Only hard outcomes such as dialysis or death from renal
failure are of real clinical significance.

Apart from these differences in the cutoff values defining
AKI, differences in terminology merit consideration. Until
a few years ago, any acute kidney injury occurring after
administration to iodinated contrast material and not other-
wise explained was assumed to be caused by contrast expo-
sure and hence referred to as contrast-induced nephropathy
(CIN) or contrast-induced acute kidney injury (CI-AKI) [2].
Considering the high rate of fluctuation in kidney function
in patients without exposure to iodinated contrast material
[7, 8], this terminology now appears greatly misleading,
unless strictly reserved for the attributable excess rate of AKI
caused by iodinated CM compared to a nonexposed control
group. Considering that it is impossible to determine on
an individual basis whether a decline in renal function was
caused by CM, other predisposing factors, or a combination
thereof, the term should be avoided in clinical practice when
referring to individual patients.The terms “postcontrast AKI”
or “postcontrast nephropathy” should be preferred since they
do not infer a causal relationship. Furthermore, catheteriza-
tion predisposes for renal compromise through mechanisms
unrelated to contrast materials which are discussed in more
detail below.Therefore, the terms “postcatheter nephropathy”
or “catheter-induced nephropathy” should be used instead of
“contrast-induced nephropathy” in patients after catheteriza-
tion.

3. Epidemiology

3.1. Incidence of AKI in the Absence of CM Exposure. As
discussed above, the epidemiology of CI-AKI has to be
seen in the context of the background rate of fluctuations
in kidney function and AKI observed in the absence of
contrast exposure. Such fluctuations are particularly frequent
in patients with chronic renal impairment andmore frequent
in hospitalized patients compared to outpatients due to a
higher rate of comorbidities predisposing to AKI [7, 8]. In
their meta-analysis of controlled studies of intravenous CM,
McDonald et al. [9] report an overall AKI rate of 6.5% in
the noncontrast CT group averaged over varying definitions
of AKI. Davenport et al. found AKI incidence rates in
the noncontrast group of 8.6% and 12.4% based on the
AKIN and more traditional CIN criteria, respectively [17].
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Using an absolute increase of serum creatinine 0.5mg/dL
from baseline to define AKI, McDonald et al. [10] found
AKI rates in the noncontrast control group of 4, 9, and 13
percent for patients with a baseline creatinine of <1.5, 1.5–2,
and ≥2mg/dL, respectively. These background rates of AKI
need to be taken into account when assessing whether CM
exposure increases the frequency of AKI.

3.2. Incidence of AKI following Intra-Arterial Administration
of CM. For a variety of reasons, the incidence of AKI is
substantially higher following coronary angiographic pro-
cedures than following contrast-enhanced CT [22]. The
patient population undergoing coronary procedures typically
has more advanced vascular disease and a higher rate of
hemodynamic compromise and is thus more predisposed
for AKI than the average population undergoing contrast-
enhanced CT [22, 24]. A larger volume of CM is typically
applied in cardiac angiography, particularly if an intervention
is performed during the procedure [22]. The site of CM
injection (intra-arterial versus intravenous) may also have a
direct influence possibly due to a higher initial concentration
ofCM in the renal vasculature, since it has been demonstrated
for aortography that the risk of AKI is greater if the CM
is injected immediately proximal to the renal arteries [4,
25]. Other authors, however, have challenged the notion
of an increased AKI risk from intra-arterial compared to
intravenous contrast administration [26, 27].

Furthermore, coronary angiography harbors a variety
of iatrogenic risk factors for AKI, which may increase the
risk of postcontrast AKI and are unrelated to the CM itself.
It is well known that cholesterol emboli and microemboli
from scraping of aortic plaque occur in a high percent-
age of patients during invasive angiographic procedures
[28]. Iatrogenic (micro-) embolization of renal parenchyma
may contribute to AKI following angiographic procedures
[4]. Other potential complications of coronary angiography
including arrhythmias, hemorrhage, myocardial infarction,
or aortic dissection can all lead to hypotension or reduced
cardiac output and thus contribute to postprocedural AKI
which may be falsely attributed to the CM [8].

These factors need to be consideredwhen interpreting the
incidence rates of AKI after coronary angiography and related
procedures. Reported incidence rates vary greatly depending
on the patient population, the nature of the procedure, and
definition of AKI. Postcontrast AKI is generally estimated
to occur in approximately 5–15% of patients after PCI [29].
A decreased baseline renal function has consistently been
found to be a strong predictor of postcontrast AKI risk [29].
The risk of post-PCI AKI has been shown to be significantly
higher with high-osmolar CM compared to low-osmolar
CM, but the iso-osmolar CM iodixanol has had conflicting
results in further reducing risk even in vulnerable patients
[29, 30]. Several studies have found evidence of a dose-
dependent risk increasing with CM volume administered
during the procedure [29, 31, 32]. Certain comorbidities
(diabetes, proteinuria, hypertension, and dehydration) and
nephrotoxic comedications further increase the risk of AKI
following angiographic procedures [33, 34].

3.3. Incidence of AKI following Intravenous Administration
of CM. The strongest currently available evidence on the
incidence of CI-AKI following intravenous CM adminis-
tration consists in a meta-analysis of controlled studies [9]
and two additional large controlled studies [10, 17] which
were published simultaneously and not included in the meta-
analysis. The meta-analysis analyzed 13 controlled studies
including more than 25,000 patients and found a similar or
lower rate of AKI following contrast-enhanced CT compared
to noncontrast CT [9].This result was confirmed in subgroup
analyses of patients with and without diabetes and with and
without renal insufficiency. It was further independent ofAKI
definition and CM osmolality. The latter finding may not
apply to high-osmolality contrast medium, since all but one
study included in the meta-analysis used iso- and/or low-
osmolality contrast media.

It is, however, important to keep in mind that all con-
trolled studies included in the meta-analysis had a non-
randomized study design, which inevitably makes them
vulnerable to selection bias, since patients perceived to be
at risk for AKI are more likely to receive noncontrast CT
examinations [2]. In the two more recent controlled studies
on AKI after intravenous CM administration, sophisticated
statistical methods of propensity score adjustment were
used to neutralize differences in AKI risk factors between
the contrast-enhanced and the noncontrast CT group and
thus counteract the effects of selection bias. The results of
these two studies have been partly conflicting. McDonald
et al. found that after propensity matching there was no
significant difference in AKI incidence between both groups
[10]. Subgroup analysis was performed for patients with a
baseline serum creatinine of <1.5, 1.5–2, and ≥2mg/dL, and
no significant difference between exposed and nonexposed
patients was found in either group. The second study by
Davenport et al. confirmed that there is no increased risk
for patients with a baseline serum creatinine of <1.5mg/dL
[17]. This study, however, found a significantly increased risk
for AKI after intravenous CM for patients with a baseline
serum creatinine of >1.5mg/dL, which further increased with
higher baseline creatinine levels [17]. In a separate analysis
of the same database, Davenport and colleagues analyzed the
rates of AKI between patients undergoing contrast-enhanced
and noncontrast CT using a risk group stratification based
on eGFR instead of serum creatinine [15]. In this analysis,
a significantly increased risk for the contrast exposed group
was found in patients with an eGFR of <30mL/min/1.73m2
(OR 2.78, 𝑃 = 0.02) and there was a trend of an increased risk
in patients with an eGFR of 30–44mL/min/1.73m2 (OR 1.41,
𝑃 = 0.07) [15].

How to explain and reconcile these conflicting results in
patients with preexisting renal impairment is a subject of
ongoing debate and has been discussed in detail elsewhere
[2]. Reasons of this apparent discrepancy may include dif-
ferences in patient population, contrast agent type, as well as
differences in patient referral and nephropathy prophylaxis
patterns [2]. Finally, propensity scoring can minimize the
effect of selection bias but may not completely eliminate
it, since the factors that prompted physicians to avoid a
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contrast-enhanced CT scan in individual patients may be
more numerous and subtle than a retrospective analysis can
account for. The ratio between contrast material dose and
creatinine clearance has been suggested as a predictor of
AKI risk from intravenous CM [35]. In hospitalized cancer
patients, recent chemotherapy, hypertension, and treatment
with bevacizumab have been identified as additional risk
factors [36].

The best method to avoid selection bias would be to per-
form a randomized controlled trial randomizing patients to
receiving noncontrast or contrast-enhanced CT. Such a trial
has not been performed and will likely never be performed,
since it appears unethical to randomize patients rather than
use clinical judgment to carefully balance the potential
diagnostic benefits and the risks of contrast administration
(not limited to AKI) for the specific clinical indication and
the risk factors of every individual patient.

Therefore, the true risk of CI-AKI from intravenous
administration of CM is not and may never be precisely
known. However, recently published evidence strongly sug-
gests that the risk caused by CM is much smaller than
previously thought based on noncontrolled studies. For
patients with a baseline creatinine of <1.5mg/dL and an
eGFR of ≥45mL/min/1.73m2 the risk of CI-AKI is likely
to be nonexistent. There is conflicting evidence for patients
with impaired renal function; an increased risk of AKI from
intravenous CMmay exist in this patient population.

4. Outcome

Although self-limiting in most cases, postcontrast AKI car-
ries a risk of more permanent renal insufficiency, dialysis,
and death [29]. Levy and colleagues retrospectively compared
the outcomes of 174 patients who developed AKI after CM
administration for various procedures with matched controls
who received CM but did not develop AKI [37]. This study
found a significantly increased risk of in-hospital mortality
(34% versus 7%) for those patients who developed post-AKI.
However, it has been pointed out that AKI in most of these
patients was probably not due to contrast material but other
comorbid and iatrogenic risk factors [5, 38].

Most available evidence on the outcome of postcontrast
AKI relates to intra-arterial CM administration for cardiac
catheterization or other angiographic procedures. In a retro-
spective study of patients with preexisting renal insufficiency
undergoing percutaneous coronary interventions (PCIs),
Gruberg and colleagues found a significantly increased risk
of in-hospital mortality (15% versus 5%) for those patients
who had a≥25% increase in serum creatininewithin 48 hours
following coronary procedures compared to those who did
not [42]. A similarly striking increase in in-hospital mortality
(21-22 versus 1–1.4%) in patients developing postcontrast AKI
after PCI has been found in other studies [39, 40]. The
incidence of AKI requiring dialysis after PCI is <1% in most
published cohorts [29, 32, 39, 41]. In this small subgroup of
patients, however, an even higher in-hospital mortality of 23–
36% has been demonstrated [32, 39, 41, 42].

An adverse prognostic value of postcontrast AKI has
also been demonstrated for longer-term mortality [38]. In

patients without preexisting chronic kidney disease, 1 year
cumulative mortality has been shown to be 8% and 3% in
patients who did and did not develop postcontrast AKI after
percutaneous coronary interventions, respectively [43]. In
patients with preexisting renal disease, 1 year cumulative
mortality increased from7% to 23% if patients developedAKI
after PCI. Similar results for the adverse effect of postcontrast
AKI on 1 year mortality have been found in other study
cohorts [39, 42]. One year mortality rates as high as 55%
have been reported in patients who developed AKI requiring
dialysis after PCI [41].

In summary, the literature has consistently demonstrated
that patients who develop postcontrast AKI after catheteri-
zation procedures have a significantly higher risk of dying
during the hospital stay and the next year. However, this
finding must be interpreted with caution since it is derived
from observational studies in which most postcontrast AKI
patients had comorbidities that not only increase their risk
of developing postcontrast AKI but also directly increase
mortality. The association between postcontrast AKI and
mortality, therefore, does not prove a causal relationship [38].

In contrast to intra-arterial CM for cardiac catheteriza-
tion or other angiographic procedures, the risk of adverse
outcome from postcontrast AKI is likely lower for intra-
venously administered CM. In an analysis of six prospective
studies including >1,000 total patients undergoing contrast-
enhanced CT with an overall postcontrast AKI rate of
5.1%, there was no case of dialysis or death resulting from
postcontrast AKI [5].

5. Conclusions

In conclusion, the risk of AKI from CM, in particular
when administered intravenously for contrast-enhanced CT,
has been exaggerated by older, noncontrolled studies. More
recent evidence from controlled studies suggests that the risk
is likely nonexistent in patients with normal renal function,
but there may be a risk in patients with renal insufficiency.
However, even in this patient population, the risk of CI-
AKI is probably much smaller than traditionally assumed.
Since volume expansion is the only preventive strategy with
a convincing evidence base [44], liberal hydration should
be encouraged to minimize the risk for all patients, both
with and without impaired renal function. Even though
there is conflicting data, we believe it is still prudent to be
more cautious in patients with significant renal impairment
(a baseline creatinine of >2.0mg/dL and/or an eGFR of
<30mL/min/1.73m2).The benefits of diagnostic information
gained from contrast-enhanced examinations will still need
to be balanced with the potential risk of CI-AKI for the
individual patient and clinical scenario.
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Contrast-induced acute kidney injury (CI-AKI) is the most common iatrogenic cause of acute kidney injury after intravenous
contrast media administration. In general, the incidence of CI-AKI is low in patients with normal renal function. However, the rate
is remarkably elevated in patients with preexisting chronic kidney disease, diabetes mellitus, old age, high volume of contrast agent,
congestive heart failure, hypotension, anemia, use of nephrotoxic drug, and volume depletion. Consequently, CI-AKI particularly
in high risk patients contributes to extended hospitalizations and increases long-termmorbidity andmortality.The pathogenesis of
CI-AKI involves at least three mechanisms; contrast agents induce renal vasoconstriction, increase of oxygen free radicals through
oxidative stress, and direct tubular toxicity. Several strategies to prevent CI-AKI have been evaluated in experimental studies and
clinical trials. At present, intravascular volume expansion with either isotonic saline or sodium bicarbonate solutions has provided
more consistent positive results and was recommended in the prevention of CI-AKI. However, the proportion of patients with risk
still develops CI-AKI. This review critically evaluated the current evidence for pharmacological strategies to prevent CI-AKI in
patients with a risk of developing CI-AKI.

1. Introduction

Contrast-induced acute kidney injury (CI-AKI) is the most
common iatrogenic cause of acute kidney injury (AKI)
after intravenous contrast media administration, with an
incidence occurring from 1 to 25% [1–4]. CI-AKI has been
defined as the acute deterioration of renal function after
contrast media administration in the absence of other causes
[5]. Unfortunately, the definition of CI-AKI has not been
reliable in the literature, which makes the data comparison
fromvarious complex studies. In general, CI-AKIwas defined
as an increase in serum creatinine (SCr) concentration of
0.5mg/dL or 25% above baseline within 48 h after contrast
administration [6–10]. Impairment of renal function in CI-
AKI occurs within 3 days after intravenous contrast media
administration, while the peak of SCr is observed at 3 to 5
days and returns to the baseline value within 1 to 3 weeks
[11, 12]. The incidence of CI-AKI is low (1 to 2%) in patients
with normal renal function [1] but increases as high as 25%

in high risk patients especially with chronic kidney disease
(CKD) or diabetes mellitus with CKD [2, 13]. In addition, old
age, higher volume of contrast agent used, congestive heart
failure, hypotension, anemia, use of nephrotoxic drug, and
volume depletion have been associated with increased risk of
CI-AKI [14–16]. Consequently, CI-AKI, particularly in high
risk patients, contributes to extended hospitalizations and
increases long-term morbidity and mortality [17–19].

Development of CI-AKI involves at least three comple-
mentary pathophysiological processes. First, contrast agents
induce renal vasoconstriction, accompanied by shunting of
blood flow from the medulla to the cortex, a consequence of
reducing renal blood flow to themedulla which is followed by
renal medulla ischemia [20]. Second, hypoxia can promote
further ischemic renal injury by the increase of oxygen free
radicals through oxidative stress [21]. Organ injury occurs
when tissue hypoperfusion generates reactive oxygen species
(ROS) that exceed the patient’s antioxidant reserves [22].
Finally, contrast agent is direct tubular toxicity, leading to
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mitochondrial dysfunction, generation of ROS, and program
cell death [6, 22, 23].

In fact, there is no effective therapy once AKI has
turned on. Thus, preventive approach should be the best
option for all patients with risk to avoid CI-AKI. Several
strategies to prevent CI-AKI have been tested in animal
models and clinical trials. The rationale for the prevention of
CI-AKI by periprocedural intravascular volume expansion is
through blocking its two complementary pathophysiological
processes [24]. First, expansion of the intravascular space is
thought to blunt the vasoconstrictive effect of contrast on
the renal medulla. Second, intravascular fluids are believed to
attenuate the direct toxic effect of contrast agents on tubular
epithelial cells. Hence, intravascular volume expansion with
isotonic saline and using of iso-osmolar contrast agents
have provided more consistent positive results and were
recommended in the prevention of CI-AKI [25, 26].However,
the proportion of patients with risk still develops CI-AKI.

Several pharmacologic agents have been evaluated for
the prevention of CI-AKI. The mechanisms of pharmacolog-
ical prophylaxis for CI-AKI include vasodilator; antioxidant
agents have been implicated in the pathogenesis of CI-AKI.
This review discusses the current pharmacological strategies
to prevent CI-AKI in patients with the risk of developing CI-
AKI.

2. Pharmacological Strategies to
Prevent CI-AKI

2.1. Intravascular Volume Expansion for CI-AKI Prevention.
The intravascular volume expansion was believed to pre-
vent the adverse effect of contrast media administration
by 2 distinct mechanisms: (1) reducing the vasoconstrictive
effect of contrast media on renal medulla by suppression
of vasopressin secretion, inhibition of renin-angiotensin-
aldosterone system, and increase of prostaglandin synthesis,
and (2) attenuating the direct toxic effect of contrastmedia on
renal tubular epithelial cells by decreasing proximal tubular
salt and water reabsorption which results in diluting the
intratubular fluid and reducing the intratubular viscosity
[24]. In animal model, the sodium-replete dogs had less
magnitude and duration of vasoconstrictive response after
contrast media administration than sodium-deplete dogs
[27]. A reduction of glomerular filtration rate, renal plasma
flow, and alteration of the antioxidant enzyme activity
after contrast media administration occurred only in water-
depleted rats but not in water-replete rats [28, 29].

The first clinical trial for intravascular volume expansion
to prevent CI-AKI was presented in 1994. Solomon et al. [30]
randomized 78 patients with CKD who underwent coronary
angiography to receive intravenous 0.45% saline alone, for
12 h before and 12 h after the procedure, or in a combination
with mannitol or furosemide. The incidence of CI-AKI
occurred 11% in 0.45% saline group, 28% in 0.45% saline plus
mannitol group, and 40% in 0.45% saline plus furosemide
group (𝑃 = 0.02 for the comparison with the 0.45%
saline group). However, the efficacy of intravenous volume
expansion to prevent CI-AKI was inconclusive because there

was no control or nonsaline infusion group in this study. In
addition, the most suitable route of fluid administration and
the type of fluid was doubtful.

2.2. Oral Fluid versus Intravenous Fluid for CI-AKI Prophy-
laxis. There are several trials studied on the effects of route of
fluid administration on CI-AKI prophylaxis. Taylor et al. [31]
randomized 36 patients with CKD who underwent cardiac
catheterization to receive intravenous 0.45% saline at a rate
of 75mL/h for 12 h before and 12 h after the procedure or oral
hydration at a rate of 1,000mL over 10 h before the procedure
plus intravenous 0.45% saline at a rate of 300mL/h beginning
just before and 6 h after the procedure. The incidences of
CI-AKI were not different between intravenous alone and
intravenous plus oral fluid group, 6 and 11%, respectively.
Trivedi et al. [32] randomized the patients who underwent
nonemergency cardiac catheterization to receive intravenous
0.9% saline at a rate of 1mL/kg/h for 12 h before and 12 h after
the procedure or unrestricted oral fluid.The incidences of CI-
AKI were significantly higher in intravenous fluid group than
in unrestricted oral fluid group, 3.7 and 34.6%, respectively
(𝑃 = 0.005). Dussol et al. [33] randomized 312 patients
with CKD who underwent various radiological procedures
which required contrast media into 4 groups to receive (1)
oral NaCl 1 g per 10 Kg for 2 days before the procedure,
(2) intravenous 0.9% saline at a rate of 15mL/kg/h for 6 h
before the procedure, (3) intravenous 0.9% saline at a rate
of 15mL/kg/h for 6 h before the procedure plus theophylline
5mg/kg 1 h before the procedure, or (4) intravenous 0.9%
saline at a rate of 15mL/kg/h for 6 h before the procedure
plus furosemide 3mg/kg after the procedure. The incidences
of CI-AKI were not significantly different between the 4
groups: 6.6, 5.2, 7.5, and 15.2% in groups 1 to 4, respectively.
Cho et al. [34] randomized 91 patients with CKD who
underwent cardiac catheterization into 4 groups to receive
(1) intravenous 0.9% saline 3mL/kg over 1 h just before
and at a rate of 1mL/kg/h for 6 h after the procedure, (2)
intravenous isotonic NaHCO

3
3mL/kg over 1 h just before

and at a rate of 1mL/kg/h for 6 h after the procedure, (3) oral
water 500mL in 2 h which begin 4 h before and 600mL after
the procedure, (4) oral water 500mL in 2 h which begin 4 h
before the procedure with oral NaHCO

3
46.4mEq 20min

before the procedure, and (5) 600mL of oral water after
the procedure with oral NaHCO

3
30.4mEq at 2 and 4 h

after the initial dose. The incidences of CI-AKI were not
significantly different between the 4 groups: 22, 10, 5, and 5%
in groups 1 to 4, respectively. According to these conflicting
results, the appropriate route of fluid administration remains
inconclusive.

2.3. Isotonic Fluid versus Hypotonic Fluid for CI-AKI Pro-
phylaxis. Mueller et al. [25] conducted a study to compare
the efficacy of intravenous 0.45% NaCl and 0.9% NaCl for
CI-AKI prophylaxis. 1,620 patients who underwent coronary
angiographywere randomized to receive 0.9% saline or 0.45%
saline plus 5% glucose at a rate of 1mL/kg/h beginning
at 8AM on the day of procedure until 8 AM on the next
morning. The incidences of CI-AKI were significantly lower
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in isotonic saline group than in half-isotonic saline group:
0.7 and 2.0%, respectively (𝑃 = 0.04). On subgroup analysis,
the patients with diabetes received radiocontrast ≥ 250mL
and particularly female patients had benefit from the isotonic
fluid therapy.

2.4. Sodium Chloride versus Sodium Bicarbonate for CI-AKI
Prophylaxis. The administration of intravenous fluid that
contains sodium bicarbonate can cause an alkalinization
of the intratubular fluid and result in reduction of injuri-
ous hydroxyl radicals, which, theoretically, might be more
beneficial than sodium chloride fluid therapy in CI-AKI
prophylaxis. Merten et al. [35] randomized 119 patients with
SCr ≥ 1.1mg/dL who underwent radiographic procedure
requiring contrast media to receive isotonic saline or sodium
bicarbonate at a similar rate of 3mL/kg/h for 1 h before and
1mL/hg/h for 6 h after the procedure. The incidences of CI-
AKI were significantly higher in sodium chloride group than
in sodium bicarbonate group: 13.6 and 1.7%, respectively (𝑃 =
0.02). Briguori et al. randomized 366 patients with CKD
who underwent coronary and/or peripheral angiography into
3 groups to receive intravenous (1) 0.9% saline with NAC,
(2) sodium bicarbonate with NAC, and (3) 0.9% saline with
ascorbic acid and NAC. The incidences of CI-AKI were
significantly lower in sodium bicarbonate with NAC group:
9.9, 1.9, and 10.3% in groups 1 to 3, respectively (𝑃 =
0.019). Recio-Mayoral et al. [36] randomized 111 patients with
acute coronary syndrome who underwent emergency percu-
taneous coronary intervention to receive sodium bicarbonate
with NAC or 0.9% saline with NAC. The incidences of CI-
AKI were significantly lower in sodium bicarbonate with
NAC than in 0.9% saline with NAC group: 1.8 and 21.8%,
respectively (𝑃 < 0.001).

2.5. Meta-Analysis Comparing the Efficacy of Sodium Chloride
with Sodium Bicarbonate for CI-AKI Prophylaxis. Data from
several meta-analyses of the efficacy of sodium chloride
versus sodium bicarbonate for CI-AKI prophylaxis are sum-
marized in Table 1. Six out of six meta-analyses [37–42]
demonstrated that volume expansion therapy with sodium
bicarbonate is superior to sodium chloride in preventing
CI-AKI. However, the efficacy of sodium bicarbonate and
sodium chloride was not significantly different in meta-
analyses from 14 unpublished studies by Zoungas et al. [41]
(RR = 0.78, 95% confidence interval 0.52–1.17; 𝑃 = 0.05). The
inconsistent data between published and unpublished studies
should be cautiously considered in the use of this treatment
for CI-AKI prophylaxis until more reliable evidence from
large-scale clinical studies is available.

In summary, although the most efficacious route for
volume expansion in CI-AKI prophylaxis remains debatable,
the intravenous route is more reliable for fluid delivery
to the patients. Thus, we suggested using the intravenous
route if it is available for CI-AKI prophylaxis. The CI-
AKI prevention with isotonic saline is more effective than
hypotonic saline. And according to the available data, the
volume expansion with saline is at least as effective as sodium
bicarbonate for CI-AKI prophylaxis. Thus, we suggested

using intravenous/isotonic saline or sodium bicarbonate for
volume expansion in CI-AKI prophylaxis depending on the
patient’s condition.

2.6. N-Acetylcysteine (NAC) for CI-AKI Prevention. The pos-
sible role of reactive oxygen radicals in the pathogenesis of
CI-AKI led to the evaluation of NAC as an antioxidant. The
antioxidant effect of NAC relates to both direct free radical
scavenging activity and capability to enhance glutathione
synthesis [43]. In experimental study, the administration of
contrast media results in augmentation of lipid peroxidation
marker, reduction of glomerular filtration rate (GFR), and
deterioration of tubular structures. In contrast, pretreatment
of animals with antioxidants diminishes the hazardous effect
of contrast media, including NAC that attenuates the adverse
renal effect from contrast media [28, 44–46].

The clinical trials comparing NAC and placebo for pro-
phylaxis of CI-AKI after angiography are shown in Table 2.
The first clinical trial for NAC in the prevention of CI-
AKI was reported by Tepel et al. [47] in 2000. In this
prospective study, 83 patients with CKD who underwent
computed tomography (CT)with intravenous contrastmedia
were randomized to receive 600mg of oral NAC or placebo
twice daily for 2 days. All patients received intravenous 0.45%
NaCl at a rate of 1mL/kgBW/h for 12 h before and 12 h after
administration of the contrastmedia.TheCI-AKI occurred in
2% of the NAC group compared to 21% in the placebo group
(𝑃 = 0.01). In 2002, Shyu et al. [48] prospectively randomized
121 patients with CKD who underwent a coronary procedure
with standard intravascular volume expansion protocol to
receive oral NAC or placebo. The CI-AKI occurred in 3.3%
in the NAC group, and 24.6% in placebo group (𝑃 < 0.001).
Similarly, the prospective study published by Kay et al. [49]
in 2003 demonstrated a significantly lower incidence of CI-
AKI in the patients with CKD undergoing elective coronary
intervention who receive oral NAC (4%), compared to the
placebo group (12%) (𝑃 = 0.03).

In contrast, several studies failed to demonstrate the
benefit of NAC in the prevention of CI-AKI. Webb et
al. [50] prospectively randomized 487 CKD patients who
underwent cardiac catheterization to receive a single dose
of intravenous NAC 500mg or placebo within 1 h before
the administration of contrast media. All patients received
200mL of intravenous 0.9% NaCl before the procedure,
followed by 1.5mL/kgBW/h for 6 h or until discharge. The
incidences of CI-AKI in both groups were similar: 23.3% and
20.7% inNAC and placebo groups, respectively (𝑃 = 0.57). In
2011, the largest trial of NAC for the prevention of CI-AKIwas
published by ACT investigators [3]. The 2,308 patients with
one or more risk factors for CI-AKI undergoing coronary or
peripheral arterial angiography were randomized to receive 4
doses of 600mg oral NAC or placebo twice daily. All patients
received 0.9% NaCl at a rate of 1mL/kgBW/h from 6 to 12 h
before and 6 to 12 h after procedure.The incidences of CI-AKI
were similar, 12.7% in both groups (𝑃 = 1.00).

2.7. Systematic Review and Meta-Analysis of the Efficacy
of NAC for CI-AKI Prophylaxis. Data from several meta-
analyses of the efficacy of NAC for CI-AKI prophylaxis are
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Table 1: Meta-analysis comparing the efficacy of sodium bicarbonate and sodium chloride for contrast-induced AKI prophylaxis.

References Number of patients Number of trials RR 95% CI
𝑃 value

Authors Year Low High
Hogan et al. [38] 2008 1,307 7 0.37 0.18 0.714 0.005
Kanbay et al. [39] 2009 2,448 17 0.54 0.36 0.83 ND
Navaneethan et al. [40] 2009 1,652 12 0.46 0.26 0.82 0.008
Zoungas et al. [41] 2009
(i) Published studies 1,846 9 0.43 0.25 0.75 0.02
(ii) Unpublished studies 1,717 14 0.78 0.52 1.17 0.05
Kunadian et al. [42] 2011 1,734 7 0.33 0.16 0.69 0.003
Jang et al. [37] 2012 3,609 19 0.56 0.36 0.86 0.008

summarized in Table 3. To date, at least nine out of the
16 meta-analyses have showed beneficial of NAC treatment
effect in reducing the incidence of CI-AKI compared to
placebo [51–59]. However, disparate results are shown in the
remaining studies [3, 60–65]. Various factors may contribute
to these inconsistent efficacies ofNAC inCI-AKI prophylaxis,
including definition of CI-AKI, baseline risk factors, timing
and route of NAC administration, dosage of NAC, amount
and type of intravenous hydration protocols, volume, type,
and route of administration of contrast media, type of
performed procedures, andmethodological characteristics of
trials. In 2008, Kelly et al. [58] conducted ameta-analysis that
included 41 studies with a sample size of 3,393 patients. Their
results suggested that oral or IV NAC significantly lowered
the risk of CI-AKIwhen comparedwith intravascular volume
expansion with saline alone (relative risk (RR): 0.62, 95% CI:
0.44–0.88). In 2011, ACT investigators [3] encompassed 46
randomized controlled trials comparingNACwith placebo in
patients undergoing cardiac or peripheral angiography. The
investigators showed thatNACdoes not reduce the risk of CI-
AKI or other clinically relevant outcomes in at risk patients
(RR: 1.00, 95% CI: 0.81–1.25; 𝑃 = 0.97).

In summary, the data regarding the efficacy of NAC in
CI-AKI prophylaxis remain controversial. However, due to
very low toxicity, low cost, and potential benefit of NAC, this
medication remains commonly used for the prophylaxis of
CI-AKI. We recommend the use of oral NAC at a dose of
600mg twice daily on the day before and day of the procedure
to patients at risk of CI-AKI.

2.8. Statins for CI-AKI Prevention. Statins also have the
pleiotropic effect, as an anti-inflammatory effect and antiox-
idant, besides the main inhibitory effect on hydroxymethyl-
glutaryl coenzyme A reductase. In vitro, statins exerted the
production of heme oxygenase-1 protein, interfered with
NADPH oxidase activity, diminished adhesion molecule
expression, and reduced the free radical formation [66–
68]. Pretreatment of rats with statin appeared to attenuate
the SCr level elevation and lessened the unfavorable histo-
logical findings in ischemic reperfusion injury model [68,
69]. Moreover, statin could attenuate CI-AKI in rat model

throughmodulation of oxidative stress and proinflammatory
cytokines [70].

The clinical trials comparing efficacy of statins and
placebo for prophylaxis of CI-AKI after contrast media
administration are shown in Table 4. In 2004, Attallah et al.
[71] retrospectively reviewed 1,002 medical records of the
patients who started statin in hospital before the cardiac
catheterization compared to those who were not adminis-
tered statin. The baseline characteristics, SCr, GFR, amount
of intravenous fluid, and contrast were similar in both groups.
The postcatheterization SCr was significantly better in the
statin group (𝑃 < 0.001). The percentages of patients with
CI-AKI were 17.2 and 22.3% in the statin and no statin
groups, respectively (𝑃 = 0.028). Khanal et al. [72] published
their retrospective study of 29,409 patients undergoing per-
cutaneous coronary intervention who received preprocedure
statin and those who did not. The incidences of CI-AKI were
4.37 versus 5.93 (𝑃 < 0.0001), and those of nephropathy
requiring dialysis were 0.32 versus 0.49 (𝑃 = 0.03) in the
patients who received statin and those who did not. In 2009,
Xinwei et al. [73] performed the prospective randomized
study to test whether the dosage of statins affects the efficacy
of CI-AKI prophylaxis. The 284 patients with acute coronary
syndrome undergoing coronary angiography were random-
ized 1 : 1 ratio into simvastatin 20mg or 80mg group. All
patients were hydrated with intravenous 0.9% NaCl at a rate
of 1mL/kgBW/h for 6 to 12 h before and 12 h after coronary
angiography. The incidence of CI-AKI was significantly less
in simvastatin 80mg group compared to 20mg group: 5.3
versus 15.7%, respectively. This study showed the importance
of statins dosage in the efficacy to prevent CI-AKI.

The prospective, randomized, placebo-controlled trial for
determining the efficacy of statins in CI-AKI prevention was
performed by Jo et al. [74] in 2008. A total of 3,080 patients
who underwent coronary catheterization were randomized
to receive simvastatin 40mg or placebo every 12 h for 2 days
before the administration of contrast media. All patients
were hydrated with intravenous 0.45% NaCl at a rate of
1mL/kgBW/h for 12 h before and after the procedure. The
incidences of CI-AKI in both groups were similar: 2.5 and
3.4% in simvastatin and placebo groups, respectively. Several
studies were performed using other statin, atorvastatin, to
evaluate effect on CI-AKI prophylaxis. These studies have
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Table 3: Systematic review and meta-analysis comparing the efficacy of N-acetylcysteine and placebo for contrast-induced AKI prophylaxis.

References Number of patients Number of trials RR 95% CI
𝑃 value

Authors Year Low High
Birck et al. [51] 2003 805 7 0.435 0.215 0.879 0.02
Isenbarger et al. [52] 2003 805 7 0.37 0.16 0.84 ND
Alonso et al. [53] 2004 885 8 0.41 0.22 0.79 0.007
Bagshaw and Ghali [54] 2004 1,261 14 0.54 0.32 0.91 0.02
Pannu et al. [55] 2004 1,776 15 0.65 0.43 1.0 0.049
Duong et al. [56] 2005 1,584 14 0.57 0.37 0.84 0.01
Liu et al. [57] 2005 1,028 9 0.43 0.24 0.75 ND
Kelly et al. [58] 2008 6,379 41 0.62 0.44 0.88 ND
Kwok et al. [59] 2013 15,976 7 0.65 0.48 0.88 ND
Kshirsagar et al. [60] 2004 1,538 16 ND ND ND ND
Mirsa et al. [61] 2004 ND 27 ND ND ND NS
Nallamothu et al. [62] 2004 2,195 21 0.73 0.52 1.0 0.08
Zagler et al. [63] 2006 1,892 13 0.68 0.46 1.02 0.06
Gonzales et al. [64] 2007 2,476 22 0.87 0.68 1.12 0.28
ACT Investigators [3] 2011 1,000 5 1.05 0.73 1.53 ND
Sun et al. [65] 2013 1,916 10 0.68 0.46 1.02 0.06
95% CI: 95% confidence interval; ND: no available data; NS: nonsignificant; RR: relative risk.

produced conflicting results [75–78]. Recently, there were
2 randomized controlled trials to determine the efficacy of
rosuvastatin in CI-AKI prevention. First, Han et al. [79]
randomized 2,998 patients with type 2 DM and CKD who
were undergoing coronary or peripheral angiography to
receive rosuvastatin 10mg for 2 days before and 3 days after
intervention or standard of care. The incidences of CI-AKI
were significantly different: 2.3 and 3.9% in rosuvastatin and
control groups, respectively (𝑃 = 0.01). Leoncini et al. [80]
compared the incidence of CI-AKI in 504 patients with non-
ST elevated acute coronary syndrome undergoing coronary
angiogram who receive rosuvastatin or no statin treatment
on the admission. The incidence of CI-AKI was significantly
lower in rosuvastatin group than in control group: 6.7 and
15.1%, respectively (𝑃 = 0.003).

2.9. Systematic Review and Meta-Analysis of the Efficacy of
Statin for CI-AKI Prophylaxis. Zhang et al. [81] performed
a meta-analysis of published randomized clinical trials to
determine the efficacy of short-term administration of high-
dose statin compared to placebo among patients undergoing
catheterization in preventing CI-AKI. From 8 clinical trials
including 1,423 patients, the study showed that high-dose
statin treatment could decrease the incidence of CI-AKI (RR:
0.51, 𝑃 = 0.001). However, the subgroup analysis showed
that the incidence of CI-AKI was not different in the patients
with preexisting renal impairment (RR: 0.9, 𝑃 = 0.73). In
contrast, the meta-analysis by Zhou et al. [82] including 5
trials with a total of 1,009 patients revealed that short-term,
high-dose statin treatment lowered the incidence of AKI in
patients with CKD stage 4 and stage 5 in 3 clinical trials,
but not in patients with CKD stage 1 to stage 3 in 2 clinical
trials. Zhang et al. [83] performed a systematic review and
meta-analysis to determine the efficacy of long-term statin

pretreatment to prevent the CI-AKI. Among 6 cohort studies,
the chronic statin therapy pretreatment had a protective effect
against CI-AKI. In contrast, from 6 randomized controlled
trials with a total of 1,194 patients, the short-term, high-
dose statin pretreatment had anonsignificant protective effect
against CI-AKI (RR 0.7, 95% CI: 0.48–1.02).

In summary, the current data regarding the efficacy of
statins in CI-AKI prophylaxis are inconclusive. There is not
enough evidence to support the use of statins in radiology
patients. In the future, large well-designed studies are needed
to address the efficacy of statins and their long-term clinical
outcomes.

2.10. Ascorbic Acid (Vitamin C) for CI-AKI Prevention. Due
to the antioxidant properties of ascorbic acid, the efficacy of
ascorbic acid in the prevention of oxidative stress-associated
diseases has been extensively studied. In animal model,
vitaminCwas able to attenuate the pathological process in the
postischemic oxidative injuries and gentamicin and cisplatin
induced nephrotoxicities [84–86]. In addition, ascorbic acid
protected the kidney in CI-AKI rat model against oxidant
stress by an antioxidant property [87].

The details of the clinical trials were summarized in
Table 5. Spargias et al. [88] prospectively randomized 231
patients who were undergoing coronary angiography to
receive oral ascorbic acid 3 g 2 h before and 2 g in the
night and in the morning after the procedure or placebo.
All patients were hydrated with 0.9% NaCl at a rate of
50–125mL/h from randomization to at least 6 h after the
procedure. The incidences of CI-AKI were 9 and 20% in the
ascorbic acid and placebo groups, respectively (𝑃 = 0.02).

However, the prospective, randomized clinical trials by
Boscheri et al. [89], Jo et al. [90], and Zhou and Chen [91]
showed the negative results of ascorbic acid in preventing
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the CI-AKI. Recently, Brueck et al. [92] prospectively ran-
domized 520 patients who were undergoing CAG into 3
groups to receive (1) ascorbic acid 500mg 24 h and 1 h before
procedure, (2) NAC 600mg 24 h and 1 h before procedure,
and (3) placebo. All patients received intravenous 0.9% NaCl
at a rate of 1mL/kgBW/h from 12 h before to 12 h after the
procedure. The incidences of CI-AKI were not significantly
different. Due to the conflicting results of ascorbic acid in
preventing CI-AKI in at risk patients, the use of ascorbic acid
for CI-AKI prophylaxis is deniable.

2.11. Tocopherol (Vitamin E) for CI-AKI Prevention. Toco-
pherol has been widely studied on its antioxidant property
[84, 86], while using this agent for CI-AKI prophylaxis might
be theoretically possible. A recent experimental study by
Kongkham et al. on alpha tocopherol showed the renopro-
tective effect on the CI-AKI rat model by attenuating renal
damage through antioxidant capacity.

The clinical trials on efficacy of using tocopherol for
CI-AKI prophylaxis are summarized in Table 6. The first
clinical trial in 2009 of Tasanarong et al. [93] randomized
103 patients who were undergoing coronary angiography
to receive oral alpha tocopherol 525 IU once daily for 2
days before and on the day of procedure or placebo. All
patients received intravenous 0.9% NaCl 1mL/kgBW/h for
12 h before and 12 h after the angiography. Compared to
placebo group, the incidence of CI-AKI was significantly
lower in tocopherol group: 5.88 versus 23.08% (𝑃 = 0.02).
In 2013, Tasanarong et al. [94] published a larger trial
which enrolled 305 patients to ensure the positivity of the
results. The patients who were undergoing elective coronary
angiography were prospectively randomized into 3 groups
to receive (1) alpha tocopherol 350mg per day, (2) gamma
tocopherol 300mg per day, or (3) placebo. The prescribed
regimen was initiated 5 days before and continued for 2 days
after the angiography. All patients received intravenous 0.9%
NaCl at a rate of 1mL/kgBW/h for 12 h before and 12 h after
the angiography.The incidences of CI-AKIwere lower in both
groups of patients who receive tocopherol treatment: 4.9, 5.9,
and 14.9%, respectively (𝑃 = 0.02).

In contrast, a smaller study by Kitzler et al. [95] showed
a negative result. Thirty patients who were undergoing
computed tomography with nonionic contrast media were
randomized to receive oral 1200mg of NAC, 540mg of
tocopherol emulsion, or placebo. All patients were hydrated
with 0.45%NaCl at a rate of 1mL/kgBW/h for 12 h before and
12 h after the procedure. No patient developed CI-AKI in this
study.

Although the positive results of studies make vitamin E
become an interesting option for CI-AKI prophylaxis, the
sparse studies and inconsistent results cause a reluctance in
using it. In the future, large well-designed studies are needed
to prove the efficacy of these tocopherols in preventing CI-
AKI.

2.12. Dopamine for CI-AKI Prevention. The vasoconstrictor
effect of contrast media might play an important role in
pathogenesis of CI-AKI. The benefit of dopamine might

reduce the risk of CI-AKI by causing renal vasodilation and
increasing renal blood flow. In animal model, administration
of contrast media resulted in suppression of prostacyclin
production, diminishing the renal blood flow, augmentation
ofmedullary hypoxic injury, and histological changes at thick
ascending limb ofHenle’s loop [96, 97].The effect of low-dose
dopamine infusion, called renal dose, is believed to cause
renal artery vasodilatation. In human, intravenous infusion
of dopamine was associated with an increase in renal blood
flow in patients with heart failure [98]. These pharmacolog-
ical properties might be beneficial in the prevention of CI-
AKI.

The clinical trials of dopamine use forCI-AKI prophylaxis
are summarized in Table 7. Kapoor et al. [99] randomized
40 patients who were undergoing coronary angiography to
receive intravenous low-dose dopamine infusion or nothing.
The rising in SCr and development of CI-AKI did not occur
in any patient who received dopamine infusion. The study
by Hans et al. [100] also showed a favorable outcome in
the patients who received a dopamine infusion prior to
peripheral angiography compared to placebo.

On the other hand, the studies by Abizaid et al. [101]
and Stevens et al. [102] failed to demonstrate the benefit of
dopamine infusion before the contrast media administration.
Moreover, Abizaid et al. [101] showed that the patients who
developed CI-AKI and received low-dose dopamine had a
higher peak SCr, prolonged course of AKI, and prolonged
length of hospital stays than patients who received saline
alone. As a result of limited and inconsistent evidence of
dopamine for CI-AKI prophylaxis and possibility of adverse
outcome in patients who received dopamine treatment, the
dopamine treatment for CI-AKI prophylaxis remains unde-
sirable.

2.13. Fenoldopam for CI-AKI Prevention. Fenoldopam is a
selective dopamine A1 receptor agonist and hypothetically
increases renal blood flow in a similar manner to dopamine.
This effect might be beneficial in the prevention of CI-AKI.

The clinical trials of fenoldopam use for CI-AKI prophy-
laxis are summarized in Table 8. In the first clinical trial [103],
the patients were randomized to receive 0.45% NaCl alone
or with fenoldopam or NAC. The incidences of CI-AKI were
similar: 15.3, 15.7, and 17.7%, respectively (𝑃 = 0.919). Stone
et al. [104] conducted a larger prospective trial comparing
patients who received fenoldopam in conjunctionwith 0.45%
NaCl or 0.45% NaCl alone. There was no difference in
CI-AKI incidence: 33.6 versus 30.1%, respectively (𝑃 =
0.61). Ng et al. [105] compared the patients who received
intravascular volume expansion protocol with fenoldopam
or NAC. There was no difference in the incidence of CI-
AKI: 20% versus 11.4%, respectively (𝑃 = 0.4). Moreover, the
administration of fenoldopam resulted in decrease in blood
pressure and increase in heart rate [104] which might be
potentially harmful to the patients. In summary, all available
evidence showed the negative results and undesirable side
effect. Hence, the prophylactic use of fenoldopam for CI-AKI
is disagreeable.
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2.14. Theophylline for CI-AKI Prevention. In general, adeno-
sine is an intrarenal vasoconstrictor and a mediator of
the tubuloglomerular feedback mechanism. Theophylline,
an adenosine antagonist, was logical to evaluate for risk
reduction in CI-AKI. In animal model, the administration of
contrast media resulted in an increased excretion of endoge-
nous adenosine. Theophylline is an adenosine antagonist
which might theoretically improve the renal hemodynamic
in patients who receive contrast media. In experimental
study, the decline of renal blood flow after contrast media
administration was attenuated by theophylline [106].

The clinical trials of theophylline use for CI-AKI prophy-
laxis are summarized in Table 9. Two randomized studies by
Huber et al. [107, 108] in 2002 and 2003 for evaluation the
efficacy of theophylline versus placebo gave positive results.
The incidence of CI-AKI was lower in the patients who
receive theophylline. The more recent randomized studies
also compared the efficacy of theophylline with saline, NAC
with saline, and saline alone [109–112]. The incidence of CI-
AKI was lower in theophylline group compared to saline
group. Moreover, these studies showed comparable [109, 111]
or even more preferable [110, 112] results of theophylline than
NAC. However, Abizaid et al. [101] randomized 60 patients
into 3 groups: (1) aminophylline with saline, (2) saline alone,
and (3) dopamine with saline.The incidences of CI-AKI were
similar: 35, 30, and 30%, respectively (𝑃 = 0.6). However, the
requirement of RRT was slightly higher among the patients
who received aminophylline with saline compared to others:
5 versus 0%.

Ix et al. [113] performed a meta-analysis including 7 trials
with 480 patients and showed that mean change of SCr was
lower in theophylline and aminophylline pretreatment group
(𝑃 = 0.004). In 2012, Dai et al. [114] conducted a meta-
analysis to determine the efficacy of theophylline in CI-AKI
prevention. Sixteen trials with 1,412 patients were included.
The study showed that theophylline significantly reduced the
risk of CI-AKI (RR: 0.48, 95% CI: 0.26–0.89; 𝑃 = 0.02).
In contrast, Bagshaw and Ghali [115] published systematic
review and meta-analysis and showed that pretreatment
with theophylline had a trend toward reduction in CI-AKI
incidence (RR: 0.40, 95% CI: 0.14–1.16; 𝑃 = 0.09). Meta-
analysis by Kelly et al. [58] with 531 patients from 6 trials
showed a nonsignificant protective trend of theophylline for
CI-AKI prevention (RR: 0.49, 95% CI: 0.23–1.06).

Due to inconsistent efficacy of theophylline across stud-
ies, the use of theophylline for CI-AKI prevention is not
suggested.

2.15. Nebivolol for CI-AKI Prevention. Nebivolol is a 𝛽
1

receptor antagonist which has vasodilatory and antioxidant
effect [116, 117]. After contrast media administration, the
pretreated rats with nebivolol had less oxidative stress marker
and histological abnormalities compared to those without
nebivolol pretreatment [118].

Table 10 shows the details of clinical trials of nebivolol for
CI-AKI prophylaxis. In 2011, Avci et al. [119] prospectively
randomized 90 patients undergoing coronary angiogram to
receive nebivolol 5mg once daily with saline or metoprolol

50mg once daily with saline. The incidence of CI-AKI was
significantly lower in nebivolol group: 24 versus 33% (𝑃 =
0.039), respectively. Günebakmaz et al. [120] randomized 120
patients who were undergoing coronary angiography into 3
groups: (1) nebivolol 5mg once daily with saline, (2) saline
alone, and (3) NAC with saline. The incidence of CI-AKI
was numerically lower in nebivolol group: 20, 27.5, and 22.5%
(𝑃 = 0.72), respectively. In behalf of scanty studies in human,
the use of nebivolol for CI-AKI prophylaxis is discouraged.

2.16. Atrial Natriuretic Peptide for CI-AKI Prevention. Atrial
natriuretic peptide (ANP) is a potent endogenous natriuretic
compound produced by cardiac myocytes in right atrium.
In rat model, ANP infusion results in augmentation of
glomerular filtration rate predominantly by a hemodynamic
mechanism [121]. ANP treatment showed to ameliorate
ischemic AKI in rat [122] and prevent CI-AKI in heart failure
induced dogs [123].

Kurnik et al. [124] randomized 247 patients with
CKD who were undergoing radiographic procedures which
required contrast media administration to receive intra-
venous 0.45% saline for 12 h before and after the procedure
or a combination of saline and one among three different
rates of ANP infusion (0.01𝜇g/kg/min, 0.05𝜇g/kg/min, or
0.1 𝜇g/kg/min) for 30min before and continuing for 30min
after the procedure. The incidences of CI-AKI were not
different between 4 groups of patients. Morikawa et al. [125]
randomized 254 patients with CKD who were undergoing
coronary angiography to receive either ANP intravenous
infusion at a rate of 0.042𝜇g/kg/min or intravenous ringer
solution alone at a rate of 1.3mL/kg/h before and after the
administration of contrast media. The incidences of CI-
AKI were significantly lower in the ANP treatment group
than in control group: 3.2 and 11.7%, respectively (𝑃 =
0.015). At 1 month, the incidences of an increase in SCr of
≥25% or ≥0.5mg/dL from baseline were also significantly
lower in ANP-treated group than in the control group: 2.4
and 12.5%, respectively (𝑃 = 0.006). Due to sparse in
number of evidences and inconsistent efficacies of ANP
across the studies, the use of ANP for CI-AKI prevention is
not indicative.

2.17. Prostaglandins for CI-AKI Prevention. Prostaglandins
(PG) arise from enzymatic metabolism of arachidonic acid,
which appeared in various parts of the kidney and had
an effect on controlling renal blood flow and glomerular
filtration rate [126]. In animal model, the vasodilatory effect
of PG had an important role in maintaining blood flow to
the poorly oxygenated region of the kidney [127], which
directly counteracts the renal vasoconstrictive effect after
the contrast media administration. Besides, an inhibition of
PG synthesis in rats appeared to aggravate the renal injury
from contrast media administration [16]. The infusion of PG
had protective effects on renal function in either ischemia-
reperfusion injury or contrast media administration model
[128–130].

Gurkowski et al. [131] randomized 125 patients who
were undergoing a radiologic contrast procedure to receive
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misoprostol, a synthetic PGE
1
analogue, 200mg 4 times a

day for 3 days before and 2 days after the procedure or
a placebo. Misoprostol treatment showed to significantly
attenuate the reduction of creatinine clearance. Spargias et al.
[132] randomized 208 patients with CKD who were under-
going coronary angiography to receive iloprost, a synthetic
analogue of PGI

2
, 1 ng/kg/min for 30–90 minutes before and

4 h after the procedure or placebo. The incidences of CI-AKI
were lower in iloprost group than in control group: 8 and 22%,
respectively (𝑃 = 0.005). Despite the positive results of the
studies using PG analogue for CI-AKI prophylaxis, the sparse
number of studies causes a reluctance in using it. Further
studies are needed to prove the efficacy of PG analogue for
CI-AKI prophylaxis.

3. Conclusion

CI-AKI is a common condition that is associated with
increased morbidity and mortality, particularly in high risk
patients. Volume expansion and treatment of dehydration
are established interventions in the prevention of CI-AKI.
Oral volume expansion has demonstrated some benefit, but
there is not enough evidence to show that it is as effective as
intravenous volume expansion. However, only intravascular
volume expansion with isotonic saline solution or sodium
bicarbonate is regarded as the only effective therapy and is
recommended in the prevention of CI-AKI depending on
the patient’s volume status assessment. For isotonic saline
administration, most studies suggest that 0.9% saline should
be started at a rate ≥ 1–1.5mL/kg/h 3–12 h before and 6–12 h
after contrast media exposure. Instead of sodium bicarbonate
administration,most studies suggest that sodiumbicarbonate
should be started at a rate of 3mL/kg/h 1 h before and
1mL/kg/h 6 h after contrast media exposure.

There are varieties of pharmacological interventions for
CI-AKI prophylaxis that has been developed in many experi-
mental studies and clinical trials. Based on the evidence tables
and even taking the most recent study, there are no currently
approved pharmacologic agents for the prevention of CI-AKI.
Overall evidence of NAC is not consistent or overwhelming,
but oral NAC has a low risk of adverse events and usually a
low cost.We suggest using oral NAC combinedwith standard
intravenous volume expansion in patients with increased risk
of CI-AKI. Recent clinical trials for early high-dose or short-
term statin demonstrated the benefit for preventing CI-AKI.
In the future, large, well-designed, and adequately powered
randomized clinical trials are urgently needed to study
this important issue. Other agents, theophylline, nebivolol,
prostaglandin, ANP, dopamine, and fenoldopam, showed
some benefit reports, but the majority of evidence showed
conflicting results and some therapies were even harmful.
In addition, the novel pharmacological strategies such as
ascorbic acid and tocopherol are required to prove their
benefit in preventing CI-AKI in the future.

Future approaches include large plan excellent clinical
trials of oral or intravenous antioxidants, vasodilators, or
novel pharmacologic agents combined with intravenous vol-
ume expansion to decrease the incidence of CI-AKI. Newer
criteria for early diagnosis of CI-AKI by rising SCr, changing

urine output, and/or novel biomarker need to be developed
and used to be the standard criteria for general practices.
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Iodinated contrastmedia (CM) can induce acute kidney injury (AKI). CMshare common iodine-related cytotoxic features but differ
considerably with regard to osmolality and viscosity. Meta-analyses of clinical trials generally failed to reveal renal safety differences
ofmodernCMwith regard to these physicochemical properties.Whilemost trials’ reliance on serumcreatinine as outcomemeasure
contributes to this lack of clinical evidence, it largely relies on the nature of prospective clinical trials: effective prophylaxis by ample
hydration must be employed. In everyday life, patients are often not well hydrated; here we lack clinical data. However, preclinical
studies that directly measured glomerular filtration rate, intrarenal perfusion and oxygenation, and various markers of AKI have
shown that the viscosity of CM is of vast importance. In the renal tubules, CM become enriched, as water is reabsorbed, but CM
are not. In consequence, tubular fluid viscosity increases exponentially. This hinders glomerular filtration and tubular flow and,
thereby, prolongs intrarenal retention of cytotoxic CM. Renal cells become injured, which triggers hypoperfusion and hypoxia,
finally leading to AKI. Comparisons between modern CM reveal that moderately elevated osmolality has a renoprotective effect,
in particular, in the dehydrated state, because it prevents excessive tubular fluid viscosity.

1. Introduction

Iodinated X-ray contrast media (CM) are widely used in
diagnostic and therapeutic procedures such as percutaneous
cardiac and arterial interventions and contrast-enhanced
computed tomography. In general, today’s CM are very well
tolerated. However, CM can cause acute kidney injury (AKI),
in particular, patients with preexisting renal impairment,
endothelial dysfunction, and/or diabetes and patients who
are not sufficiently prehydrated are at risk. As the num-
bers of diagnostic and therapeutic procedures are steadily
increasing, CM-induced AKI (CIAKI) has become the third
leading cause for iatrogenic AKI. Fortunately, CIAKI is
a transient disorder in the majority of patients, however,
CIAKI can also have severe consequences: Patients with
CIAKI suffer from an increased rate of in-hospital com-
plications including an increased mortality rate and may
become predisposed to long-term loss of kidney function
[1–6].

All classes of CM share certain properties relevant for
CIAKI such as some cytotoxicity. However, they vary con-
siderably with regard to osmolality and viscosity, and there
is a standing debate on which of these physicochemical
properties determines renal safety. One reason for this uncer-
tainty is the lack of a clinical marker for AKI that would be
both reliable and practicable. Meanwhile, preclinical studies
have helped fill in gaps. In particular, animal experiments
have been instrumental in elucidating the pathophysiological
mechanisms that rely on CM viscosity and osmolality. The
optimum physicochemical properties of CM to avoid CIAKI
will be the focus of this review.

2. Why Preclinical Studies Could Answer
Questions That Clinical Trials Could Not

CIAKI is broadly defined as a decrease in glomerular filtra-
tion rate (GFR) within 2 to 3 days following the intravascular

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 358136, 15 pages
http://dx.doi.org/10.1155/2014/358136

http://dx.doi.org/10.1155/2014/358136


2 BioMed Research International

administration of CM in the absence of an alternative
aetiology [7–9]. For several reasons, this definition is not an
ideal one [7–11]. A decrease in GFR can per se not attest to
kidney injury; it rather indicates that one partial function of
the kidney, namely, filtration, is disturbed. Second, in clinical
practice, CIAKI is diagnosed by an increase in the surrogate
marker for GFR, serum creatinine (SCrea), because direct
measurements of GFR by clearance methods require tedious
urine collection. Unfortunately, SCrea is a poor marker of
GFR: its sensitivity is very low with regard to both the degree
and the time course of GFR changes. Due to the exponential
relationship between SCrea and GFR, SCrea is very insen-
sitive in patients with preexisting normal GFR [3, 7, 10, 12].
Day-to-day variations in SCrea observed in patients in whom
no cause for rapid GFR changes could be identified indicate
that SCrea is also insensitive at reduced preexisting GFR [13,
14]. Moreover, due to the kinetics of creatinine distribution
among the body fluid compartments, SCrea is notoriously
insensitive to rapid GFR changes such as the immediate
GFR drop induced by CM: creatinine accumulationmay take
days, before SCrea increase fulfils diagnostic criteria [7, 10–
12, 15, 16]. Reflecting these drawbacks, CIAKI is currently
diagnosed when a certain absolute (e.g., 44 or 88 𝜇mol/L) or
relative (e.g., 25 or 50%) increase in SCrea is observed within
48 or 72 hours after CM, whereby the optimum margins are
still under debate [3, 8–11].This diagnostic delay poses severe
problems with regard to clinical practice, the most obvious
being that CIAKI will often go undetected in outpatients [17].

Besides the consequences for patient care, the poor
performance of SCrea to reflect changes in GFR has greatly
hampered advances in knowledge. The vast majority of
clinical trials have been relying on SCrea as the sole end point.
Often, the incidence of CIAKI cannot be compared among
trials because of the different absolute or percentage margins
in SCrea increase and/or the different timing and frequency
of post-CM SCrea measurements (e.g., 24 versus 72 hours)
[8, 10, 18–21]. Thus, there is general agreement that many
important questions, for example, regarding the incidence
of CIAKI following contrast-enhanced CT, regarding specific
prophylactic strategies or comparisons among CM, are not
yet answered unequivocally, because clinical trials, with few
exceptions, relied on SCrea as outcome measure [7, 10,
17, 21–28]. Utilization of robust outcome measures such as
requirement of dialysis and, if their reliability is convincingly
proven, of new serum and urinary markers of renal injury
will certainly improve the power of evidence in future clinical
trials [11, 29, 30].

Animal studies that made use of clearance methods to
directly measure GFR and that assessed various direct and
indirect markers of renal injury and functions helped fill in
gaps. Thus, experiments run under highly standardised con-
ditions provided direct comparisons between classes of CM
and between specific prophylactic strategies. Moreover, in
vitro and in vivo studies elucidated pathophysiological mech-
anisms of CIAKI so that it became possible in recent years
to shape a quite uniform scheme of CIAKI pathophysiology
[7]. Mechanisms underlying CIAKI include cytotoxic effects,
paracrine factors that affect renal hemodynamics, altered
rheological properties that perturb renal hemodynamics

and tubulodynamics, and tissue hypoxia. These mechanisms
act in concert, yet the individual mechanisms’ importance
varies with the classes of CM used, with the subject’s
hydration/volume status, and—in patients—with the degree
of preexisting individual risk factors [7]. One factor that
has a major impact on tubulodynamics is fluid viscosity.
Fluid viscosity is a measure of the fluid’s resistance to flow
due to friction between neighboring parcels that are moved
at different velocities. In the context of CM, the dynamic
viscosity (usually given in millipascal second (mPa s)) and
the kinematic viscosity (usually given in square millimetre
per second (mm2/s)) are most relevant. A fluid’s kinematic
viscosity (which is typically measured by Ubbelohde-type
viscometers that make use of gravity to move the fluid within
a tube) is converted to its dynamic viscosity by dividing it by
the fluid’s density. The classes of CM vary considerably with
regard to viscosity andosmolality, and both high viscosity and
high osmolality have been implicated to play pivotal roles in
the pathophysiology of CIAKI.

3. Why the Current Labelling of CM Classes
Relies on Their Osmolalities

CM for intravascular use are tri-iodinated benzene deriva-
tives. Because their radio-opacity relies on iodine, solutions
with high iodine concentration (usually 250–400mg I/mL
solution) are required.This is achieved by highmolar concen-
trations of benzene derivatives. The molar concentration of
the CM solution is a major determinant of both its osmolality
and its viscosity. However, whereas the osmolality of a given
CM solution increases only linearly with the molar concen-
tration, viscosity increases exponentially [31]. The pioneer
class of CM comprised solutions of monomers (iothalamate,
diatrizoate) at high molar concentrations. These compounds
are ionic, which additionally increase the solutions’ osmo-
lalities, so that their osmolalities are exceedingly high (∼
1000–2500mosmol/kgH

2
O) as compared to blood plasma (∼

290mosmol/kgH
2
O) [32].This class of CMwas termed high-

osmolar CM (HOCM) and was found to be associated with a
considerable risk for CIAKI [1, 32, 33]. As a consequence, CM
with lower osmolalities were developed: By forming either
ionic dimers (ioxaglate) or nonionic monomers (iopromide,
iopamidol, iohexol, ioversol, iomeprol, etc.); osmolalities of
∼400–800mosmol/kg H

2
O were achieved [32]. Although

their osmolalities are actually still higher than these of
plasma, these compounds are referred to as low-osmolar CM
(LOCM). The realisation that LOCM were associated with
a marked lower CIAKI incidence than HOCM, particularly
in at-risk patients, had two consequences [32, 33]. First,
HOCM are virtually no longer in clinical use in Western
Europe and the USA. Second, the next goal in CM devel-
opment seemed obvious: further reduction in osmolality. By
creating nonionic dimeric compounds (iodixanol, iotrolan,
and iosimenol), iso-osmolar CM (IOCM) were developed
[32, 33]. Pure IOCM solutions are actually hypoosmolar;
electrolytes are added to the clinically used solution to reach
plasma osmolality [34].The low osmolality achieved with the
IOCM came at the price of considerably increased viscosity.
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At comparable iodine concentration and, thus, comparable
X-ray attenuation, nonionic dimer IOCM have about twice
the viscosity of nonionic monomer LOCM [32, 35]. The
higher viscosity of nonionic dimer IOCM probably relies on
number of the compounds’ features including the molecules’
shape and the flexibility of the bridge between the two
benzene nuclei that may lead to their superposition [36–38].
It must be noted, however, that viscosities of all CM classes
are markedly higher than those of plasma, ranging from 2.5-
fold in HOCM to 11fold in IOCM [32]. Both physicochemical
properties of CM, osmolality, and viscosity have majors
impact on CM handling in the renal tubules and, thus, their
potential to harm.

4. Why CM Become Concentrated in
the Kidney

CM administered intravascularly are considerably diluted
before they reach the kidney, and more so upon intravenous
administration such as for contrast-enhanced CT than upon
intraarterial administration such as for renovasography and
left ventriculography.The different degree of dilution may be
a main reason behind the apparent i.v. versus i.a. difference
in CIAKI incidence [26–28]. CM dilution en route to the
kidney, of course, reduces their viscosity and osmolality
(see schematic Figure 1 for factors/mechanisms that influence
tubular fluid viscosity following CM administration). Like all
other osmolytes small enough to pass the renal glomerular
filter, CM are freely filtered so that their concentration in
primary urine equals that of the blood plasma entering
the kidney. Whereas a multitude of other small osmolytes
are reabsorbed by specific tubular transport mechanisms,
there are no such transporters for CM. Because the vast
majority of the filtered water is reabsorbed along the length
of the tubule and CM are not, CM become considerably
concentrated en route through the tubules. This results in
a progressive increase in tubular fluid osmolality and, due
to the exponential concentration-viscosity relationship, an
overproportional increase in tubular fluid viscosity. Water
reabsorption along the tubules is driven by osmotic gradients
between the tubules’ lumen and renal interstitial fluid. The
renal medulla is unique in that its osmolality is higher than
that of all other tissues. In humans, osmotic pressure achieves
up to 600mosmol/kg H

2
O in the outer medulla; in the

inner medulla and, thus, also in the long loops of Henle
and the inner medullary collecting ducts, it reaches up to
1200mosmol/kg H

2
O.

The quantitative effects of osmotic forces comparable to
those present in the different renal layers on water reabsorp-
tion and, thus, on the concentrating of CM have recently
been illustrated by an in vitro dialysis study (Figure 2(a)) [34].
Six CM solutions as marketed/formulated for clinical use
were studied: four LOCM and two IOCM; with comparable
iodine concentrations, the viscosities of the IOCM solutions
are about twice those of LOCM solutions. Dialysis of the
solutions at ambient osmotic pressure of 290mosmol/kgH

2
O

(i.e., isoosmotic to plasma) resulted in a decrease in the
iodine concentration of LOCM but not IOCM solutions,

Tubular fluid
viscosity

CM dilution
en route to
the kidney Extrarenal

factors

Renal tubular
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CM properties
CM viscosity

Dehydration/
volume contraction

Tubular water reabsorption

Tubular load of 
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angiotensin II

+ +

+

+

+−

Figure 1: Simplified scheme summarizing major factors/mecha-
nisms that influence tubular fluid viscosity following CM adminis-
tration. For detailed explanations see text.

as can be expected from the net water inflow into the
solutions that is driven by the LOCM solutions’ higher
osmolalities. With increasing ambient osmotic pressures,
water is progressively extracted from the solutions such
that the iodine concentrations progressively increase. The
iodine concentrations of IOCM exceeded those of LOCM on
each osmotic pressure step. At ambient osmotic pressures of
1000mosmol/kgH

2
O (i.e., comparable to the innermedulla),

iodine concentrations of LOCM solutions were somewhat
higher than in the marketed solutions, yet iodine concentra-
tions of IOCM solutions were doubled as compared to their
marketed solutions. Owing to the exponential concentration-
viscosity relationship, this was accompanied by an increase
in the viscosity of LOCM solutions, yet the viscosity increase
of IOCM solutions was several times larger; in fact, it by
far exceeded the measuring range of the used viscometer
(Figure 2(b)) [34].

5. Why the Hydration Status Impacts on
Tubular Fluid Viscosity

In line with these in vitro observations, in vivo studies that
directly compared urine viscosities following LOCM versus
IOCM administration in dogs and rats clearly demonstrated
larger increases in urine viscosities following IOCM [34, 39–
46]. This was also confirmed by a small series of patients
[44]. In all these studies, the subjects were well hydrated
and presumably euvolaemic due to ample administration
of fluids. It does not therefore surprise that, in absolute
terms, the increases in urine viscosity were rather small.
The degree of tubular water reabsorption depends on a
subject’s hydration and volume status (Figure 1). In subjects
that are notwell hydrated and/or hypovolaemic, physiological
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Figure 2: Changes of concentration and viscosity of solutions of six different contrast media (four LOCM depicted in blue: iopromide 300,
iohexol 300, ioversol 300, and iomeprol 300; two IOCM depicted in red: iodixanol 320 and iosimenol 350) caused by in vitro dialysis to
emulate the renal tubular concentration process. Iodine concentration (a) and viscosity (b) of the respective contrast agent solutions as
marketed/formulated for clinical use (marked as CA) and after dialysis with PEG solutions with osmolalities of 290, 400, 500, 700, and
1000mosm/kg H

2
O. Data are mean ± SEM. Please note that the viscosity of both IOCM solutions after the dialysis at 700 and 1000mosm/kg

H
2
O was so high that it even exceeded the upper measurement limit of the viscometer. Redrawn from data in [34].

mechanisms that aim atwater and/or volumepreservation are
triggered, in particular, activation of the renin-angiotensin
system and of vasopressin [47–49]. Angiotensin II and vaso-
pressin augment tubular fluid reabsorption, which further
increases the tubular concentration of CM and, due to
the concentration-viscosity relationship, overproportionally
increases urine viscosity. Accordingly, dehydration and/or
volume contraction are major individual risk factors for
CIAKI; hence the strong recommendation of prehydration
that is embodied in clinical guidelines [8, 9].

It must be noted that terms such as “volume status,”
“well hydrated,” and “euvolaemia” are generally used in a
qualitative rather than a quantitative sense. Moreover, terms
like “hydration,” “dehydrated,” and so forth are used through-
out the literature on CIAKI including current guidelines
without a clear distinction whether water or volume (isotonic
fluid) is meant [1–9]. For instance, the term “dehydration,”
in its strict sense, denotes a deficit of water with an ensuing
increase in osmolality (hypertonic dehydration) but is often
used as a synonym for a deficit in isotonic volume (volume
contraction). The imprecise use of these terms may reflect
the fact that a quantitative assessment of a patient’s volume
status is not easily achieved in clinical practice, particularly in
outpatients and, as long as the patient does not display clinical
signs of a marked volume deficit, is seldom performed. In
addition, large portions of patients who undergo CM-related
interventions are at old age and therefore prune to suffer from
(hypertonic) dehydration due to impaired sensation of thirst
[2, 50]. Current guidelines recommend “hydration” either by
isotonic NaCl or sodium bicarbonate, by hypotonic 0.45%
NaCl solution or by water per os, without requiring prior

quantitative assessment of the patient’s hydration and volume
status [8, 9]. However, irrespective of whether hydration is
achieved by isotonic or hypotonic fluid, or just by water per
os, the patients’ kidneys will benefit from increased tubular
flow.

Despite the guidelines’ strong recommendations, a con-
siderable portion of patients in everyday clinical practice is,
for various reasons, not sufficiently hydrated [24, 51]. For
ethical reasons, prospective clinical trials can, of course, only
be performed according to protocols that include ample fluid
administration. In order to fill in the gap in knowledge,
freely drinking rats were studied that concentrated their
urine to an extent comparable to nonhydrated humans [39].
As shown by Figure 3(a), injection of the IOCM, iodixanol
320mg I/mL, into the thoracic aorta led to a massive increase
in urine viscosity, whereas following the LOCM, iopromide
370mg I/mL, urine viscosity was only moderately elevated.
Micropuncture studies in rats and functional MRI studies
in rats also found tubular fluid viscosity to be much higher
following IOCM than LOCM [43, 52].

6. Why CM Osmolality Impacts on
Tubular Fluid Viscosity

The large difference observed between urine viscosities fol-
lowing iodixanol versus iopromide (Figure 3(a)) cannot be
explained by the viscosity of the CM solutions alone, for
which the difference is much less (∼10 versus ∼7mm2/s).
Here, the difference in CM osmolalities plays a major role.
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Figure 3: Viscosity of urine samples, urine flow rate, and glomerular filtration rate (GFR; measured by creatinine clearance) in rats before
(control) and following contrast media administration (six 10min sampling periods). Iopromide 370mg I/per mL or iodixanol 320 mg I/mL
was injected into the thoracic aorta as a bolus of 1.5mL. Rats had access to drinking water prior to the experiment but were not hydrated by
infusions. Data are mean ± SEM. ∗𝑃 < 0.05 iopromide versus iodixanol. In all sample periods after contrast media injection, urine viscosities
and urine flow rates were significantly higher than in the respective control sample. In rats receiving iodixanol, GFR was significantly lower
than control GFR 10 to 40min after iodixanol injection, whereas GFR remained unchanged in rats receiving iopromide. Note that GFR values
for the first period following contrast media injection are not depicted, as high creatinine clearance values obtained for this period do not
represent actual increases in GFR but rely on the dead-space effect. Redrawn from data in [39].

The more nonreabsorbable osmolytes the tubular fluid con-
tains the smaller is the osmotic gradient between the tubules’
lumen and the interstitium that drives water reabsoption.
Therefore, nonreabsorbable CM all induce osmotic diuresis,
but to different degrees: the higher the osmolality of a given
CM the stronger is its diuretic effect (Figure 1). Thus, the
LOCM, iopromide, generates much more diuresis than the
IOCM, iodixanol, and does, thereby, prevent amajor increase
in urine viscosity even in animals that are not well hydrated
(Figure 3(b)) [39].

The tubular osmotic force of iopromide is much greater
than that of iodixanol for two reasons. First, the osmolality
of the iopromide 370mg I/mL solution is more than twice
as high as that of the iodixanol 320mg I/mL solution (770
versus 290mosmol/kg H

2
O). Second, because solutions of

pure iodixanol drug substance with 320mg I/mL are hypo-
osmolar (210mosmol/kg H

2
O), reabsorbable osmolytes are

added to the marketed solution to render it isoosmolar
[40]. As a portion of these osmolytes will be reabsorbed,
the tubular osmotic force of iodixanol is further reduced.
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In accordance, in another study in rats, a solution of
the pure iodixanol drug substance (320mg I/mL) induced
less diuresis than the marketed solution [40]. Moreover,
in this study, the effect of increasing the osmolality of
the marketed iodixanol 320mg I/mL solution by nonre-
absorbable mannitol was tested. Increasing the osmolal-
ity of iodixanol solution to 610mosmol/kg H

2
O indeed

enhanced diuresis and, thereby, decreased urine viscosity
[40]. The finding that LOCM, by virtue of their higher
osmolality, induce larger diuresis than IOCM has been
confirmed by several preclinical studies including studies
in very well-hydrated rats [34, 39, 43–46]. Taken together,
the higher osmolality of LOCM as compared to IOCM
bears the advantage of preventing excessive urine viscosity
levels.

7. Why High Tubular Fluid Viscosity Conveys
Deleterious Effects

The fluid flow rate through a tube increases with the
pressure gradient and decreases with the flow resistance.
The resistance increases proportionally to fluid viscosity;
it also increases with the tube’s length and decreases with
its radius (Poiseuille’s law). Thus, any increase in fluid
viscosity will reduce the flow rate at a given pressure gra-
dient. The ensuing congestion, in turn, will increase the
upstream pressure. Considering the minute diameter and
the relatively great length of renal tubules, it does not sur-
prise that CM-induced high tubular fluid viscosity increases
tubular pressure and may hinder glomerular filtration. In
fact, early micropuncture studies in rats found that the
IOCM, iotrolan, increased tubular pressure much more and
decreased single nephron GFR much more as compared
to the HOCM and LOCM studied [53, 54]. As shown by
Figure 3(c), following injection of the IOCM, iodixanol,
but not the LOCM, iopromide, into the thoracic aorta of
rats, a marked transient decrease in GFR is observed that
parallels the increase in urine viscosity [39]. As expected,
prehydration by saline or bicarbonate infusions blunted the
increase in tubular viscosity and, thereby, alleviated the
iodixanol-induced decreases in GFR but did not prevent it
[39, 45].

It is possible thatmechanisms other than viscosity-related
increase in tubular pressure may contribute to lower GFR:
in a recent in vitro study in isolated mouse afferent and
efferent glomerular arterioles perfused with electrolyte solu-
tions that contained diluted iodixanol, a small but significant
vasoconstriction of afferent arterioles was found [55]. As
will be discussed below, reduced blood perfusion and tissue
oxygenation, in particular, medullary hypoperfusion and
hypoxia, are pivotal pathophysiological elements in CIAKI.
Because afferent vasoconstriction does not only reduce per-
fusion and GFR but at the same time also decreases oxygen-
dependent tubular reabsorption, it is unclear whether or not
it contributes to renal injury. In any case it must be noted
that a decrease in GFR following CM administration, despite
being the basis of clinical diagnosis, is per se not proof of renal

injury. The viscosity-induced increase in tubular pressure,
however, may well contribute to medullary hypoperfusion
and hypoxia: in the face of the rather tough renal capsule,
circular distension of the tubules must result in compression
of medullary vessels such as the vasa recta [53, 56, 57].
Another effect of increased tubular fluid viscosity is that
increased flow resistance markedly slows tubular flow [44],
so that the intrarenal retention time of IOCM is much longer
than that of LOCM, as shown in rats andminipigs [35, 58, 59].
In the kidneys of renally impaired ZSF1 rats, IOCM were
even retained for 2 weeks [35]. Recent comparisons in healthy
rats among the marketed iopromide 300mg I/mL solution,
the marketed iodixanol 320mg I/mL solution and the above-
mentionedmannitol-iodixanol 320mg I/mL (610mosmol/kg
H
2
O) demonstrated that the higher the viscosity and the

lower the osmolality, the longer is the intrarenal CM reten-
tion (Figure 4) [40, 58]. As has been recognised in the
1990s already [60], prolongation of retention is in part
related to the induction of vacuoles in proximal tubu-
lar cells (Figure 4) [40, 58]. Probably the worst effect of
the viscosity-related intrarenal retention is the prolonged
exposure of tubular epithelial cells to potentially cytotoxic
CM.

In vitro studies clearly demonstrated that CM of all
classes exert cytotoxic effects: cultured cells of various types
including renal tubular epithelial and vascular endothelial
cells present signs of cell damage, oxidative stress, and/or
apoptosis when exposed to CM [61–63]. The cytotoxicity
of CM may rely on iodine that can be released from CM
by photolysis [38]. Minute amounts of free iodine may be
highly cytotoxic [64]. Recent in vivo studies in rats assessed
renal injury following i.v. CM administration by studying
renal tissue expression of several AKI biomarkers using real-
time PCR (Figure 5) [35, 40, 58]. Expressions of kidney
injury molecule 1 (KIM-1, a marker of tubular injury, mainly
proximal cells) [65] and of neutrophil gelatinase associated
lipocalin (NGAL, here a marker of tubular injury, mainly dis-
tal cells) [66, 67] were quantified 24 hours after CM injection
and those of plasminogen activator inhibitor-1 (PAI-1, here
mainly amarker of injury to collecting duct cells) [68] 2 hours
after CM injection. Whereas administration of iopromide
300mg I/mL did not change renal KIM-1 and NGAL expres-
sions, iodixanol 320mg I/mL resulted in ∼3fold upregulation
of NGAL and KIM-1. Iopromide induced a ∼2fold upregula-
tion and iodixanol a∼7.4-fold upregulation in PAI-1. Injection
of the above-mentioned iodixanol solution with mannitol-
induced elevation of osmolality markedly reduced the effects
on these AKImarkers as compared to themarketed iodixanol
solution. These results mirror the different retention times:
the higher the viscosity and the lower the osmolality, the
longer are the cells exposed to CM and the more they
are injured. The effect of viscosity-induced renal injury was
further demonstrated by histological immunofluorescence
analysis of the incorporation of bromdesoxyuridine into cells
(BrdU, a marker of cell proliferation following injury) [69]
48 hours after CM injection (Figure 6) [58]. The number
of proliferating cells increased significantly more following
iodixanol versus iopromide.
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Figure 4: Exemplary computed tomographic (CT) scans to assess renal iodine retention and exemplary histological images (hematoxylin-
eosin staining) to assess formation of vacuoles in proximal tubular cells, both taken 24 hours after injection (24 h p.i.) of either saline (a),
marketed iopromide 300mg I/mL solution (b), iodixanol 320mg I/mL solution with mannitol added to elevate the solution’s osmolality (c),
or marketed iodixanol 320mg I/mL solution (d). CM were administered intravenously at a dose of 4 g I/kg of body mass. CT scans show
predominantly cortical iodine retention 24 h p.i. for themarketed iodixanol solution, less retention following the iodixanol/mannitol solution,
and virtually none following iopromide and saline. Formation of vacuoles (arrows) in proximal tubular cells was prominent 24 h p.i. for the
marketed iodixanol solution, slightly less following the iodixanol/mannitol solution and sparse after iopromide and saline. Reprinted from
[40].

8. Why High CM Viscosity Conveys Medullary
Hypoperfusion and Hypoxia

Hypoxia in the renal medulla is a hallmark of CIAKI [1, 7,
33, 70–73]. Medullary hypoxia is part of a vicious circle that
entails cellular damage, oxidative stress, and vasoconstric-
tion. The outer medulla is especially vulnerable to hypoxia:
oxygen requirements are high due to salt reabsorption
in Henle’s thick ascending limbs, while oxygen delivery
is sparse. Oxygen supply to the medulla is low because
of the small medullary fraction of total renal blood flow
(<10%) and of arteriovenous oxygen shunt diffusion. CM
in the medulla affect the fragile balance between oxygen
delivery and consumption by several mechanisms, the main
mechanism being reduced blood perfusion [7, 33, 70–72].
Constriction of preglomerular vessels, although possibly
contributing to the CM-induced drop in GFR, has small if
any impact on medullary oxygenation: blood flow reduction
in medullary vessels that emerge from efferent arterioles is
usually accompanied by reduced solute reabsorption and,
thus, reduced oxygen consumption. Medullar hypoxia is
therefore mainly caused by CM effects on the medullary
vessels themselves, in particular, on the long and narrow vasa
recta.

At least three CM effects, possibly acting in concert,
contribute to the increase in medullary vascular resistance.
First, as mentioned above, viscosity-induced increase in
tubular pressure probably compresses the vasa recta [53, 56].
Second, CM can constrict descending vasa recta (DVR), as
DVR are lined by pericytes that are able to contract [74]. In a
series of in vitro studies in isolated DVR obtained from rats
and human beings, the effects of CM on vascular diameter
and reactivity and on endothelial generation of nitric oxide
(NO) and reactive oxygen species (ROS) were tested [75–
77]. In these studies, DVR were perfused by crystalloid
solutions that contained CM in low concentrations so that
the solutions’ osmolalities and viscosities equaled those of
plasma. CM of all classes caused similar degrees of DVR
constriction. In addition, the vasoconstrictive response to
angiotensin II was enhanced by CM. The concentration of
ROS was increased, which may rely on CM-induced damage
of endothelial cells [77, 78]. Endothelial injury may also
account for the impaired NO production by DVR observed
in these studies [75]. Under in vivo conditions, vasomotion
of DVR is subject to tubulovascular crosstalk [74]. It is thus
most probable that signals from injured tubular epithelium
contribute to DVR vasoconstriction. On the other hand, the
impaired endothelial NO generation of DVR could, at least



8 BioMed Research International

KIM-1

0

50

100

150

200

250

m
RN

A
 ex

pr
es

sio
n 

(a
.u

.)

Sa
lin

e

Io
pr

om
id

e 3
00

Io
di

xa
no

l 3
20

Io
di

xa
no

l/m
an

ni
to

l

∗

(a)

NGAL

0

500

1000

1500

m
RN

A
 ex

pr
es

sio
n 

(a
.u

.)

Sa
lin

e

Io
pr

om
id

e 3
00

Io
di

xa
no

l 3
20

Io
di

xa
no

l/m
an

ni
to

l

∗

∗

(b)

PAI-1

m
RN

A
 ex

pr
es

sio
n 

(a
.u

.)

Sa
lin

e

Io
pr

om
id

e 3
00

Io
di

xa
no

l 3
20

Io
di

xa
no

l/m
an

ni
to

l

0

100

200

300

400

500

∗

∗

∗

(c)

Figure 5: Renal tissue expression (mRNA levels as analysed by real-time PCR) of kidney injury molecule 1 (KIM-1) and of neutrophil
gelatinase associated lipocalin (NGAL) as quantified 24 hours after injection and that of plasminogen activator inhibitor-1 (PAI-1) as quantified
2 hours after injection of either saline, marketed iopromide 300mg I/mL solution, marketed iodixanol 320mg I/mL solution, or iodixanol
320mg I/mL solution with mannitol added to elevate the solution’s osmolality. CMwere administered intravenously at a dose 4 g I/kg of body
mass. Data are mean ± SEM. ∗𝑃 < 0.05 versus saline. Data taken from [35, 40, 58].

in part, be compensated for in vivo by hemoglobin-generated
NO: hemoglobin reduces nitrite to NO in hypoxic areas such
that NO and, thus, vasodilation are provided “on demand”
[79, 80].

The third CM effect that contributes to medullary hypop-
erfusion and hypoxia again relies on viscosity, namely, on
increased blood viscosity. This was demonstrated by a study
in rats that compared four solutions: the IOCM, iodixanol,
the LOCM, iopromide (both at 320mg I/mL), mannitol
solution with equal osmolality as iopromide, and dextran

500,000 solutionwith equal viscosity as iodixanol [44]. In this
study, the solutions were injected into the thoracic aorta and
local tissue perfusion and oxygen tension (pO

2
) was moni-

tored by invasive techniques, namely, laser Doppler probes
and fluorescence-quenching optodes. Only the high viscous
solutions (iodixanol and dextran) resulted in long lasting
medullary hypoperfusion and, thus, in lower medullary pO

2
.

Because dextran 500,000 is not filtered in the glomeruli,
the medullary hypoperfusion induced by this high viscous
solution cannot rely on high tubular fluid viscosity. However,
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Figure 6: Elevated proliferation rate of renal cells following CM administration as assessed by immunofluorescence analysis of the
incorporation of bromdesoxyuridine (BrdU; red staining) into proximal tubular cells (indicated by green staining of aquaporin-1; scale bar
100𝜇m).TheBrdU incorporation timewas 46hours, starting 2 h after i.v. injection of either saline (a), iopromide 300mg I/mL (b), or iodixanol
320mg I/mL solution (c); CM doses were 4 g I/kg of bodymass. Semiquantitative analysis of the BrdU-incorporated cells (d). Reprinted from
[58].

events corresponding to the tubular concentration process
take place in the DVR: as blood flows through the hypertonic
environment of the medulla, a portion of plasma water will
leave these vessels towards the hypertonic interstitium. This
will enrich CM within the vessels, thus increasing blood
viscosity. Both of the high osmolar solutionsmannitol and the
LOCM, iopromide, did not affect medullary perfusion and
pO
2
.
A recent study in rats that utilised the same monitoring

techniques corroborated the marked and prolonged (obser-
vation time 60min after CM) medullary hypoperfusion and
hypoxia following bolus injection of the IOCM, iodixanol,
into the thoracic aorta [80]. Another study that assessed
tissue perfusion by laser Doppler probes in rats directly
compared the effects of i.v. injection of the LOCM, ioxaglate,
with that of the IOCM, iodixanol: only iodixanol resulted
in significant medullary hypoperfusion [81]. A further study
in rats compared the effects of i.v. injection of the HOCM,
iothalamate, with the IOCM, iotrolan, and found that outer

medullary hypoperfusion was pronounced by iotrolan versus
iothalamate [82]. In a study in dogs, either the LOCM,
ioxaglate, or the IOCM, iodixanol, were injected into the renal
artery and local tissue perfusion and pO

2
were monitored by

laser Doppler probe and Clark-type electrodes, respectively:
both CM reduced medullary perfusion and pO

2
, yet hypop-

erfusion and hypoxia lasted significantly longer following
iodixanol than ioxaglate [42]. Using Clark-type electrodes in
rats, the IOCM, iotrolan, was found to decrease medullary
pO
2
much more than the LOCM, iopromide [83].
The invasive pO

2
-probes provide calibrated quantitative

measurements but cover only small tissue areas, which is
not optimal, because renal oxygenation displays considerable
spatial heterogeneity [84–86]. Magnetic resonance imaging
(MRI) enables spatially resolved monitoring, and blood
oxygen level-dependent (BOLD) MRI is increasingly used
to assess changes in kidney oxygenation as induced by
various interventions [85]. A recent BOLD study in rats
showed a brief transient increase followed by a decrease in
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Figure 7: Time course of alterations in renal oxygenation as estimated by blood oxygen level-dependent (BOLD)MRI for the cortex and the
medulla depicted as percentage changes (mean ± SEM) in 𝑅

2

∗ from baseline (100%, dotted lines). Increase in 𝑅
2

∗ above baseline signifies
reduced (blood) oxygenation, that is, hypoxia. Intravenous injection of either saline, iopromide 300mg I/mL, or iodixanol 320mg I/mL was
done at time 0; CM doses were 4 g I/kg of body mass. Data taken from [40].

inner and outer medullary oxygenation upon bolus injection
of the IOCM, iodixanol, into the thoracic aorta [56]. A
study in rabbits found oxygenation in the outer stripe of
the outer medulla unchanged but that in the inner stripe
decreased following i.v. injection of the LOCM, iopamidol
[87]. Direct comparisons between BOLD studies are impos-
sible because BOLD is not quantitatively calibrated and the
specific MR protocols differ considerably among studies [85,
86]. However, using a cross-over design to enable direct
intraindividual comparison, the effects of i.v. injection of the
LOCM, iopromide, versus the IOCM, iodixanol, were studied
in pigs. This BOLD study indicates that iodixanol impairs
inner medullary but not outer medullary oxygenation, while
iopromide did not impair oxygenation in both layers [88]. A
recent study in rats also compared oxygenation changes fol-
lowing iopromide versus iodixanol and foundbothmedullary
and cortical oxygenation decreased upon i.v. injection of
iodixanol but not iopromide (Figure 7) [40]. Finally, a study
in rats compared the effects of high viscosity versus high
osmolality by use of the HOCM, iothalamate, and the
IOCM, iodixanol [89]. Iodixanol dose dependently impaired
medullary oxygenation, while iothalamate did not. In order
to emulate endothelial dysfunction, which is an important
individual risk factor for CIAKI, another group of rats was
exposed to inhibition of nitric oxide and prostaglandin before
administration of CM. This pretreatment aggravated the
decrease in medullary oxygenation following iodixanol but
also rendered the rats receiving iothalamate susceptible for
impaired medullary oxygenation [89].

Taken together, the bulk of evidence from animal studies
as presented here clearly indicates that LOCM are superior
to IOCM when it comes to renal adverse effects. This is

due to both the lower viscosity and the higher osmolality
of LOCM. The latter also becomes obvious from the results
obtained with iodixanol solutions in which the osmolality
was increased by addition of mannitol. Considering these
clear-cut results, two questions immediately come to mind.

9. Why Excessive CM Osmolality May Convey
Deleterious Effects

When high CM osmolality indeed conveys beneficial effects,
why pioneer HOCM (osmolalities ∼1000–2500mosmol/kg
H
2
O) were then associated with a greater CIAKI inci-

dence in at-risk patients than LOCM (osmolalities: ∼400–
800mosmol/kg H

2
O)? Here, quantitative aspects of hyper-

osmolality play a pivotal role. Adding a hyperosmolar solu-
tion to normal tissue, of course, results in cell shrinkage, yet
the cells of the area at risk for CIAKI, the outer medulla, are
constantly exposed to osmolalities of ∼400–600mosmol/kg
H
2
O, and the cells of the inner medulla to osmolalities up

to ∼1200mosmol/kg H
2
O. Direct hyperosmolar injury of

cells can occur only if tubular fluid osmolality is in excess
of ambient medullary osmolality. Interestingly, a correlation
between CM osmolality and nephrotoxicity was observed
for CM with osmolalities >800mosmol/kg H

2
O [1, 32]. It is

thus possible that HOCM solutions >800mosmol/kg H
2
O

become concentrated in tubules to such an excessive extent.
However, to our knowledge, this has never been shown in
human beings.

A number of additional explanations have been for-
warded for the higher CIAKI incidence of HOCM versus
LOCM. Because HOCM and other high-osmolar solutions
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can cause a distinct histological pattern with vacuoliza-
tion of tubular cells (osmotic nephrosis) these alterations
were thought to rely on osmotic forces. This explanation
proved wrong: the alterations are caused by pinocytosis,
and vacuolization was found even pronounced upon IOCM
[40, 60, 90, 91]. Increased osmotic workload with ensuing
increase in tubular oxygen consumption may contribute to
HOCM-inducedmedullary hypoxia: furosemide that reduces
oxygen-dependent tubular transport alleviated iothalamate-
induced medullary hypoxia in rats [92]. This mechanism
does not seem to play a role in LOCM: furosemide did
not improve medullary pO

2
upon iopromide injection [93].

HOCM influence the shape and rigidity of erythrocytes,
making it more difficult for them to flow through the
narrow DVR, which could also contribute to medullary
hypoperfusion [94]. A video-microscopy study indicated that
HOCM, but also LOCMand IOCM,may induce the so-called
sludge effects in vasa recta [95]. Finally, it must be noted that
several studies indicate that adverse effects of HOCM may
rely on their electric charge rather than their high osmolality
[96].

10. How Preclinical Results Compare to
That of Clinical Studies

In the light of the evidence from preclinical studies it may
seem surprising that current meta-analyses of up to 36
prospective randomised controlled clinical trials conclude
that there is no significant difference in CIAKI incidence
between LOCM and IOCM [97–99]. Apart from the het-
erogeneity of the trials included in the meta-analyses and
the poor sensitivity of SCrea (the end point used in the
vast majority of trials), there is a most probable explanation:
virtually all prospective clinical trials are performed accord-
ing to protocols with ample fluid administration. Because
of the exponential concentration-viscosity relationship, even
minor dilution will greatly reduce tubular fluid viscosity. The
undesirable effects of high tubular fluid viscosity are likely to
be seen only in nonhydrated patients.

In contrast to prospective clinical trials, in everyday
clinical practice, many patients are not sufficiently hydrated
[51]. Such patients are certainly among the 57,925 patients
included in a retrospective registry study on cardiac inter-
ventions [100]. In this study, patients who received the
IOCM, iodixanol, experienced clinically relevant renal failure
including requirement of dialysis two to three times as
often as patients who received LOCM. Likewise, another
registry study in 58,957 patients found CIAKI incidence
significantly higher following the IOCM, iodixanol, versus
LOCM (as assessed by SCrea, by required dialysis, and a
higher in-hospital mortality) [101]. However, in this latter
study, iodixanol was used more frequently in older patients
with more comorbidities and worse pre-CM renal function,
and in propensity-matched models, the differences did not
reach statistical significance. It is conceivable that patients
with higher risk scores received better hydration; unfortu-
nately, the authors were unable to assess differences in fluid

administration [101]. Taken together, in patients who are
not sufficiently hydrated, LOCM probably have an advantage
over IOCM.

11. Conclusions

This review of preclinical studies clearly indicates that the
renal safety of modern CM varies dramatically with regard
to their osmolality and viscosity. High CM viscosity is a
key element in the pathophysiology of CIAKI, because the
hyperosmolar environment of the renal medulla results in
CM enrichment in both the tubules and the vasculature.
Thus, fluid viscosity increases exponentially and flow through
medullary tubules and vessels decreases. Reducing the flow
increases the contact time of cytotoxic CM with the tubular
epithelium and vascular endothelium. This triggers a vicious
circle of cell injury, medullary vasoconstriction, and hypoxia.
Moreover, glomerular filtration declines due to congestion of
highly viscous tubular fluid. The viscosities of both LOCM
and IOCM markedly exceed those of plasma, yet the higher
osmolalities of LOCM convey a renoprotective effect: by
virtue of their greater tubular osmotic force, LOCM cannot
be concentrated to the same extent as IOCM. In consequence,
tubular fluid viscosity may not exceed a critical level. It
must be pointed out, however, that the preclinical studies
reported herewere performed in healthy animals. In contrast,
clinical examinations and interventions that make use of
intravascularly applied CM, and, thus, also clinical trials on
CIAKI, of course, include patients who suffer from various
comorbidities so that none of today’s CM is without potential
clinical nephrotoxicity [102].

Conflict of Interests

Some of the authors’ studies have in part been supported
by Bayer HealthCare. This support was administered by the
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[43] J. Ueda, A. Nygren, M. Sjöquist, E. Jacobsson, H. R. Ulfendahl,
and Y. Araki, “Iodine concentrations in the rat kidney mea-
sured by x-ray microanalysis: comparison of concentrations
and viscosities in the proximal tubules and renal pelvis after
intravenous injections of contrast media,”Acta Radiologica, vol.
39, no. 1, pp. 90–95, 1998.

[44] E. Seeliger, B. Flemming, T.Wronski et al., “Viscosity of contrast
media perturbs renal hemodynamics,” Journal of the American
Society of Nephrology, vol. 18, no. 11, pp. 2912–2920, 2007.

[45] M. Ladwig, B. Flemming, E. Seeliger, L. Sargsyan, and P. B.
Persson, “Renal effects of bicarbonate versus saline infusion
for iso-and lowosmolar contrast media in rats,” Investigative
Radiology, vol. 46, no. 11, pp. 672–677, 2011.

[46] E. Seeliger, M. Ladwig, L. Sargsyan, K. Cantow, P. B. Persson,
and B. Flemming, “Proof of principle: hydration by low-
osmolar mannitol-glucose solution alleviates undesirable renal
effects of an iso-osmolar contrast medium in rats,” Investigative
Radiology, vol. 47, no. 4, pp. 240–246, 2012.

[47] T. Berl and G. L. Robertson, “Pathophysiology of water
metabolism,” in The Kidney, B. M. Brenner, Ed., pp. 866–924,
Saunders, Philadelphia, Pa, USA, 2000.

[48] H.W. Reinhardt and E. Seeliger, “Toward an integrative concept
of control of total body sodium,”News in Physiological Sciences,
vol. 15, no. 6, pp. 319–325, 2000.

[49] E. Seeliger, T. Lunenburg, M. Ladwig, and H. W. Reinhardt,
“Role of the renin-angiotensin-aldosterone system for control
of arterial blood pressure following moderate deficit in total
body sodium: balance studies in freely moving dogs,” Clinical
and Experimental Pharmacology and Physiology, vol. 37, no. 2,
pp. e43–e51, 2010.

[50] W. L. Kenney and P. Chiu, “Influence of age on thirst and fluid
intake,”Medicine and Science in Sports and Exercise, vol. 33, no.
9, pp. 1524–1532, 2001.

[51] S. D. Weisbord, M. K. Mor, A. L. Resnick et al., “Prevention,
incidence, and outcomes of contrast-induced acute kidney
injury,” Archives of Internal Medicine, vol. 168, no. 12, pp. 1325–
1332, 2008.

[52] G. Jost, D. C. Lenhard, M. A. Sieber, P. Lengsfeld, J. Hütter,
and H. Pietsch, “Changes of renal water diffusion coefficient
after application of iodinated contrast agents: effect of viscosity,”
Investigative Radiology, vol. 46, no. 12, pp. 796–800, 2011.

[53] J. Ueda, A. Nygren, P. Hansell, and H. R. Ulfendahl, “Effect
of intravenous contrast media on proximal and distal tubular
hydrostatic pressure in the rat kidney,”Acta Radiologica, vol. 34,
no. 1, pp. 83–87, 1993.

[54] J. Ueda, A. Nygren, P. Hansell, and U. Erikson, “Influence
of contrast media on single nephron glomerular filtration
rate in rat kidney: a comparison between diatrizoate, iohexol,
ioxaglate, and iotrolan,”Acta Radiologica, vol. 33, no. 6, pp. 596–
599, 1992.

[55] Z. Z. Liu, V. U. Viegas, A. Perlewitz et al., “Iodinated contrast
media differentially affect afferent and efferent arteriolar tone
and reactivity in mice: a possible explanation for reduced
glomerular filtration rate,” Radiology, vol. 265, pp. 762–771,
2012.

[56] K. Arakelyan, K. Cantow, J. Hentschel et al., “Early effects of
an x-ray contrast medium on renal T∗

2
/T
2
MRI as compared

to short-term hyperoxia, hypoxia and aortic occlusion in rats,”
Acta Physiologica, vol. 208, pp. 202–213, 2013.

[57] A. A. Khraibi and F. G. Knox, “Effect of renal decapsulation
on renal interstitial hydrostatic pressure and natriuresis,” The
American Journal of Physiology—Regulatory Integrative and
Comparative Physiology, vol. 257, no. 1, pp. R44–R48, 1989.

[58] D. C. Lenhard, H. Pietsch, M. A. Sieber et al., “The osmolality
of nonionic, iodinated contrast agents as an important factor for
renal safety,” Investigative Radiology, vol. 47, pp. 503–510, 2012.

[59] G. Jost, H. Pietsch, P. Lengsfeld, J. Hütter, andM.A. Sieber, “The
impact of the viscosity and osmolality of iodine contrast agents
on renal elimination,” Investigative Radiology, vol. 45, no. 5, pp.
255–261, 2010.

[60] M. Dobrota, C. J. Powell, E. Holtz, A. Wallin, and H. Vik,
“Biochemical and morphological effects of contrast media on
the kidney,” Acta Radiologica, vol. 399, pp. 196–203, 1995.

[61] M. C. Heinrich, M. K. Kuhlmann, A. Grgic, M. Heckmann,
B. Kramann, and M. Uder, “Cytotoxic effects of ionic high-
osmolar, nonionic monomeric, and nonionic iso-osmolar
dimeric iodinated contrastmedia on renal tubular cells in vitro,”
Radiology, vol. 235, no. 3, pp. 843–849, 2005.

[62] M. Wasaki, J. Sugimoto, and K. Shirota, “Glucose alters the
susceptibility of mesangial cells to contrast media,” Investigative
Radiology, vol. 36, no. 7, pp. 355–362, 2001.

[63] I. Hizoh and C. Haller, “Radiocontrast-induced renal tubular
cell apoptosis: hypertonic versus oxidative stress,” Investigative
Radiology, vol. 37, no. 8, pp. 428–434, 2002.

[64] N. F. Fanning, B. J. Manning, J. Buckley, and H. P. Redmond,
“Iodinated contrast media induce neutrophil apoptosis through
amitochondrial and caspase mediated pathway,” British Journal
of Radiology, vol. 75, no. 899, pp. 861–873, 2002.

[65] A. I. Lim, S. C. Tang, K. N. Lai, and J. C. Leung, “Kidney injury
molecule-1:more than just an injurymarker of tubular epithelial
cells?” Journal of Cellular Physiology, vol. 228, pp. 917–924, 2013.

[66] M. Haase, A. Haase-Fielitz, R. Bellomo, and P. R. Mertens,
“Neutrophil gelatinase-associated lipocalin as a marker of acute
renal disease,” Current Opinion in Hematology, vol. 18, no. 1, pp.
11–18, 2011.



14 BioMed Research International

[67] E. Singer, L. Marko, N. Paragas et al., “Neutrophil gelatinase-
associated lipocalin: pathophysiology and clinical applications,”
Acta Physiologica, vol. 207, pp. 663–672, 2013.

[68] H. Ha, E. Y. Oh, and H. B. Lee, “The role of plasminogen
activator inhibitor 1 in renal and cardiovascular diseases,”
Nature Reviews Nephrology, vol. 5, no. 4, pp. 203–211, 2009.

[69] B. L. Cavanagh, T. Walker, A. Norazit, and A. C. B. Meedeniya,
“Thymidine analogues for tracking DNA synthesis,”Molecules,
vol. 16, no. 9, pp. 7980–7993, 2011.

[70] P. B. Persson, P. Hansell, and P. Liss, “Pathophysiology of
contrast medium-induced nephropathy,” Kidney International,
vol. 68, no. 1, pp. 14–22, 2005.

[71] R. G. Evans, C. Ince, J. A. Joles et al., “Haemodynamic influences
on kidney oxygenation: the clinical implications of integrative
physiology,” Clinical and Experimental Pharmacology and Phys-
iology, vol. 40, pp. 106–122, 2013.

[72] S. N. Heyman, S. Rosen, M. Khamaisi, J. M. Idée, and C.
Rosenberger, “Reactive oxygen species and the pathogenesis
of radiocontrast-induced nephropathy,” Investigative Radiology,
vol. 45, no. 4, pp. 188–195, 2010.

[73] M. D. Okusa, B. L. Jaber, P. Doran et al., “Physiological
biomarkers of acute kidney injury: a conceptual approach to
improving outcomes,” Contributions to Nephrology, vol. 182, pp.
65–81, 2013.

[74] T. M. Kennedy-Lydon, C. Crawford, S. S. Wildman, and C. M.
Peppiatt-Wildman, “Renal pericytes: regulators of medullary
blood flow,” Acta Physiologica, vol. 207, pp. 212–225, 2013.

[75] M. Sendeski, A. Patzak, T. L. Pallone, C. Cao, A. E. Persson, and
P. B. Persson, “Iodixanol, constriction of medullary descending
vasa recta, and risk for contrastmedium-induced nephropathy,”
Radiology, vol. 251, no. 3, pp. 697–704, 2009.

[76] M. Sendeski, A. Patzak, and P. B. Persson, “Constriction of the
vasa recta, the vessels supplying the area at risk for acute kidney
injury, by four different iodinated contrast media, evaluating
ionic, nonionic, monomeric and dimeric agents,” Investigative
Radiology, vol. 45, no. 8, pp. 453–457, 2010.

[77] M. M. Sendeski, P. A. Bondke, Z. Z. Liu et al., “Iodinated
contrast media cause endothelial damage leading to vasocon-
striction of human and rat vasa recta,”The American Journal of
Physiology—Renal Physiology, vol. 303, pp. F1592–F1598, 2012.

[78] G. Aliev, M. E. Obrenovich, D. Seyidova et al., “X-ray contrast
media induce aortic endothelial damage, which can be pre-
vented with prior heparin treatment,” Journal of Submicroscopic
Cytology and Pathology, vol. 35, no. 3, pp. 253–266, 2003.

[79] M. T. Gladwin, “Role of the red blood cell in nitric oxide home-
ostasis and hypoxic vasodilation,” Advances in Experimental
Medicine and Biology, vol. 588, pp. 189–205, 2006.

[80] E. Seeliger, K. Cantow, K. Arakelyan, M. Ladwig, P. B. Persson,
and B. Flemming, “Low-dose nitrite alleviates early effects
of an x-ray contrast medium on renal hemodynamics and
oxygenation in rats,” Investigative Radiology, vol. 49, no. 2, pp.
70–77, 2014.

[81] E. Lancelot, J. M. Idee, V. Couturier, V. Vazin, and C. Corot,
“Influence of the viscosity of iodixanol on medullary and
cortical blood flow in the rat kidney: a potential cause of
Nephrotoxicity,” Journal of Applied Toxicology, vol. 19, pp. 341–
346, 1999.

[82] P. Liss, A. Nygren, and P. Hansell, “Hypoperfusion in the renal
outer medulla after injection of contrast media in rats,” Acta
Radiologica, vol. 40, no. 5, pp. 521–527, 1999.

[83] P. Liss, A. Nygren, U. Erikson, andH. R. Ulfendahl, “Injection of
low and iso-osmolar contrastmediumdecreases oxygen tension
in the renal medulla,” Kidney International, vol. 53, no. 3, pp.
698–702, 1998.

[84] H. J. Schurek, “Medullary hypoxia: a key to understand acute
renal failure?” Klinische Wochenschrift, vol. 66, no. 18, pp. 828–
835, 1988.

[85] A. Pohlmann, K. Cantow, J. Hentschel et al., “Linking non-
invasive parametric MRI with invasive physiological mea-
surements (MR-PHYSIOL): towards a hybrid and integrated
approach for investigation of acute kidney injury in rats,” Acta
Physiologica, vol. 207, pp. 673–689, 2012.

[86] R. G. Evans, B. S. Gardiner, D. W. Smith, and P. M. O’Connor,
“Methods for studying the physiology of kidney oxygenation,”
Clinical and Experimental Pharmacology and Physiology, vol. 35,
no. 12, pp. 1405–1412, 2008.

[87] Y. Zhang, J. Wang, X. Yang et al., “The serial effect of iodinated
contrast media on renal hemodynamics and oxygenation as
evaluated by ASL and BOLDMRI,” Contrast Media and Molec-
ular Imaging, vol. 7, pp. 418–425, 2012.

[88] S. Haneder, J. Augustin, G. Jost et al., “Impact of Iso-and low-
osmolar iodinated contrast agents on BOLD and diffusionMRI
in swine kidneys,” Investigative Radiology, vol. 47, no. 5, pp. 299–
305, 2012.

[89] L. P. Li, T. Franklin, H. Du et al., “Intrarenal oxygenation by
blood oxygenation level-dependent MRI in contrast nephropa-
thy model: effect of the viscosity and dose,” Journal of Magnetic
Resonance Imaging, vol. 36, pp. 1162–1167, 2012.

[90] M. Dickenmann, T. Oettl, and M. J. Mihatsch, “Osmotic
Nephrosis: acute kidney injury with accumulation of proximal
tubular lysosomes due to administration of exogenous solutes,”
The American Journal of Kidney Diseases, vol. 51, no. 3, pp. 491–
503, 2008.

[91] M. C. Heinrich, “Osmotic nephrosis and contrast media,” The
American Journal of Kidney Diseases, vol. 52, no. 3, p. 629, 2008.

[92] S. N. Heyman, M. Brezis, F. H. Epstein, K. Spokes, P. Silva,
and S. Rosen, “Early renal medullary hypoxic injury from
radiocontrast and indomethacin,” Kidney International, vol. 40,
no. 4, pp. 632–642, 1991.

[93] P. Liss, A. Nygren, H. R. Ulfendahl, and U. Erikson, “Effect
of furosemide or mannitol before injection of a non-ionic
contrast medium on intrarenal oxygen tension,” Advances in
Experimental Medicine and Biology, vol. 471, pp. 353–359, 1999.

[94] S. K. Morcos, P. Dawson, J. D. Pearson et al., “The haemody-
namic effects of iodinated water soluble radiographic contrast
media: a review,” European Journal of Radiology, vol. 29, no. 1,
pp. 31–46, 1998.

[95] P. Liss, A. Nygren, U. Olsson, H. R. Ulfendahl, and U. Erikson,
“Effects of contrast media and mannitol on renal medullary
blood flow and red cell aggregation in the rat kidney,” Kidney
International, vol. 49, no. 5, pp. 1268–1275, 1996.

[96] M. R. Rudnick, S. Goldfarb, L. Wexler et al., “Nephrotoxicity
of ionic and nonionic contrast media in 1196 patients: a
randomized trial,” Kidney International, vol. 47, no. 1, pp. 254–
261, 1995.

[97] M. Reed, P. Meier, U. U. Tamhane, K. B. Welch, M. Moscucci,
and H. S. Gurm, “The relative renal safety of iodixanol com-
paredwith low-osmolar contrastmedia. Ameta-analysis of ran-
domized controlled trials,” JACC Cardiovascular Interventions,
vol. 2, no. 7, pp. 645–654, 2009.



BioMed Research International 15
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The incidence of acute kidney injury induced by contrast media (CI-AKI) is the third cause of AKI in hospitalized patients.
Contrast media cause relevant alterations both in renal hemodynamics and in renal tubular cell function that lead to CI-AKI.
The vasoconstriction of intrarenal vasculature is the main hemodynamic change induced by contrast media; the vasoconstriction
is accompanied by a cascade of events leading to ischemia and reduction of glomerular filtration rate. Cytotoxicity of contrastmedia
causes apoptosis of tubular cells with consequent formation of casts and worsening of ischemia. There is an interplay between the
negative effects of contrast media on renal hemodynamics and on tubular cell function that leads to activation of renin-angiotensin
system and increased production of reactive oxygen species (ROS) within the kidney. Production of ROS intensifies cellular
hypoxia through endothelial dysfunction and alteration of mechanisms regulating tubular cells transport. The physiochemical
characteristics of contrast media play a critical role in the incidence of CI-AKI. Guidelines suggest the use of either isoosmolar
or low-osmolar contrast media rather than high-osmolar contrast media particularly in patients at increased risk of CI-AKI. Older
age, presence of atherosclerosis, congestive heart failure, chronic renal disease, nephrotoxic drugs, and diuretics may multiply the
risk of CI-AKI.

1. Background

For many decades the high osmolality of contrast media has
been regarded as the major factor responsible for acute renal
failure following radiologic procedures [1–3].

Despite the availability of newer contrast media with
lower osmolality, the incidence of contrast induced acute
kidney injury (CI-AKI) still remains disappointingly high.
Indeed, CI-AKI is the third cause of AKI that accounts
for 10–13% of cases in hospitalized patients [4–6]. The
increasing need of major interventional procedures and the
older age of patients are important contributing factors for
the high incidence of CI-AKI. Other factors that increase
the risk of CI-AKI are comorbidities such as diabetes melli-
tus, chronic kidney disease (CKD), congestive heart failure,
and atherosclerosis. There is a clinically relevant interplay
betweenCI-AKI andpresence of comorbidities; indeed,when
there are no patient-related risk factors, the incidence of CIN
is definitely lower (5%) [7]. In addition, the occurrence of
CI-AKI in patients with comorbidities further increases the

mortality risk, prolongs hospitalization stay, increases the
costs, and worsens the prognosis.

The mechanisms responsible for CI-AKI are still poorly
understood. Many of proposed pathogenic mechanisms of
CI-AKI derive from experimental models that may not be
directly translated into clinical setting [8].

In this review, the pathophysiologic mechanisms of CI-
AKI will be analyzed and therapeutic options shortly com-
mented on in the light of more recent available data.

2. Factors Responsible for
the Hemodynamic and Tubular Changes
Induced by Contrast Media

The changes occurring after administration of iodinated
agents are not only the results of the direct action of contrast
media on renal vasculature and tubular cells but also the
results of hemodynamic and toxic changes due to presence
of comorbidities such as CKD, diabetes, congestive heart
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Table 1: Patient and procedure related potential risk factors respon-
sible for contrast induced acute kidney injury.

Patient related Procedure related
Chronic kidney disease Major interventional procedures
Diabetes Routes of administration
Congestive heart failure Osmolality of contrast medium
Age > 70 years Volume of contrast medium
Hypovolemia Repeated doses of contrast medium
Nephrotoxic agents
Anti-inflammatory drugs
Atherosclerosis

failure, and/or use of diuretics, anti-inflammatory drugs, and
nephrotoxic drugs before or in concomitance with contrast
injection (Table 1). Indeed, volume depletion and low organ
perfusion with concomitant hypoxia strongly affect renal
hemodynamic and multiply the risk of CI-AKI [9–11].

2.1. Physicochemical Properties of Contrast Media. Contrast
media can be categorized according to their osmolality in
high-osmolar (approximately 1200mOsm/kg), low-osmolar
(600 to 800mOsm/kg), and isoosmolar (290mOsm/kg) con-
trast medium.

Newer contrast media with lower osmolality have been
introduced and largely used in clinical practice during the
last two decades in the effort to reduce the negative effects
of osmolality on renal hemodynamics and incidence of CI-
AKI. However, it is still debated whether there is a substantial
difference between contrast media with different osmolality
being in the literature present conflicting data. For instance,
patients with CKD undergoing coronary angiography with
the isoosmolar contrast medium iodixanol were found at
lower risk of renal toxicity compared to those in whom
the procedure was performed with the low-osmolar contrast
medium ioxaglate [12, 13]. In addition, the incidence of CI-
AKI was also significantly lower with iodixanol in those
patients with more severe renal impairment, those with con-
comitant diabetes, those who received >140mL of contrast,
those with left ventricular ejection fraction >40%, and those
aged <75 years [12]. Finally, in multivariate analysis, use of
ioxaglate was an independent risk factor for CI-AKI [12]. A
meta-analysis of pooled data from 2.727 patients indicated
that use of isoosmolar contrast medium was associated with
smaller rise in serum creatinine concentration and lower rate
of CI-AKI compared to the rise observed after different low-
osmolar contrast media [13]; better results were observed
especially in high risk patients such as those with advanced
CKD or CKD and concomitant diabetes [13]. In a post-hoc
analysis of a randomized double-blind study comparing two
contrast media (the low-osmolar iopamidol versus the isoos-
molar contrast medium iodixanol) the incidence of adverse
events was lower in patients who received the isoosmolar
contrast medium [14].

A superiority of isoosmolar contrast media compared to
low contrast media has not been confirmed by others. For
instance, the rate of CI-AKIwas not statistically different after

administration of iopamidol or iodixanol in patients with
moderate to severe CKD (eGFR 20 to 59mL/min per 1.73m2)
with or without diabetes mellitus [15]. In a meta-analysis of
23 randomized controlled studies, no significant reduction
was observed in the relative risk of CI-AKI with the use
of iodixanol compared with nonionic low-osmolar contrast
media pooled together [16]; in addition, no difference in
reducing the risk of CI-AKI was found in high-risk patients
between all studied contrast media [8–16]. In a very large
multicenter randomized study enrolling more than 50.000
patients undergoing coronary procedures performed with
either iodixanol or ioxaglate, the incidence of clinically
significant renal failure was greatest for patients receiving
the isoosmolar medium iodixanol [17]; the odds ratio of
developingCI-AKIwas significantly higher for either diabetic
patients or patients with preexisting CKD [17].

Despite the available data which are largely discrepant
and unable to demonstrate a clear superiority of one new con-
trast medium, all guidelines suggest to use either isoosmolar
or low-osmolar rather than high-osmolar contrast media
particularly in patients at increased risk of CI-AKI [10, 18, 19].

2.2. Volume of ContrastMedia and Route of Injection. Volume
of injected contrast media and route of administration are
regarded as critical factors that may be responsible for
the hemodynamic and tubular changes induced by contrast
media.

Many decades ago it was observed that the incidence
of CI-AKI was related to the volume of contrast injected
and that the adherence to a formula to limit the use of
contrast material significantly reduced the rates of CI-AKI
[20]. Indeed, prospectively applying the maximal dose limit
of 300mL to 3322 patients undergoing coronary angiography,
CI-AKI developed in only 2% of study population; CI-AKI
developed in 21% of study population when dose was above
the dose limit. Interestingly the reduction in the incidence
of CI-AKI was attained with a dose not exceeding 300mL,
despite the fact that high-osmolar contrast media were used
and the study population was represented by high risk
patients [20].

Trials evaluating head-to-head the hemodynamic effects
of intravenous and intra-arterial injection of contrast media
are scarce. Data on this issue may be collected from some
meta-analyses. The Contrast Media Safety Committee of
the European Society of Urogenital Radiology systemati-
cally reviewed the results of papers published from 1996
to April 2010 that had evaluated the incidence of CI-AKI
by individually comparing intravenous versus intra-arterial
route. The Committee stated that the risk of CI-AKI was
lower after intravenous than after intra-arterial route and
that only patients with an estimated glomerular filtration
rate less than 45mL/min/1.73m2 were at risk of CI-AKI after
intravenous administration of contrast media [21]. Potential
explanation could be the fact that in procedures requiring
the intravenous route contrast medium is diluted into blood
stream and slowly reaches the renal vasculature; in intra-
arterial procedures contrastmedium isminimally diluted and
rapidly reaches kidneys.
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Different results have been reported by another meta-
analysis that analyzed data from studies performed to eval-
uate the effects of administration routes on the renal safety
of isoosmolar iodixanol and pooled low-osmolar contrast
media [22]. Lower risk of CI-AKI was observed after intra-
arterial injection of iodixanol in patients who underwent
interventional cardiology procedures; iodixanol was not
associated with a reduction in CI-AKI with intravenous
application.

The discrepancies observed even when the same contrast
mediumwas administered suggest that interactionsmay exist
between route of administration, physicochemical properties
of contrast media, radiographic procedures, and study pop-
ulation. Patients who undergo procedures requiring intra-
arterial injection likely have more clinically relevant comor-
bidities that per se amplify the risk of AKI. Finally, patient’s
hydration status may play as confounder.

Two studies underline the important role of study popu-
lation and patients related risk factors.When intravenous (for
computed tomographic angiography) versus intra-arterial
(for digital subtraction angiography) route was compared
within the same population the incidence of CI-AKI between
the administration routes was not statistically significant [23].
In addition, no difference was found in patients who received
both intra-arterial and intravenous contrast injections within
one year after adjustment for patient-related risk factors
such as age, gender, CKD, diabetes mellitus, congestive heart
failure, hypertension, anaemia, and atrial fibrillation [24].

3. Hemodynamic Changes Induced
by Contrast Media

The factors involved in the contrast media-induced renal
vasoconstriction are reported in Figure 1.

The vasoconstriction induced by contrast media is the
results of activation of vasoconstrictive mechanisms by one
hand, and hampering or abolishing the action of vasodilating
mechanisms by the other hand. Both mechanisms are ampli-
fied in presence of CKD and/or diabetes.

After contrast media injection, renal vasculature is more
prone to vasoconstrictor stimuli, including angiotensin II,
endothelin, and serotonin, and increased sensitivity to renal
nerve stimulation [9]; in addition, vasodilator nitric oxide is
reduced, while vasoconstrictive superoxides increase [9].

The hemodynamic changes induced by iodinated agents
have been evaluated in experimental and clinical studies.

In dogs the vasoconstriction is the main factor respon-
sible for prolonged reduction of glomerular filtration rate.
Indeed, the injection of iodinated contrast media directly
into renal artery of dogs causes an initial short-lasting
vasodilatation, involving the vasculature of all organs; only
in the kidneys the initial vasodilatation is followed by a
prolonged vasoconstriction [25]. Injection of iothalamate
in the left ventricle of dogs increased cardiac output and
decreased the renal blood flow by 25%; in contrast, injection
of isoosmolar volume of mannitol in the same experimental
group increased cardiac output as well as renal blood flow.

These findings suggest that the changes in renal hemody-
namics are dependent on the characteristics of the contrast
medium [26].

In humans the hemodynamic changes are similar to
those observed in experimental studies. Renal blood flow
shortly increases after radiocontrast injection; this increase is
followed by a prolonged decrease that lasts up to 60 minutes.
The decrease of blood flow is paralleled by a decrease of
glomerular filtration rate. As for animal models, the biphasic
hemodynamic response after contrast media injection is
unique for the kidney.

The contrast media-induced vasoconstriction leads to
marked reduction of oxygendelivery.Theoutermedulla is the
portion of kidneymostly interested by reduced oxygen supply
because it is directly vasoconstricted by contrast media and it
is far from the descending vasa recta which deliver blood to it.
Furthermore, hypoxia may be also caused by reduction of red
blood cell velocity and increased red blood cell aggregation in
renal medullary vessels as it has been shown in rats. Contrast
media, namely, diatrizoate, iopromide, iohexol, and ioxaglate,
iotrolan, were given in iodine equivalent doses (1600mg/kg
bodywt). Mannitol (950mOsm/liter) and Ringer’s solution
were used as controls. The same rat vessels were studied 30
minutes before and 30 minutes after injections. All contrast
media and mannitol caused both red cell aggregation and
cessation of blood flow [27]. Reduction of red blood cell
velocity and increased red blood cell aggregation in renal
medullary have been also observed in rats treated with either
low or isoosmolar contrast media with low or high ionic
ratio (ioxaglate: ionic ratio 3.0; iopromide: nonionic ratio 3.0;
iotrolan: nonionic ratio 6.0) [28].

Medullary congestion and hypoxia activate the tubu-
loglomerular feedback mechanism and decrease GFR [29].

3.1. Mediators of Renal Vasoconstriction. Contrast media-
induced vasoconstriction has been regarded as calcium-
dependent phenomenon. Some data from experimental
and clinical studies are in keeping with this hypothesis.
Indeed, the vasoconstriction and the consequent reduction
of glomerular filtration rate were significantly attenuated
in magnitude and duration in dogs pretreated either with
calcium channel blockers (verapamil, diltiazem), or with the
calcium chelator EDTA [30]. In subjects with normal renal
function undergoing urography with high-osmolar contrast
agent diatrizoate the administration of nifedipine prevented
the reduction of glomerular filtration rate and renal plasma
flow [1, 31]. A 3-day treatment with the calcium channel
blocker nitrendipine (20mg/day, starting 1 day before X-ray
examination) in patients with close to baseline normal renal
function avoided the reduction of inulin clearance following
intravascular administration of contrast media, while control
patients showed a significant (27%) reduction in GFR on
day 2 after contrast media injection [32]. Opposite results
have been reported by other clinical studies. No significant
difference in incidence of CI-AKI was observed in CKD
patients on chronic nifedipine therapy after intravascular
injection of contrast media compared to patients not on
treatment with nifedipine [33]. Patients pretreated with



4 BioMed Research International

Contrast media

Ischemic injury

Obstruction 

by casts

Tubular damage

Interstitial 

inflammation

Tubular 

backleak
Vasoconstriction:Direct

glomerular 

effects

GFR reduction
Oliguria

↑ Renin,↑ ATII,

↑ Adenosine,↑ ADH,

↑ Dopamine,↑ ET1,

↑ Serotonin
↑ Intratubular
pressure

↓ Tubular flow

Figure 1: Cascade of events leading to contrast induced acute kidney injury.

a single 10mg dose of nifedipine had similar change in
serum creatinine concentrationwithin 48 h of contrastmedia
administration compared to no treatment group [34]. These
conflicting results may be due to heterogeneity of patients
enrolled, differences in radiological procedures, doses of
contrast media administered, baseline renal function, and
comorbidities. Likely calcium channel blockers may prevent
contrast vasoconstriction and consequent reduction of renal
blood flow and glomerular filtration rate in patients with
close to normal renal function undergoing non invasive
procedures [1, 31].

Calcium channel blockers are not among the pharmaco-
logical prevention strategies of CI-AKI suggested by recent
guidelines [18].

Contrast dependent vasoconstriction may be induced
by intrarenal renin-angiotensin system. This system is acti-
vated by both ischemia and increased sodium delivery to
distal tubule due to osmotic property of contrast media.
Intraglomerular pressure and consequently glomerular fil-
tration rate are normally regulated by afferent and efferent
arterioles tone. In presence of decreased renal blood flow,
intraglomerular pressure is maintained by vasodilation of
the afferent arteriole and vasoconstriction of the efferent
arteriole. The latter is regulated by the intrarenal renin-
angiotensin system.

The role of renin-angiotensin system in the vasocon-
strictive response to contrast medium has been evaluated

in experimental and clinical studies by using angiotensin
converting enzyme inhibitors (ACE-i).

ACE-i reduce the constriction of efferent arteriole and
increase the blood supply to medulla. Reduction of ischemia
hampers ROS formation and consequently reduces the risk of
CI-AKI [35].

High-osmolar contrast medium diatrizoate was injected
into the renal artery of sodium-deplete and sodium-replete
dogs [36]. Renal blood flow significantly decreased from
baseline in sodium-deplete and sodium-replete dogs. The
duration of the vasoconstriction phase was significantly pro-
longed in the sodium-deplete dogs. Blockade of the intrarenal
renin-angiotensin system with infusion of Saralasin did not
significantly alter the magnitude of vasoconstrictive response
but decreased the duration of the vasoconstrictive phase in
sodium-deplete animals.

Rate of CI-AKI dramatically decreased in patients treated
with captopril (25mg TID for 3 days, starting 1 h prior to
contrast administration) compared to not treated patients
[37]. In contrast, serum creatinine concentration did not
change in patients with chronic renal insufficiency treated
with ACE-i compared with not treated control group [38].
However, ACE-i may have also deleterious effects on renal
hemodynamics [39]. ACE-i increased the risk of CI-AKI
in patients with CKD undergoing coronary angiography. In
multivariable analysis ACE-i treatment was powerful risk
predictor of CI-AKI amongst well-known AKI predictors
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such as coronary artery disease, hypoalbuminemia, dia-
betes mellitus, reduced GFR, and congestive heart failure
[39].

It should be taken in account that ACE-i and angiotensin
receptor blockers decrease intraglomerular pressure by selec-
tive inhibition of angiotensin II-mediated vasoconstriction
at the efferent arteriole. Therefore, these drugs will further
decrease intraglomerular pressure in presence of reduced
renal perfusion due to volume depletion [40–43].

Because of the opposite results reported by clinical study,
recent guidelines suggest that ACE-i should not be adminis-
tered for the prevention of CI-AKI and should be withdrawn
before contrast media injection [21].

4. Renal Tubular Changes Induced by
Iodinated Agents

Besides severe changes of systemic and renal haemodynam-
ics, the infusion of contrast media has negative effects on
renal tubular cells. Mainly the proximal tubules are affected
by contrast media.

Tubular damage may be due to ischemia consequent
to vasoconstriction and/or to direct cytotoxiticy of contrast
media. There is an interplay between vasoconstriction and
direct cytotoxiticy.

Intrarenal vasoconstriction decreases glomerular filtra-
tion pressure; tubular damage leads to formation of casts that
obstruct tubuli and increases intratubular pressure; tubular
back leakage decreases tubular fluid flow.

Renal tubular changes induced by contrast media have
been evaluated in in vivo and in vitro experimental models.

In Wistar rats, the intravenous injection of two contrast
media with similar physicochemical properties iobitridol and
iohexol caused moderate to prominent alterations of lyso-
somes of the proximal convoluted tubular cells 2 hours after
injection [42]. After 48 h, the changes induced by iobitridol
had almost disappeared, whereas the iohexol group still
showed a statistically significant vacuolization. No alterations
were observed in control animals that received physiologic
saline. These findings suggest that although the general
physicochemical properties of iobitridol and iohexol appear
similar in vitro, the different lysosomal alteration might
reflect differences in their characteristics in vivo.

The cytotoxic effects of contrastmedia have been assessed
by studying both tubular cytotoxiticy and alteration of sig-
nalling molecules in cultured human renal proximal tubular
epithelial cell line. In this model osmolality of contrast
media played a crucial role in cellular survival, growth, and
proliferation. The cytotoxiticy on tubular cell was higher in
cells exposed to high-osmolar contrast compared to those
exposed to low-osmolar one. The alterations of signalling
molecules was found greater in cell incubated with high-
osmolar contrast medium [44, 45]. Using the same exper-
imental model, either low-osmolar or isoosmolar contrast
medium decreased phosphorylation process, affected iNOS
expression and induced apoptotic processes; these alterations
had deleterious effects on vasodilating mechanisms and on
cellular survival, growth, and proliferation [46].

Tubular damage by contrast media has been assessed
through urinary enzyme excretion in clinical studies. Enzy-
muria is able to detect the inception and the evolution of CI-
AKI. Lipocalin is the most studied protein in the setting of
CI-AKI being earlier marker of ischemic/toxic insults in CI-
AKI than serum creatinine. Lipocalin is highly increased and
excreted in the urine by direct activation of the transcription
factor NF𝜅B that is involved in cell apoptosis [44, 45, 47–50].

4.1. Role of Reactive Oxygen Species in Tubular Cell Apoptosis.
Reactive oxygen species (ROS) are involved in the patho-
physiology of CI-KI. Contrast media enhance hypoxia and
critically increase the production of ROS within the kidney
[20]. ROS cause tubular and vascular endothelial cell injury.
The increased oxidative stress in turn intensifies cellular
hypoxia through endothelial dysfunction and alteration of
mechanisms regulating tubular cells transport.These changes
lead to marked tubular cell apoptosis. In an in vitro study [51]
renal tubule epithelium cell line from normal rat (NRK-52E)
was exposed to either increasing concentration of ioversol
(a nonionic contrast media) or mannitol with the same
osmolality as ioversol (420mOsm kg−1); intracellular ROS
production was assessed. Ioversol induced NRK-52E cells
apoptosis in a concentration- and time-dependant manner
via an increase in oxidative stress; in contrast mannitol had
no effects. Irbesartan, a selective AT1 receptor antagonist with
demonstrated antioxidative activity, attenuated the ioversol-
induced apoptosis. These findings may suggest that pre-
vention of CI-AKI could be based either on inhibition of
ROS generation or increased ROS scavenging. Some clinical
studies support this possibility, demonstrating a protective
effect of N-acetyl cysteine by ROS scavenging or by reduced
ROS generation [47–50].

5. Conclusions

Contrastmedia are responsible for hemodynamic and tubular
changes that can cause CI-AKI. Despite the availability of
newer contrast media, the incidence of CI-AKI remains
disappointingly high. Major interventional procedures are
frequently performed in older patients who have clinically
relevant comorbidities. Avoiding all causes/factors of volume
depletion and nephrotoxic drugs administration before any
interventional radiologic procedure requiring injection of
contrast media is the main tool to prevent or reduce the risk
of CI-AKI.
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Contrast-induced nephropathy (CIN) is now one of the three leading causes of acute kidney injury in the world. A lot is known
about the risk factors of CIN, yet it remains a major cause of morbidity, end stage renal disease, prolonged hospital stay, and
increased costs as well as a high mortality. Many patients undergoing contrast-based radiological investigations are treated with
angiotensin converting inhibitors (ACE-Is) or angiotensin receptor blockers (ARBs) for their cardiac and renal benefits and their
known mortality benefits. However, controversy exists among clinicians as to whether ACE-Is and ARBs should be continued
or discontinued prior to contrast media exposure. In this paper we review the current evidence on ACE-I/ARB therapy for
patients undergoing procedures involving use of contrast media and provide recommendations as to whether these drugs should
be continued or held prior to contrast exposure.

1. Introduction

The incidence of contrast-induced nephropathy (CIN) varies
from 3.3% to 76% [1–3] depending on the population under
study. According to the European Society of Urogenital
Radiology (ESUR) guidelines, CIN is defined as an absolute
increase in serum creatinine concentration ≥0.5mg/dL or
as a relative increase ≥25% above baseline within 3 days of
contrast media exposure [4]. There are some well-described
risk factors for CIN including advanced age, baseline kidney
injury, diabetes mellitus, hypovolemia, nonsteroidal anti-
inflammatory drug (NSAID) use, presence of a malignancy,
amount and type of contrast media, and anemia [5, 6].

CIN carries an increased risk ofmortality especially in the
elderly population and those with underlying kidney disease
[6, 7]. In a meta-analysis, CIN was consistently associated
with an increased risk of cardiovascular events in 14 studies,
end stage renal disease in 3 studies, and prolonged hospital-
ization in 11 studies, and 33 studies reported an increased risk
of death [8].

Multiple interventions including N-acetylcysteine, uti-
lization of lower osmolar agents, volume expansion with or

without sodium bicarbonate, avoiding nephrotoxic medica-
tions, dialysis for contrast removal, felodipine, and dopamine
have been used to prevent CIN [9]. ACE-I and angiotensin
receptor blockers (ARBs) on the other hand are used exten-
sively for patients with congestive cardiac failure, hyperten-
sion, proteinuric kidney disease, myocardial ischemia, and
diabetic nephropathy. Controversy exists among clinicians as
to whether the use of ACE-Is and ARBs should be continued
or discontinued prior to contrast media exposure [10–13].

We review the current available evidence for continuing
or withholding ACE-Is/ARBs for patients undergoing proce-
dures involving use of contrast media.

2. Current Recommendations for
Contrast Prophylaxis

Several interventions including volume expansion, sodium
bicarbonate, N-acetylcysteine, use of low or isoosmolar
agents, felodipine, withholding nephrotoxic agents, diuretics,
and others have been used to prevent or reduce CIN. These
have been extensively reviewed by Gleeson and Buluga-
hapitiya [14]. In a meta-analysis of 17 randomized trials,
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Figure 1: Mechanism of action of ACE-Is/ARBs. ACE-Is act to inhibit the conversion of angiotensin-I to angiotensin-II as well as the
formation of transforming growth factor beta-1, which may promote proximal tubular cell injury. Angiotensin receptor antagonists (ARAs)
prevent binding of angiotensin-II to its receptor. ACE-Is and ARAs major effect is to decrease intraglomerular pressures and in the setting of
hypotension are associated with hypoperfusion of the kidney and a reduction in GFR.

sodium bicarbonate prophylaxis reduced the incidence of
CIN when compared to other preventive strategies for CIN
but showed no significant difference in the requirement
for renal replacement therapy (RRT) and mortality [15].
Although prophylactic hemodialysis or hemofiltration has
been used to prevent CIN in one clinical trial, the majority
of studies show no benefit or harm associated with this inter-
vention [9, 16]. The most simple and cost effective method to
prevent CIN is proper volume expansion with normal saline,
avoiding nephrotoxic agents, and use of the lowest possible
volume of contrast media.

3. Mechanism of Action of ACE-I/ARB
and Possible Mechanisms for Benefit or
Harm in CIN

ACE-Is act by inhibiting the renin-angiotensin-aldosterone
system (RAAS), specifically the conversion of angiotensin-I
to angiotensin-II, thereby causing vasodilatation of the effer-
ent renal arterioles and thus decreasing the intraglomerular
pressures [17]. They are thus called renoprotective because of
this effect. ARBs on the other hand block the angiotensin-II
receptors on the efferent arterioles and thus lead to lowering
of both blood pressure and intraglomerular pressure. It is
possible that ACE-Is and ARBs may offer a protective role by
inhibiting afferent vasoconstriction that is caused by contrast
media. The inhibition of angiotensin-II has been shown to
prevent both vasoconstriction aswell as generation of reactive

oxygen species coupled with increased synthesis of nitric
oxide, which is a potent vasodilator [18, 19].

On the other hand, ACE-Is also inhibit the formation
of transforming growth factor beta-1 (TGF-𝛽1) directly or
through the inhibition of angiotensin-II [20]. Moreover,
TGF-𝛽1 has recently been shown to prevent proximal tubular
cell injury and necrosis [21]. It is thus possible that ACE-Is
cause their injurious effects in CIN by indirectly inhibiting
formation of TGF-𝛽1. The mechanisms of action of ACE-Is
and ARBs are summarized in Figure 1.

4. Association of ACE-Is/ARBs with
Increased CIN Risk

A number of researchers have found that ACE-Is exacer-
bate kidney failure in patients with CIN. ACE-Is decrease
glomerular filtration rate through induction of systemic
hypotension and the vasodilatory effect on efferent arterioles
andmay thus increase the risk of developing CIN.The reduc-
tion in GFR may also be further accentuated by the direct
effect of the contrast, which causes afferent vasoconstriction
[22].

In a randomized controlled trial, Toprak administered
captopril to 48 patients and placebo to 32 patients with a
baseline creatinine of less than 2mg/dL. Five captopril treated
patients (8.3%) developed CIN compared to 1 (3%) in the
control group (𝑃 = 0.02) [23].
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Hölscher et al. examined the incidence of CIN via a
prospective trial in 412 patients with a baseline serum cre-
atinine between 1.5mg/dL and 3.5mg/dL that required an
elective left heart catheterization. They found that the use of
ACE-Is as part of the preprocedural regimenwas a significant
independent predictor for development of CIN within 72
hours, increasing the risk more than sixfold (OR 6.16, 95%
CI 2.01 to 18.93). They recommended discontinuation of
ACE-Is before administration of contrast media [24].

Cirit and colleagues conducted a prospective trial to study
the incidence of CIN in patients of at least 65 years of age with
mild tomoderate elevations of creatinine requiring nonemer-
gent coronary angiography. They recruited 230 patients who
were divided into two groups according to prior use of ACE-
Is (ACE-inhibitor group, 𝑛 = 109; control group, 𝑛 = 121).
CIN was defined as an increase in serum creatinine of at
least 25% above the baseline value within 48 hours after the
percutaneous coronary intervention. Patients were included
in the ACE-I group if they received the drug within 2 months
of the procedure. The incidence of CIN in the ACE-I group
was 15.6% compared to 5.8% in the non-ACE-I group (𝑃 =
0.015). Chronic ACE-I administration was noted to be a risk
indicator of CIN (odds ratio 3.37; 95% confidence interval
1.14–9.94; 𝑃 = 0.028). This study concluded that in elderly
patients with mild to moderate renal insufficiency, chronic
use of ACE-Is before contrast increased the risk of CIN by
more than 3-fold [25].

Umruddin et al. conducted a retrospective case control
study to assess the influence of ACE-I or ARB use on the inci-
dence of CIN in 201 patients undergoing coronary angiogra-
phy. CINwas defined as an increase in serumcreatinine>25%
above baseline within 48 hours of radiocontrast exposure.
The CIN group had 96 patients, and the control group had
105 patients. The 2 groups were matched for variables such as
age, sex, weight, baseline serum creatinine, diabetes mellitus,
dye load, use of diuretics and statins, and preprocedure
prophylactic measures for CIN. They found an incidence of
CIN of 4.55%. In the CIN group, 56 patients (58.3%) were
on either an ACE-I or ARB while 36 (34.5%) control patients
were not on these drugs (𝑃 < 0.001). A greater than 2-fold
risk (95% confidence interval, 1.51–4.76) of developing CIN
was noted with ACE-I or ARB use. The authors concluded
that use of ACE-Is or ARBs is an independent risk factor
for developing CIN. They recommended discontinuation of
ACE-Is or ARBs at least 48 hours prior to contrast agent
exposure, especially in patientswithmultiple risk factors [26].

In a retrospective study from Korea, 5300 patients who
underwent coronary angiography and had pre- and post-
procedure serum creatinine measurements were examined.
1322 patients treated with ACE-Is or ARBs and 1322 nonusers
were well matched on multiple variables using propensity
scoring. CIN was defined as ≥0.3mg/dL or ≥50% increase
in serum creatinine level within 48 hours after angiography.
The incidence of CIN was significantly higher in ACE-I
or ARB users than in nonusers (11.4% versus 6.3%). The
multivariable adjusted odds ratio for CIN was 1.4 with ACE-I
or ARB use. It was concluded that the use of ACE-I or ARBs
during coronary angiography increases the incidence of CIN;
however, randomized clinical trials to confirm the effect

of ACE-I/ARB therapy on the development of CIN were
recommended [27].

Kiski and colleagues performed a post hoc analysis
data from 412 (83.5% men, 29.1% diabetes mellitus, and
74.6% hypertension) patients studied in the Dialysis-versus-
Diuresis trial. Two hundred and sixty-nine patients (65.3%)
were taking ACE-Is while 33 were on ARBs. RAAS blockade
was associated with a 3-fold increase in the incidence of CIN
after procedure (odds ratio 3.082, 95% confidence interval,
1.234–7.698, 𝑃 = 0.016). It was concluded that RAAS block-
ade prior to contrast use is an independent predictor of CIN
[10].

5. Protective or Neutral Effects of
ACE-I/ARB in CIN

Dangas and colleagues conducted a prospective cohort
study involving 7,230 patients. Of these, 1,980 had CKD
(estimated glomerular filtration rate<60mL/minute/1.73m2)
while 5,250 did not have underlyingCKD.CINwas defined as
an increase of at least 25% (or ≥0.5mg/dL) in preprocedural
serum creatinine at 48 hours after the procedure. Thirty-one
percent of the CKD patients treated with an ACE-I before
catheterization developed CIN compared to 32.9% who did
not (𝑃 = 0.02). Of the non-CKD patients treated with an
ACE-I before catheterization, 28.4% developed CIN com-
paredwith 24.5%who did not receive anACE-I (𝑃 = 0.01). In
a multivariate regression model that included preprocedural
medications, taking anACE-Iwas associatedwith a lower risk
of CIN in patients with underlying CKD [7].

Rosenstock and colleagues undertook a prospective ran-
domized controlled study in stages 3-4 CKD patients who
were receiving ACE-Is or ARBs for at least 1 month before
angiography. Patients were randomly assigned to discontinu-
ation of (𝑛 = 113) or continuation of these drugs (𝑛 = 107).
However, the dose of ACE-Is or ARBs in the continuation
group was held on the morning of the procedure and for 24
hours afterward, confounding the results. A control group
of patients who were ACE-I- or ARB-naive (𝑛 = 61) were
included. No difference in postprocedure serum creatinine,
estimated glomerular filtration rate, and incident CIN was
noted in the three groups. The authors concluded that stages
3-4 CKD patients do not need to hold their ACE-Is and ARBs
prior to contrast exposure [28].

Dadpey and colleagues conducted a randomized clinical
trial in 60 patients assigned to various groups. Groups A and
B were treated with ACE-Is and groups C and D were treated
with diuretics. In group A, ACE-Is were discontinued 36
hours before percutaneous intervention (PCI) and in group
Cdiuretics were also discontinued.The after intervention and
overall increase in serum creatinine concentration were com-
pared by ANOVA between groups. No significant increase
in the serum creatinine concentrations was noted between
groups A and B (0.07 ± 0.22 compared to 0.06 ± 0.13mg/dL,
resp., 𝑃 = 0.7). Similarly, this difference was not significant
between groups C and D (0.08 ± 0.17 compared to 0.05 ±
0.14mg/dL, resp., 𝑃 = 0.2). It was concluded that ACE-Is and
diuretics have no major adverse renal effects in patients with
normal kidney function undergoing PCI [29].
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Table 1: Studies indicating harm or benefit of ACE-I or ARB in CIN.

Reference, year Study
population Sample size Study type Brief description Key findings and comments

Dangas et al., 2005
[7]

CKD and
non-CKD 7,230 P.O

1,980 pts with CKD and 5,250
without CKD used to determine

predictors of CIN in PCI

Taking an ACE-I was associated
with a lower risk of CIN in CKD pts

Toprak, 2006 [23] Near normal
renal function 80 RCT 42 pts received captopril while 32

controls received no captopril
CIN occurred 2.5x more in the

captopril group

Dadpey et al., 2007
[29]

Normal renal
function

undergoing PCI
240 RCT

60 pts in each of four gps of ACI-I,
diuretics, with a 36 hours

discontinuation of these drugs as
controls

Neither diuretic nor ACE-I
discontinuation or continuation

increased the risk of CIN

Spatz et al., 2012
[11]

Stage III-IV
CKD 178 R Pts were either on ACE-I, ARB, or

both
RAAS blockade before PCI did not

increase CIN risk

Bariş et al., 2013
[37]

Near normal
renal function 295 P.O

Pts in 3gps of ACE-I (𝑛 = 106) ARB
(𝑛 = 94), and control group on no

RAAS (𝑛 = 95)

Chronic usage of ACE-I and ARB
increases the risk of CIN

Cirit et al., 2006
[25]

>65 yrs with
mild-moderate

CKD
230 P.O One gp on ACE-I for 2 months

versus gp without ACE-I before PCI ACE-I increased risk of CIN

Rosenstock et al.,
2008 [28]

Stage III-IV
CKD 281 RCT

Pts on ACE-I/ARBs with therapy
stopped 24 hrs before or continued
compared to control before PCI

No difference in postprocedure
creatinine, eGFR, and incident CIN

in the 3 groups

Hölscher et al.,
2008 [24]

Adults with
creatinine of 1.5
to 3.5mg/dL

412 Post hoc
RCT

ACE-I administered to pts for
elective PCI in the

Dialysis-versus-Diuresis (DVD)
trial

ACE-I therapy increased risk of
CIN 6-fold

Umruddin et al.,
2012 [26]

Pts with
multiple risk

factors
201 R, case

control
Exposure to ACE-I/ARB was
determined in the two gps

Exposure to ACE-I or ARB doubled
the risk of CIN

Rim et al., 2012
[27]

Adults
undergoing
elective PCI.

5,300 R
Study compared 1322 users of

ACE-I or ARBs and 1322 nonusers
matched by propensity scoring

CIN was higher in ACE-I/ARB than
in nonusers (11.4% versus 6.3%;

𝑃 < 0.001)

Gupta et al., 1999
[30]

Adults with
diabetes mellitus 71 RCT

Captopril administered 1 hr before
angiography versus none for the

control gp

Exposure to captopril reduced risk
of CIN by 79%

Li et al., 2012 [31]
Pts in RCTs
involving
ACE-Is

792
Meta-

analysis of
RCTS

Searches in PubMed, MEDLINE,
the Cochrane Central Register of
Controlled Trials, and ISI Web of

Science for impact of the ACE-Is on
frequency of CIN

[ACE-Is use protective] in pts with
diabetes mellitus but showed no
protection or harm in other pts

Abbreviations: ACE-I: angiotensin converting enzyme inhibitor; ARBs: angiotensin receptor blockers; CIN: contrast-induced nephropathy; CKD: chronic
kidney disease; e-GFR: estimated glomerular filtration rate; Gp: group; PCI: percutaneous coronary intervention; Pts: patients; P.O: Prospective observational;
RAAS: renin angiotensin aldosterone system; R: retrospective; RCT: randomized controlled trial.

Gupta et al. in a randomized study among 71 diabetes
mellitus patients undergoing coronary angiography found a
protective effect of captopril therapy. Patients were randomly
assigned to captopril 25mg thrice daily for three days starting
one hour before angiography while the control group under-
went the procedure without captopril. CIN defined as a rise
of 0.5mg of serum creatinine developed in 29% of the control
group, while captopril reduced the risk of developing CIN
by 79%. Patients in the control group had a decline in GFR
of 9.6mL/min while those on captopril had an increase of
13mL/min as measured by TcDTPA renal scan. The authors
concluded that captopril protects against the development of
CIN [30].

Spatz and colleagues retrospectively examined the inci-
dence of CIN in 178 patients with stage 3 or 4 CKD who
underwent coronary angiography. Of these, 62 patients (35%)
were on ACE-Is, 12 patients (7%) were on ARBs, and 1 patient
(1%) was on ACE-I/ARB combination. CIN was defined as
a 25% increase of serum creatinine from baseline or an
increase in serum creatinine by 0.5mg/dL from baseline.
The odds ratio for AKI on day 5 was 0.73 (95% CI, 0.31
to 1.69) for ACE-Is and 0.46 (95% CI, 0.06 to 3.70) for
ARBs. On multivariate analysis, these findings remained
independent of demographic variables, comorbidities, type
of contrast medium, and the prophylactic strategies utilized.
It was concluded that patients on RAAS blockade therapy
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before contrast exposure did not have an increased incidence
of CIN [11].

A meta-analysis identified 7 randomized controlled trials
that enrolled 792 patients undergoing intravascular angiog-
raphy. The overall pooled odds ratio for development of CIN
using a fixed-effects model was 0.62 (95% CI, 0.37 to 1.03,
𝑃 = 0.06), suggesting a trend towards a reduction in CIN
with ACE inhibitors. The overall pooled odds ratio for
development of CIN in the diabetes mellitus subgroup using
a random effects model was 0.21 (95% CI, 0.06 to 0.71, 𝑃 =
0.01), suggesting a significant reduction in CIN with ACE-Is.
In this meta-analysis, they did not find clear evidence of
overall benefit associated with ACE-I therapy to prevent CIN.
However, patients treated with ACE-Is had a lower mean
serum creatinine and a trend toward a reduction in CIN
comparedwith control patients (odds ratio, 0.62; 95%CI, 0.37
to 1.03) [31]. Most of the trials reviewed do not focus on hard
clinical endpoints, whichmay carrymoremeaningful clinical
significance such as the need for acute or chronic dialysis or
mortality.

Newer biomarkers such as NGAL (Neutrophil Gelati-
nase-Associated Lipocalin), KIM-18 (Kidney Injury Mole-
cule-18), and cystatin C may provide expanded insight into
ACE-I/ARB-related risk for CIN, but these novel biomarkers
of kidney injury are not routinely used in clinical practice to
assess kidney injury or modify interventions [32–35]. Table 1
shows a summary of the studies reviewed.

6. Recommendation

The varied results and conclusions from available studies
may be in part explained by significant differences in study
populations, methodology, interventions, and the variability
in CIN definitions employed among the different studies.
Also, consideration and adjustment for potential risk factors
contributing to ACE-I effect in CIN prevention such as
baseline creatinine concentrations, volume of contrast media
employed, age, diabetes mellitus, drug dose, and the type of
ACEIs/ARBs varied across the studies. The Mehran score,
which groups CIN risk factors for those undergoing angiog-
raphy, was not used consistently across the studies making
the studies more difficult to compare [36]. Use of this score
would further have stratified patients and eliminated some
of the inherent bias in cohorts and clinical trials for CIN
studies. Notwithstanding this, the studies that show a benefit
in hemodynamic parameters and GFR are limited in number.
Though consistent with the known vasodilatory effects of
ACE-Is/ARBs on the systemic and renal circulation, they do
not address the issue of response to the hypotensive insult,
which may complicate therapy with ACE-I/ARBs. Then, we
have conflicting evidence from 2 larger observational studies,
both of which concerned selection bias, with one suggesting
the possibility of harm. The study by Dangas notes a CIN
incidence of 31 versus 32.9% in patients on ACE-Is versus
patients not on ACE-Is. Although statistically significant,
these numbers are certainly not clinically relevant. On the
other hand, in the study by, Hölscher et al., there was a clear
6-fold increase in CIN. Based on these data, we believe that

it is not appropriate to pursue unknown benefit at the risk
of potential harm. Given the lack of convincing renal benefit
associatedwith continuingACE-Is/ARBprior to angiography
and the real possibility of harm,we recommend holding these
drugs prior to contrast administration when the risk for CIN
is significant.

From the evidence reviewed above, there is a clear
need for large randomized clinical trials to break equipoise.
The clinical trial by Mehta of McMaster under registra-
tion NCT00317252 will hopefully provide some meaningful
information to guide the decision making regarding the
approach of withholding or continuing ACE-Is or ARBs
before contrast requiring procedures. It is also important that
future studies provide hard endpoints such as the need for
dialysis, development of ESRD, or mortality rather than just
the rise in creatinine levels as part of the major outcomes.

7. Bottom Line

The data regarding the temporary discontinuation of ACE
inhibitors in patients receiving contrastmedia are conflicting,
whereas the data regarding ARBs are very limited. Patients
who develop CIN have increasedmorbidity, mortality, length
of hospital stay, and associated costs. Therefore, if there
is a potential to prevent CIN by temporarily discontin-
uing ACE-Is (one day before the procedure and 3 days
after administration of contrast) in high-risk patients, it
would seem that the potential benefits outweigh the risks of
short-term ACE-I discontinuation. Our view is that the most
prudent approach is to withhold these drugs prior to contrast
exposure and reinstitute therapy when kidney function has
stabilized following the procedure.
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Iodinated contrast agents are usually classified based upon their osmolality—high, low, and isosmolar. Iodinated contrast agents
are also nephrotoxic in some but not all patients resulting in loss of glomerular filtration rate. Over the past 30 years, nephrotoxicity
has been linked to osmolality although the precise mechanism underlying such a link has been elusive. Improvements in our
understanding of the pathogenesis of nephrotoxicity and prospective randomized clinical trials have attempted to further explore
the relationship between osmolality and nephrotoxicity. In this review, the basis for our current understanding that there are little if
any differences in nephrotoxic potential between low and isosmolar contrast media will be detailed using data from clinical studies.

1. Introduction

Radiographic contrast agents have been in use for over 60
years. Based upon current data, 2.0 million cardiac catheteri-
zations are performed annually in the USA [1] and nearly 30
million contrast-enhanced CT scans, in addition to the use
of contrast for peripheral angiography. An average contrast-
enhanced CT uses ∼40 grams of iodine chemically bound to
an organic molecule that is injected directly into the vascular
system.This is a very large dose of foreignmaterial and speaks
to the overall safety of these agents.

Over the past decades, modifications in the organic
molecule to which the iodine is bound have occurred and
have resulted in changes in the physical properties of the
product. These physical properties—ionicity, osmolality, and
viscosity—are directly related to the number and size of the
organic molecules needed to bind the iodine.

In the mid-1950s, it was recognized that some patients
develop a rise in serum creatinine (the definition of contrast-
induced acute kidney injury or CIAKI) following the admin-
istration of high-osmolar contrast media. Most of these
patients received intra-arterial infusions, for example, for
coronary angiography. The development of CIAKI has been
widely documented in the literature and the risk factors for
developing such an injury are exhaustively described [2]. It

should be noted that these were observational retrospective
studies and no control groups were assessed. Furthermore,
no adjudication for other potential causes of a rise in serum
creatinine was provided. Nevertheless, animal studies and
in vitro studies with lines of kidney cells have provided the
basis for the conclusion that contrast media can cause kidney
injury. We have come to know much about the pathogenesis
of this injury; it involves direct tubule cell nephrotoxicity as
well as ischemia mediated by decreased availability of NO
and the generation of reactive oxygen species particularly in
the medulla of the kidney [3]. In this review, the relevance
of the physical properties of the contrast media—ionicity,
osmolality, and viscosity—to the development of CIAKI will
be reviewed.

2. Contrast Media Structure

As noted above, the size and number of organic molecules
binding the iodine are the primary determinant of the
ionicity, osmolality, and viscosity of the commercial product.
Over the past 2 decades, we have moved in the development
of contrast media from ionic monomers through nonionic
monomers to nonionic dimers increasing the number of
iodine atoms per molecule from 1.5 to 6.0 (see Figure 1).
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Figure 1:The structure of iodinated contrast media. High-osmolality contrast media (HOCM) have an iodine tomolecule ratio of 1.5 : 1. Low-
osmolality, nonionic contrast media (LOCM) have an iodine to molecule ratio of 3 : 1. Isosmolar (isoosmolality) contrast media (IOCM) have
an iodine to molecule ratio of 6 : 1.

Table 1: Comparison of physical properties of commonly used iodinated contrast media.

Concentration (mgl/mL) Grams of iodine/100mL Osmolality (mmol/Kg at 37∘C) Viscosity (cP at 37∘C)
Iodixanol (Visipaque) 270–320 27–32 290 6.3–11.8
Iohexol (Omnipaque) 140–350 14–35 322–844 1.5–10.4
Iopamidol (Isovue) 200–370 20–37 413–796 2.0–9.4
Iopromide (Ultravist) 150–370 15–37 328–774 1.5–10.0
Ioversol (Optiray) 160–350 16–35 355–792 1.9–9.0

These changes have resulted in less total molecules (lower
osmolality) necessary to deliver a sufficient amount of iodine
for adequate imaging but progressively larger molecules
(more viscosity) (see Table 1).

Before delving into the multiple studies trying to address
the relative nephrotoxicity of the contrast media with dif-
ferent physical properties, it is appropriate to first identify
whether any of these differences in physical properties trans-
lates into something measureable in all patients who receive
them.

3. Urine Output

In general, the higher the osmolality of the contrast media,
the greater the urine output in the first few hours following
their administration. This makes sense physiologically as the
contrast medium is a nonreabsorbable solute which acts like
an osmotic diuretic, reducing electrolyte reabsorption along
the nephron and obligating an increase in urine output. An
increase in urine output has been observed when comparing

high and low-osmolality contrast media as well as low and
isoosmolality contrast media [4].

4. Urine Viscosity

A definite increase in urine viscosity is observed when using
contrast medium that is of very large molecular size (e.g.,
nonionic dimers). This occurs as a result of the progressive
concentration of the contrast medium as it travels down the
nephron and 99% of the filtered water is reabsorbed. Urine
viscosity can be directly measured and increases significantly
only with isosmolar contrast media [4, 5].

Could either of these effects contribute in some way to
the decrease in glomerular filtration rate (CIAKI) observed
in some patients following contrast administration?

The osmotic diuresis with high- and low-osmolality
contrast media could result in extracellular volume con-
traction, stimulation of the intrarenal renin-angiotensin-
aldosterone axis, and/or release of other vasoconstrictor
hormones (endothelin or adenosine, e.g.) that would aug-
ment the direct vasoconstrictor effects of contrast media
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and further exacerbate ischemia. The increase in urine
viscosity could raise the pressure within the tubule lumen
and reduce the net driving force for glomerular filtration
(capillary hydrostatic pressure—(pressure within tubule +
plasma oncotic pressure)) and thus directly decrease GFR.
The degree to which these predictable effects contribute to
the development of CIAKI will depend upon the amount of
contrast medium administered and the unique physiologic
environment of each patient. For example, the number of
nephrons filtering the contrast media (reduced in chronic
kidney disease) and the degree of reabsorption within the
nephron (stimulated in extracellular volume depletion and
congestive heart failure) might be expected to interact with
these physiologic effects. As an example, when there is more
reabsorption of filtrate because of volume depletion or heart
failure, the viscosity in the urine following administration
of a nonionic dimer would be greater. Similarly, if a patient
is already volume depleted and receives a high-osmolality
agent with subsequent increase in urine output, extracellular
volume depletion would be exacerbated resulting in a greater
stimulation of intrarenal vasoconstrictor factors.

5. Defining Nephrotoxicity

To date, the vast majority of clinical trials have used serum
creatinine, a marker of glomerular filtration rate, to define
CIAKI. The underlying assumption is that with injury to the
tubules, there is a reduction in GFR mediated by a variety
of mechanisms within the kidney. However, there are many
problems with using creatinine as a measure of an acute
change in GFR including the following.

(i) Creatinine is not an ideal marker of GFR because it
undergoes secretion and even reabsorption. Changes
in serum creatinine could therefore reflect changes
in secretion and/or reabsorption without a change in
glomerular filtration [6].

(ii) There is a lag phase of 1-2 days before creatinine will
rise sufficiently to meet the threshold for CIAKI even
when GFR is severely affected. This is because the
retained creatininemust distribute in total bodywater
resulting in a slow rise in serum levels. Because of the
time lag, an acute reduction in GFR can be missed if
serial creatinine levels are not determined for at least
72 hours [7].

(iii) A true change in GFR might occur as a result
of hemodynamic changes without any evidence of
tubule injury. In this circumstance, an increase in
serum creatinine sufficient to defineCIAKIwould not
be associated with true injury.

(iv) Likewise, tubule injury may not always be reflected in
a change in GFR. In this circumstance, injury would
be missed by reliance on serum creatinine [8].

6. Clinical Studies regarding Nephrotoxicity

In the 1980–1990s, the development of nonionic contrast
media (low-osmolality contrast medium, ratio: 3 iodines per

molecule) was quickly adopted because of a decrease in
nonkidney side effects. In particular, the feelings of warmth,
nausea, and itching were all diminished with low-osmolality
contrast media (LOCM) compared to high-osmolality con-
trast media (HOCM). Many randomized controlled trials
were performed to evaluate whether LOCM reduced the inci-
dence of nephrotoxicity compared to HOCM. An important
milestone was the meta-analysis of these trials performed
by Barrett and Carlisle in 1993 [9]. These authors indeed
found a reduction in the incidence of CIAKI with the use
of a low- compared to the high-osmolality contrast media.
However, a more in-depth review of their publication reveals
the following.

(i) There was no difference in the incidence of CIAKI in
patients who had normal kidney function.

(ii) There was a 50% reduction in the incidence of CIAKI
only in patients with an initial creatinine clearance
less than 60mL/min.

(iii) The reduction in the incidence of CIAKI was seen
only when the contrast was given intra-arterially but
not intravenously.

Despite these findings, this meta-analysis contributed
significantly to the disuse of HOCM in all patients and
HOCM subsequently faded from the market to be replaced
with LOCM.

In the late 1990s, a new class of contrast agent—isosmolar
or IOCM—came into clinical use. Based upon the meta-
analysis of Barrett and Carlisle that found that osmolality
contributed to the nephrotoxicity of contrast media under
certain circumstances, it was quite reasonable to hypothe-
size that the IOCM would be associated with less CIAKI
compared to LOCM. A seminal study supporting this claim
was the NEPHRIC trial. This was a 129-patient, randomized
trial in patients with diabetes and chronic kidney dis-
ease (estimated creatinine clearance <60mL/min) who were
undergoing cardiac angiography [10]. The IOCM (iodixanol,
Visipaque) was compared to a LOCM (iohexol, Omnipaque)
with the primary endpoint of CIAKI defined as a >0.5mg/dL
absolute rise in creatinine over 48–72 hours. The incidence
of CIAKI with iodixanol was significantly lower than with
iohexol (2% versus 16%, resp.) in this high-risk population.

What followed the publication of the NEPHRIC trial in
the New England Journal of Medicine in 2003 can aptly be
described as a “war.” Manufacturers of LOCM other than the
one studied in the NEPHRIC trial immediately set to work
to replicate or repudiate the finding using their own LOCM.
Multiple RCTs were conducted in high-risk populations
undergoing cardiac angiography, peripheral angiography, or
contrast-enhanced CT. Over the past decade, at least 4 meta-
analyses of these trials were published with essentially similar
findings [11–14] (see Figures 2(a), 2(b), 2(c), and 2(d)). Some
meta-analyses mixed intravenous and intra-arterial adminis-
tration, while others excluded studies presented in abstract.
Most meta-analyses found little evidence of heterogeneity
strengthening the conclusions of the analyses. The incidence
of CIAKI (by any definition) was similar between LOCM and
IOCMwith the possible exception of the LOCM, iohexol [12].
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Was NEPHRIC just wrong? It is always easy to argue
that a study with only 129 subjects and in which the primary
endpoint occurs in <10% is going to be underpowered and
subject to a type-1 error. This is certainly one possibility.
Was NEPHRIC correct but used as a comparator a particular
LOCM (iohexol) with a higher with a higher incidence of
CIAKI? The subsequent studies using other LOCMs would
support this conclusion as well. If one refers to Table 1,
iohexol has the highest viscosity of the LOCMs. Perhaps,
viscosity and osmolality both contribute to nephrotoxicity
(see above). To date, there has not been a randomized
controlled trial comparing iohexol to any other LOCM in a
high-risk population.Theupdated 2011AHA/ACCguidelines
for use of contrast media in high-risk patients do not favor
IOCM over LOCM [15].

Thus, an overall summary of the current database,
updated since previous guideline recommendations, is that
strength and consistency of relationships between specific
isosmolar or low-osmolar agents and CIAKI or renal failure
are not sufficient to enable a guideline statement on selection
among commonly used low-osmolar and isosmolar media.

What are the limitations of these studies and the sub-
sequent meta-analyses? These randomized prospective trials
all used serum creatinine as the marker of injury. They
assumed that any increase in creatinine following contrast
exposure was caused by the contrast (no adjudication for
other causes of a rise in serum creatinine). Katzberg et
al. noted persistent global and focal nephrograms on CT
performed 24 hours following administration of isosmolar
contrast for coronary angiography [17]. Such findings might
be explained by microemboli rather than contrast-induced
nephrotoxicity. Unfortunately, the study did not measure
either serum creatinine or injury markers raising the possi-
bility that the findings are simply a paraphenomenon. Indeed
others have noted similar persistent nephrograms following
isosmolar contrast and suggested that increased viscosity of
isosmolar contrast leads to longer retention times within the
kidney [18]. Regardless of mechanism, the findings do not
exclude the possibility of direct nephrotoxicity from contrast.

7. Intravenous versus Intra-Arterial Injections

What about differences between contrast media when given
by the intravenous route? There is a significant body of liter-
ature suggesting an overall lower incidence of nephrotoxicity
when iodinated contrast is given intravenously compared to
intraarterially [19].The basis for this difference in nephrotox-
icity is multifactorial and includes the following:

(i) differences in chronic comorbidities between those
getting IV versus IA contrast media,

(ii) differences in dose of contrast administered,
(iii) ascertainment bias resulting from different follow-up

protocols in those receiving IA versus IV contrast,
(iv) bias resulting from acute hemodynamic instability,

more likely in hospitalized versus nonhospitalized
patients and thus more likely in IA versus IV contrast
administration.

When prospective randomized trials have specifically
addressed patients undergoing contrast-enhanced CT, no
differences have been found between IOCM and LOCM
(Figure 3). A single exception was a trial by Nguyen, the
smallest of the studies that is limited to a single center.

However, it should again be emphasized that the devel-
opment of a rise in serum creatinine following a contrast-
enhanced CT may not reflect kidney injury or specifically
injury resulting from contrast (see above regarding limitation
of using serum creatinine). Randomized controlled trials
using specific injury markers that are known to increase after
contrast induced injury. Even with injury markers such as
NGAL, IL-18, and KIM-1, there is no specificity for contrast-
induced injury.

In addition, a number of authors have found that the inci-
dence of a rise in serum creatinine following a non-contrast-
enhanced CT is similar to that following a contrast-enhanced
CT, particularly in those without severe reduction in GFR at
baseline [20–22]. This suggests that other explanations for a
rise in creatinine in these patients should be explored. The
most likely explanation would be hemodynamic instability
in patients with an indication for a contrast-enhanced CT.
Interestingly, a recent abstract found no evidence for an
increase in urinary markers of injury (KIM-1 and NGAL)
following 511 contrast-enhanced CT exams [23]. In this
population, 3.9%developedCIAKI by a usual definition using
serum creatinine changes.

8. Other Acute Endpoints

A few studies have focused on the thrombogenicity of
different contrast agents. In vitro studies have suggested that
ionic low-osmolar contrast is less thrombogenic compared
to either isosmolar or low-osmolar nonionic contrast [24].
Clinical trials evaluating potential thrombotic complications
have focused on MACE (cardiac death, recurrent nonfatal
acute MI, and emergency CABG or repeat PCI) or acute
and subacute stent restenosis [25, 26]. Both trials reported
a significant reduction in the primary endpoints with ionic
low-osmolar contrast.These events occur infrequently which
leads to concerns about the power of the individual studies.
They were also done during an era when anticoagulation
protocols were different than current protocols. Finally a
number of other studies could not replicate these results so
the issue remains unsettled [27–30].

9. Long-Term Outcomes

While the meta-analysis data seems clear regarding an
absence of differences in nephrotoxicity between IOCM and
LOCM, there is relatively little data regarding long-term
consequences following contrast administration. Since the
contrast is eliminated from the body almost completely
within 24 hours, any long-term consequences related to con-
trast administration are likely related to acute kidney injury
at the time of administration, for example, nephrotoxicity or
the comorbidities present in patients who developed acute
kidney injury. Again, the assumption has been that the
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Figure 3: Randomized prospective trials of intravenous-only IOCM versus LOCM.

acute kidney injury is related to the contrast and not some
othermechanism.Many observational studies and retrospec-
tive reviews of databases have reported on the association
between CIAKI and congestive heart failure, mortality, and
the long-term loss of kidney function including the need
for dialysis. It is beyond the scope of this review to discuss
whether this association represents causality or not. The
reader is referred to reviews of this topic [31].

Reed et al. [14] in a meta-analysis of 16 trials involving
2763 patients found no differences in postprocedure death or
need for dialysis between IOCM and LOCM. However, data
was not provided in all studies and very few events actually
occurred (a total of 11 and 12 events, resp.).

In an observational study by Per Liss and collaborators,
the risk of readmission to the hospital with a diagnosis of
acute kidney injury within 1 year following the exposure to an
isosmolar or low-osmolar contrast media is described using
data from the Swedish Cardiovascular Registry [32]. The
Swedish hospital system mandates use of only one contrast
agent in each hospital. These authors found a higher inci-
dence of acute kidney injury readmission in hospitals using
an IOCM compared to any LOCM. Furthermore, in hospitals
that switched from IOCM to LOCM during the years of
the study, the incidence of acute kidney injury decreased.
Since this is an observational database and not a randomized
trial, the results should be taken with caution. However, the
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uniqueness of the Swedish system eliminates many sources of
bias inherent in other observational databases.

The CARE follow-up trial followed patients for one
year who were enrolled in a prospective randomized trial
comparing iopamidol (low-osmolar contrastmedia) to iodix-
anol (isosmolar contrast media) [16]. Prespecified endpoints
included death, stroke, myocardial infarction, end-stage
kidney disease, percutaneous coronary revascularization,
coronary artery bypass graft surgery, other revascularization
procedures (e.g., carotid, runoff vessels), and others (e.g.,
cardiac arrest, development of congestive heart failure or
pulmonary edema, and need for permanent pacing). Four
events were considered major adverse events: death, stroke,
myocardial infarction, and ESRD. When more than one
event occurred in the same patient, only the first event was
used for analysis. In this study, CIAKI was defined using
a number of novel markers: an absolute increase in serum
creatinine of 0.3mg/dL and a 15%, 20%, or 25% increase in
serum Cystatin C (to avoid some of the problems mentioned
above regarding creatinine). All of these novel definitions
were associated with a 2-fold increase in the incidence of
adverse events. There were no differences in baseline risk
factors, demographics, or procedural characteristics between
the two groups.At one year, therewas a statistically significant
difference in all adverse events and major adverse events
in favor of iopamidol. This reduction in adverse events was
associated with a reduction in the incidence of CIAKI in the
iopamidol group using any of the novel AKI markers.

10. Conclusions

Contrast media are extremely safe but can precipitate acute
kidney injury in a small number of high-risk patients. Based
upon randomized trial data, there do not appear to be
significant differences in the nephrotoxicity between contrast
media that differ on the basis of ionicity, osmolality, or
viscosity. This conclusion applies to both the intravenous
and intra-arterial administration of contrast. Although a
few trials have described long-term differences in outcomes
based on viscosity and osmolality, further studies are clearly
needed to define potential mechanisms and to confirm these
preliminary findings.
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[29] R. Schräder, I. Esch, R. Ensslen et al., “A randomized trial
comparing the impact of a nonionic (iomeprol) versus an ionic
(ioxaglate) low osmolar contrast medium on abrupt vessel
closure and ischemic complications after coronary angioplasty,”
Journal of the American College of Cardiology, vol. 33, no. 2, pp.
395–402, 1999.

[30] A. Sutton, V. J. Ashton, P. G. Campbell, D. J. A. Price, J.
A. Hall, and M. A. De Belder, “A randomized prospective
trial of ioxaglate 320 (Hexabrix) vs. Iodixanol 320 (Visipaque)
in patients undergoing percutaneous coronary intervention,”
Catheterization and Cardiovascular Interventions, vol. 57, no. 3,
pp. 346–352, 2002.

[31] S. Coca, “Is it AKI or nonrecovery of renal function that is
important for long-term outcomes?” Clinical Journal of the
American Society of Nephrology, vol. 8, no. 2, pp. 173–176, 2013.

[32] P. Liss, P. B. Persson, P. Hansell, and B. Lagerqvist, Higher
Incidence of Renal Failure in 77, 848 Patients Undergoing
Coronary Intervention in Swedish Hospital Using Iso-Osmolar
Contrast Media Compared to Low-Osmolar Contrast Media,
European Congress of Radiology, Vienna, Austria, 2006.



Hindawi Publishing Corporation
BioMed Research International
Volume 2013, Article ID 868321, 6 pages
http://dx.doi.org/10.1155/2013/868321

Review Article
Role of Reactive Oxygen Species in Pathogenesis of
Radiocontrast-Induced Nephropathy

Antonio Pisani,1 Eleonora Riccio,1 Michele Andreucci,2 Teresa Faga,2 Michael Ashour,2

Antonella Di Nuzzi,1 Aldo Mancini,3 and Massimo Sabbatini1

1 Department of Nephrology, “Federico II” University of Naples, 80131 Naples, Italy
2 Department of Health Sciences, “Magna Graecia” University, Catanzaro, Italy
3 National Cancer Institute G. Pascale, Naples, Italy

Correspondence should be addressed to Antonio Pisani; antonio.pisani@libero.it

Received 18 October 2013; Accepted 9 December 2013

Academic Editor: Richard Solomon

Copyright © 2013 Antonio Pisani et al.This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In vitro and in vivo studies have demonstrated enhanced hypoxia and formation of reactive oxygen species (ROS) in the
kidney following the administration of iodinated contrast media, which play a relevant role in the development of contrast
media-induced nephropathy. Many studies indeed support this possibility, suggesting a protective effect of ROS scavenging or
reduced ROS formation with the administration of N-acetylcysteine and bicarbonate infusion, respectively. Furthermore, most
risk factors, predisposing to contrast-induced nephropathy, are prone to enhanced renal parenchymal hypoxia and ROS formation.
In this review, the association of renal hypoxia and ROS-mediated injury is outlined. Generated during contrast-induced renal
parenchymal hypoxia, ROSmay exert direct tubular and vascular endothelial injury andmight further intensify renal parenchymal
hypoxia by virtue of endothelial dysfunction and dysregulation of tubular transport. Preventive strategies conceivably should
include inhibition of ROS generation or ROS scavenging.

1. Introduction

Contrast media- (CM-) induced nephropathy (CIN) is an
acute deterioration of renal function following administra-
tion of CM in the absence of any other known reason.
CIN remains a leading cause of iatrogenic acute kidney
injury, accounting for some 10% of in-hospital acute renal
failure, despite adherence to protocols of risk assessment and
prevention strategies. This reflects the unremitting increase
in radiocontrast procedures for computerized tomography
and vascular interventions, especially in high risk and elder
patients with major comorbidities [1, 2].

CIN is commonly defined as an increase in serum
creatinine concentration >0.5mg/dL or greater than 25%
of its previous value within 3 days after contrast medium
administration, in the absence of other different causes [3].
In most cases, after a peak value of renal dysfunction within
the 5th day, in which granular casts and a modest proteinuria
may appear in urine, plasma creatinine levels return to

baseline level by 7 to 10 days; a minority of patients, however,
may experience irreversible loss of renal function requiring
dialysis and even death [4].

There are several predisposing factors to the development
of CIN (Table 1). Preexisting renal failure certainly represents
the most common condition associated with CIN, with
incidence ranging between 5.3% and 30% according to the
different studies and, mostly, to the different degrees of renal
failure at time of contrast medium administration and to the
total amount of CM employed [1, 5–7]. Indeed, patients with
chronic renal failure have defective antioxidant systems [8]
and increased oxidative stress associated with inflammation
and endothelial dysfunction [9]. A high incidence of CIN is
also associated with diabetes (range: 5.7–29.4%); contrary to
what is commonly believed, diabetes represents a predispos-
ing factor to CIN only in the presence of chronic renal failure
(CRF) since, in patients with preserved renal function, CIN
incidence is the same as in nondiabetic patients [10, 11]. It is
interesting to note that most of the conditions predisposing
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Table 1: Risk Factors for CIN.

Intrinsic predisposing factors
Preexisting renal failure
Diabetes
Effective blood volume depletion
Dehydration, hypotension
Heart failure, cirrhosis, nephrosis
Hypertension
Atherosclerosis
Anemia
Transplanted kidney
Aging
Female gender
Other nephrotoxins
Exogenous: nephrotoxic drugs
Endogenous: heme pigments
Systemic inflammation
Extrinsic predisposing factors (procedure related)
Large CM volume
Primary coronary intervention/emergency procedure

to CIN reported in Table 1 are associated with “a priori”
increased generation of reactive oxygen species (ROS), that
threaten oxygen balance and antioxidant systems.

While there is full agreement about the greater nephro-
toxicity of high-osmolarity CM compared to others, it is
not clear whether isoosmolar CM are less nephrotoxic than
low-osmolarity CM, since clinical studies offer controversial
results; all CM, however, may determine acute renal damage.
Among procedure-related factors, the amount of injectedCM
is a crucial factor in determining CIN, since ROS generation
appears to be strictly proportional to it [12].

2. Physiopathology of CIN: Role of Reactive
Oxygen Species

CIN is the result of combined hypoxic and toxic renal
parenchymal injury; the latter is presumably mediated by
reactive oxygen species (ROS). Experimental findings in
vitro and in vivo illustrate that renal hypoxia induced by
administration of iodinated CM enhances ROS formation
within the kidney. Moreover, the protective effect on renal
function of ROS scavengers or reduced ROS formation with
specific drugs provides indirect evidence that ROS might be
involved in the pathogenesis of CIN.

Under physiological conditions, tubular transport is asso-
ciated with ROS formation, mostly in the renal medullary
thick ascending limb, where the extremely dense mitochon-
drial population represents a major source for generation
of superoxide anions (O

2

−) and hydroxyl radicals (OH−) by
NAD(P)H-oxidase [2]. ROS participate in cellular signaling
processes and modulate the actions of various messengers
and major transcription factors. At medullary tubular level,

ROS generation also plays an important role in regulating
microcirculation, through its effects on nitric oxide (NO)
levels.

Administration of CM markedly decreases renal oxy-
genation in medullary structures, without reducing tubular
reabsorption, as the result of neurohumoral vasoconstrictive
stimuli, following the release of prostaglandins and endothe-
lin from endothelial cells exposed to CM. This latter agent
is markedly enhanced following radiocontrast studies, due to
the activation of endothelin-converting enzyme-1.

This results in altered oxygen balance, leading to
depressed activity ofmitochondrial scavengers and enhanced
formation of ROS. During hypoxia, greater amounts of ATP
are hydrolyzed to ADP and AMP, further metabolized to
adenosine and inosine by 5-nucleotidase, and subsequently
to hypoxanthine that generates xanthine and hydrogen per-
oxide (H

2
O
2
), via xanthine oxidase. The same enzyme also

helps xanthine generate uric acid and additional amounts of
H
2
O
2
that scavenge NO, further impairing renal medullary

microcirculation. ROS andNO interactions play a crucial role
in renal oxygenation and in the generation of CIN. Super-
oxide radicals, in fact, reduce NO bioavailability through
the formation of peroxynitrite, further worsening vasocon-
striction but also endothelial dysfunction, since in physio-
logic conditions NO prevents ROS-mediated endothelial cell
injury and reduces transport-dependent ROS formation in
the medullary thick ascending limbs (mTALs).

Several experimental studies have shown, either directly
[13] or indirectly [14], that administration of CM augments
ROS production and renal oxidative stress which, in turn,
mediate the damage to cell membranes leading to cellular
apoptosis and necrosis, particularly represented in mTALs
and in S3 segments of proximal renal tubules of the outer
medulla. The injection of CM, in fact, is associated with
an increased renal production of ROS metabolites, like
malondialdehyde (MDA) or F2 isoprostane, markers of lipid
peroxidation; moreover, the administration of ROS scav-
engers like allopurinol or superoxide desmutase (SOD) was
able to prevent the fall in GFR and renal blood flow after
CM [15–17]. A consistent rise in superoxide anion content
(80%)was also noted in salt-depleted uninephrectomized rats
subjected to indomethacin, an experimental model used in
rodents to elicit CIN [18].

Clinical studies show similar findings.The urinary excre-
tion of F2 isoprostane was greatly increased in patients
undergoing coronary angiography [19] and further enhanced
(3-fold increase) in patients with stable chronic renal failure
[20]. Urinary xanthine, an end-product in ROS formation,
was also increased in patients administered high-osmolar
contrast agents, confirming the role of adenosine degradation
in generating ROS [21]. Finally, a 2-fold rise in urinary
3-nitrotyrosine, a stable metabolite of peroxynitrite, was
recorded immediately after coronary angiography, propor-
tional to the amount of injected CM. This implies that CM
administration generates superoxide anions, with subsequent
formation of peroxynitrite through a chemical interaction
with NO, that inactivate the NO-dependent vasodilatation.

Taken together, both animal and human studies clearly
show that ROS generation is enhanced following contrast
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studies, highlighting their role in the pathogenesis of CIN.
Experimental “in vitro” studies, conversely, using LLC-PK1,
MDCK, or HEK cells (representing both proximal and distal
tubular cells) could not clearly demonstrate a direct role
of CM in generating ROS, since in most of these experi-
ments hydrogen peroxide, superoxide anion, or MDA levels
were not increased after CM, despite the fact that cellular
necrosis and apoptosis were observed, nor could addition of
scavengers attenuate the extent of tubular cell damage [22],
with the exception of a study in which high concentrations
of CM were employed [23]. Recently instead an in vivo
and in vitro assessment of pathways involved in CM renal
cells apoptosis study of Quintavalle group conclude that
CM-induced tubular renal cells apoptosis represents a key
mechanism of CIN [24].

The discrepancy with “in vivo” data mostly relies on the
different environment in which tubular cells are cultured, far
away from that observed in patients.

Nonetheless, cellular studies offer the unique opportunity
to evaluate the activation of intracellular signaling pathways
involved in cellular apoptosis or necrosis, in the attempt to
develop specific therapies to be used in vivo [25]. Recent
studies have clarified these aspects either in primary human
tubular cells or in HK-2 cells exposed to different types
of CM. All the CM determined a decreased cell viability,
secondary to a reduced activation of Akt and of ERK 1/2, both
playing a pivotal role in cell survival/proliferation, which was
substantially alleviated by transfecting the HK-2 cells with a
constitutively active form of Akt [26]. In HK-2 cells, it has
also been shown that CM affect the activation/deactivation of
transcription factors, like FoxO3a and STAT3, which control
the genes involved in apoptosis and cell proliferation [27, 28].

3. Preventive Strategies on ROS Formation

In these last years, in the attempt to reduce the incidence of
CIN, greater attention has been devoted to the use of low-
or isoosmolar agents at reduced doses, to the use of specific
infusion protocols to hydrate patients, to the elimination
of coexisting nephrotoxic agents, and to careful selection
of patients. Nevertheless, CIN remains a major adverse
iatrogenic complication through the use of CM [2]. Clinical
studies conducted over the last decade, contributed to a large
extent to the recognition of ROS as major determinants in
the pathogenesis of CIN: interestingly, clinical trials aimed
to prevent ROS damage in CIN, have preceded experimental
studies of CIN models, mostly because some antioxidant
agents like N-acetyl-cysteine (NAC) are cheap and harmless
in high-risk patients with preexisting renal failure; experi-
mental studies camemuch later with the attempt to assess the
molecular basis of protective mechanisms and to shed light
on new therapeutic options.

NAC is a thiol-containing antioxidant able to permeate
cell membranes that acts as a cysteine donor for de novo
cytosolic glutathione synthesis; in vitro studies have shown
the ability of NAC to protect in a dose-dependent fashion cul-
tured renal tubular cells incubated with high concentrations
of low- and isoosmolar CM [23].

Tepel et al. first reported that administration of NAC was
able to drastically reduce the risk of CIN: in a randomized,
prospective study 83 patients with chronic stable renal failure
undergoing CT scans were enrolled and pretreated with NAC
or placebo. The incidence of CIN, defined as a rise in plasma
creatinine >0.5mg/dL within 48 hours, resulted only in 2% of
NAC-treated patients, compared to 21% of the placebo group
[29].

The efficacy of NAC in CIN prevention was questioned
by a number of subsequent clinical trials and meta-analyses
showing opposite results [3, 30, 31], suggesting that NAC
efficacy could not be clearly proven taking into consideration
the patients’ heterogeneity of these studies and the impos-
sibility to control several confounding factors, like patients’
comorbidities, type of radiologic procedures, CM type and
dosage, hydration protocols, doses of NAC, and its timing
and mode of administration [32–36]. Nevertheless, given its
low toxicity and based on few large, randomized prospective
trials, NAC is currently included in prophylactic regimens in
high-risk patients with impaired renal function [37–39].

NAC pretreatment is also able to improve renal blood
flow, as shown in rats, through a direct renal vasodilation
[2] and to attenuate the decline in renal medullary blood
flow following CM increasing renal PGE2 and renal cortical
NO, but renal parenchymal isoprostane was only marginally
influenced [19, 40]; similarly, in patients undergoing coronary
angiography,NACpretreatment did reduce the decline in uri-
nary NO end-products but did not affect lipid peroxidation,
evaluated by urinary isoprostane.

This could suggest that NAC enhances eNOS activity and
NO generation, but its renal protection could be dissociated
from its antioxidant effect.

Bicarbonate infusion has also been proposed as a reno-
protective factor in patients undergoing contrast studies; the
rationale is that the alkalization might reduce the formation
of hydroxyl radicals from hydrogen peroxide and of per-
oxynitrite. Although the increase of extracellular pH may
ameliorate ROS-mediated proximal tubular injury in vitro
[40], the impact of bicarbonate on tubular intracellular pH
and ROS generation has never been evaluated.

In 119 patients with chronic renal failure, randomized to
bicarbonate or saline, Merten et al. have reported a protective
effect of sodium bicarbonate infusion on CIN: its solution
(1.4%), given as a bolus either 1 hour before CM and for 6
hours after the procedure, was able to attenuate the incidence
of CIN compared with the control saline treated patients [41].

In a large prospective study in patients with chronic renal
impairment undergoing coronary interventions, the com-
bined administration of NAC and bicarbonate was superior
to NAC alone, independent of whether ascorbic acid was
present [36]: the incidence of CIN in the former group was
1.9% as compared with 10% in the other group. Other clinical
trials with bicarbonate in patients with renal impairment,
however, showed conflicting outcomes [42–50].

The results of repeated meta-analyses, however, con-
sistently demonstrate a better outcome with bicarbonate
infusion compared to saline-hydration, with a 50% reduc-
tion in CIN incidence [51–54], despite the aforementioned
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heterogeneity of data concerning patients’ and procedure-
related variables.

Most recently the results of the BOSS trial, which com-
pared sodium bicarbonate and saline for the prevention of a
composite of death, renal replacement therapy, or progressive
kidney failure over 6 months in patients undergoing any
type of angiography, showed no difference on the primary
composite endpoint in two group (14.8% in the bicarbonate
group versus 16.3% in the saline group, 𝑃 = NS) [55].

A report in patients with chronic renal failure has
suggested that the antioxidant probucol may also prevent
CIN (8% incidence in probucol-treated patients versus 15%)
[56], and few additional studies using ascorbic acid as an
antioxidant provided conflicting results [37, 57–59]; a greater
number of observations are needed to confirm the efficacy of
these substances in preventing CIN.

A further approach to CIN prevention is offered by
inhibition of tubular carbonic anhydrase, that results in bicar-
bonaturia and alkaline urine that might attenuate ROS attack
at the apical membrane of tubular epithelium; interestingly,
acetazolamide administration ameliorated renal dysfunction
in a CIN rat model [60], a result confirmed in children with
renal failure undergoing radiocontrast studies and treated
with acetazolamide: the rise in urine pH completely pre-
vented the onset of CIN that, conversely, appeared in the 8%
of patients treated with bicarbonate [61]; it is noteworthy that
acetazolamide prophylaxis is not associated with systemic
alkalosis.

To date, however, the real impact of bicarbonate and
acetazolamide on tubular intracellular pH and ROS forma-
tion during CM administration has not been evaluated.

Data on other drugs effective in reducing CIN potentially
by reducing ROS, like statin and ascorbic acid, remain
controversial, but recent data suggest that a single high
loading dose of atorvastatin administered within 24 hours
before CM exposure is effective in reducing the rate of CIN
patients at low to medium risk [62].

More recently, our research group evaluated whether
a novel isoform of a recombinant Manganese SOD (rMn-
SOD) could provide an effective protection against CIN: this
molecule shares the same ability of physiological SODs in
scavenging reactive oxygen species (ROS) but differs from
extracellular SODs in that it enters inside the cells after its
administration thanks to the presence of a peculiar leader
peptide that allows the internalization of the molecule.

We studied the effects of rMnSODonoxidative damage in
a ratmodel of CIN in uninephrectomized rats; in normal rats,
pretreatment with rMnSOD reduced renal superoxide anion
production, induced by the activation of NAPDH oxidase, by
84% (𝑃 < 0.001). In rats treated with high-osmolarity CM,
ROS production was almost doubled compared to normal
placebo-infused rats (𝑃 < 0.01) but returned to normal
values in rats pretreated with rMnSOD, where a significant
increase of SOD activity was detected (+16% versus CM-
treated rats, 𝑃 < 0.05). Renal hemodynamics confirmed
that the administration of CM determined a striking fall of
GFR in CM-treated rats (−70%, 𝑃 < 0.001 versus untreated
rats), greatly blunted by rMnSOD administration (−28%, 𝑃 <
0.01); administration of CM was associated with presence of

both tubular necrosis and intratubular casts, that were both
greatly reduced in SOD-treated rats (both 𝑃 < 0.01). Our
conclusions indicate that the scavenging activity of rMnSOD
was able to reduce renal oxidative stress and to prevent the
reduction ofGFRand the renal histologic damage that follows
CM administration [63].

In summary, experimental and clinical trials, using NAC,
bicarbonate infusion, Probucol, acetazolamide, and rMn-
SOD seem clearly to suggest that ROS are involved in the
pathogenesis of CIN. Nevertheless, whether the efficacy of
these interventions are related to ROS antagonism or to the
modification of oxygen availability is yet to be defined.

4. Conclusions

The pathogenesis of CIN is a paradigm of hypoxic-toxic
injury, involving altered renal microcirculation, hypoxia,
and ROS-mediated cellular injury. Hypoxic damage develops
especially in high-risk patients, in whom renal protective
mechanisms, which maintain renal medullary oxygen bal-
ance and prevent ROS generation and action, are hampered.

Formation of ROS likely results from the evolving
hypoxia and reoxygenation, activating a feed-forward loop
of endothelial/vascular dysfunction, upregulation of tubular
transport, and the induction of oxygen-consuming repara-
tive mechanisms, with consequently intensified hypoxia. By
interfering with hypoxia-adaptive cell responses, ROS might
further intensify renal parenchymal injury and dysfunction.
Improvement of renal medullary oxygenation and inhibition
of ROS formation or ROS scavenging are, therefore, rea-
sonable therapeutic interventions in the prevention of CIN.
However, the protective properties attributed to NAC and
to bicarbonate infusion or ROS scavenger agents and their
putative action through defusing oxidative stress have yet to
be established.
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Contrast-induced nephropathy (CIN) is the third leading cause of acute renal failure in hospitalized patients. Endothelial
dysfunction, renal medullary ischemia, and tubular toxicity are regarded as the most important factors in the pathogenesis of CIN.
Mannose-binding lectin (MBL), a pattern recognition protein of the lectin pathway of complement, has been found to aggravate
andmediate tissue damage during experimental renal ischemia/reperfusion (I/R) injury which was alleviated by inhibition with C1
inhibitor, a potent MBL, and lectin pathway inhibitor. In this paper, we highlight the potential role of MBL in the pathogenesis of
human CIN. In experimental I/R models, MBL was previously found to induce tubular cell death independent of the complement
system. In addition, after binding to vascular endothelial cells, MBL and its associated serine proteases were able to trigger a
proinflammatory reaction and contribute to endothelial dysfunction. In humans, urinary MBL was increased after administration
of contrastmedia and in individuals withCIN.Moreover, individuals with normal/highMBL levels were at increased risk to develop
radiocontrast-induced renal dysfunction. Hence, MBL and the lectin pathway seem to be a promising target given that a licensed,
powerful, human recombinant inhibitor exits to be added to the scarce armamentarium currently available for prophylaxis of CIN.

1. Introduction

Iodinated contrast media (CM) are an essential component
of contemporary imaging and interventional studies, and its
use is steadily increasing as a consequence of the exponential
growth of contrast studies over the past decade [1]. Although
CM are generally well tolerated, they have been causally
linked to acute kidney injury known as contrast-induced
nephropathy (CIN). CIN has become the third leading cause
of acute kidney injury in hospitalized patients after impaired
renal perfusion and nephrotoxic medication accounting for
approximately 10% of cases [2]. Consequently, this iatrogenic
complication is associated with extended length of stay,
accelerated onset of end-stage renal disease, need for dialysis,
4-fold increased short and long-term mortality [3], and

increased health care costs compared to patients who do not
develop CIN [4, 5]. Preexisting renal impairment, diabetes
mellitus, advanced age, congestive heart failure, simultaneous
use of nephrotoxic drugs, hypovolemia or large volumes, and
repeated use of CM have been previously identified as risk
factors for CIN [6]. For research purposes, a rise in serum
creatinine concentration of more than 25% or 44.2 𝜇mol/L
(0.5mg/dL) within 3 days of intravascular administration
of CM has been arbitrarily chosen to diagnose CIN in the
absence of an alternative cause. Despite numerous attempts,
preventive strategies are largely confined to intensive hydra-
tion with sodium chloride [7] and potentially the use of
sodium bicarbonate [8], which might be related to the
complex pathophysiology of CIN with the exact mechanisms
yet to be elucidated [9].
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Figure 1: Pathogenesis of contrast-induced nephropathy. Abbreviations: CM, contrast media; EF, ejection fraction; CIN, contrast-induced
nephropathy.

2. Pathophysiology of
Contrast-Induced Nephropathy

Evidence from numerous studies suggests that a combination
of several mechanisms is responsible for the development of
CIN [10, 11] including direct renal tubular and endothelial
cell cytotoxicity, regional ischemia/reperfusion injury, and
increased viscosity-induced renal damage (Figure 1). Local
renal ischemia is a direct result of CM induced prolonged
vasoconstriction, which primarily affects the descending vasa
recta of the outer medulla. Recent data indicate that a direct
cytotoxic effect of CM on endothelial cells with subsequent
endothelial cells dysfunction is primarily responsible for the
vasoconstriction in the outer medulla [12]. Hypoxic injury to
this region is aggravated by an increased tubular cell oxygen
demand after administration of CM. Consequently, oxidative
stress, which enhances the production of reactive oxygen
species (ROS) and triggers a local inflammatory response,
may cause additional cell injury during the reperfusion phase
which follows the initial tissue ischemia [13]. The second
important effect of CM involves direct cytotoxic damage to
renal tubular cells which seems to bemediated by interference
with mitochondrial enzyme activities leading to the genera-
tion of ROS, apoptosis of tubular cells ultimately contributing
to acute tubular injury [14].

In this paper, we will discuss mannose-binding lectin
(MBL), a complement protein which has been implicated in
apoptosis and ischemia/reperfusion (IR) injury in various
organs, as a mediator/aggravator of contrast-induced local
renal damage.

3. Mannose-Binding Lectin

Mannose-binding lectin (MBL) is a circulating innate
pattern-recognition protein of the complement system that
is primarily synthesized in the liver and rarely detected
in other organs in the absence of inflammation [15]. Its
carbohydrate recognition domain binds to molecular pat-
terns (consisting of certain sugars such as D-mannose and
N-acetyl-D-glucosamine) on ligand surfaces in a calcium
dependent manner including nonself (various bacteria and
viruses) as well as endogenous epitopes (apoptotic and
necrotic cells) [16, 17]. Subsequently, MBL-associated serine
proteases-1 and -2 (MASP) are activated and cleave both
C4 (MASP-2) and C2 (MASP-1 and -2) with consequent
complement activation and opsonophagocytosis (Figure 2).
Recently, a direct link between the MBL-MASP complex
and the coagulation cascade has been shown without the
involvement of downstream complement components [18,
19]. Several mutations in theMBL2 gene negatively influence
the concentration of circulating functional MBL multimers
[20]. The MBL2 gene is located on chromosome 10q21.1 and
at least 6 single nucleotide polymorphisms in the promoter
and exon 1 regions segregate under linkage disequilibrium
to produce 7 common haplotypes of MBL. In the literature,
exon 1 variant alleles are often collectively designated asO and
the wild-type gene as A, and the most influential promoter
variant allele and the wild-type gene designated as X and
Y, respectively [21]. As a consequence of exon 1 mutations,
lower order oligomers lack the binding capacity and ability
to activate the complement cascade. Beside genetics sev-
eral environmental factors including thyroid function [22]
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Figure 2: Schematic representation of the complement cascade and its three pathways. Each of these pathways is triggered by different
molecules on pathogen or foreign/dying cell surfaces. These three pathways merge at the level of the C3 convertase subsequently giving rise
to the same effector molecules. Recent data indicate that the coagulation cascade is linked with the complement system via thrombin which
acts as C5 convertase. Abbreviations: C1INH, C1 inhibitor; MBL, mannose-binding lectin; MASP, mannose-binding lectin associated serine
protease.

and growth hormones [23] have been identified to directly
influence the synthesis in the liver. In fact, serum levels
can vary several folds in individuals with identical geno-
type. Serum MBL levels range from complete absence to
10,000 ng/mL in all populations tested to date, and low,
intermediate, and high levels correlate to a great degree with
low (O/O and O/XA), intermediate (XA/XA, YA/O), and
high producing MBL2 genotypes, respectively [24]. Overall,
low producing MBL genotypes can be observed in up to 30%
of the many populations tested to date with no functional
multimer detectable in about 10% [25]. The significance of
low or absent MBL levels has not finally been determined
in healthy individuals. However, ample evidence suggests
that MBL deficiency might negatively impact on the risk
of serious infections when the adaptive immune system
is either immature (e.g., in neonates [26, 27]) or severely
compromised (e.g., after transplantation [28–30]).

More recently, MBL has been implicated in apoptosis
and ischemia/reperfusion (IR) injury, two proposed main
mechanisms in CIN [31].

There are scarce data on the role of MBL and the lectin
pathway of complement in CIN, essentially limited to two
human studies [32, 33] without any evidence from rodent
or in vitro models. Hence, we will discuss the relevance of
MBL and the lectin pathway in different pathophysiologic
mechanisms implicated in CIN assuming analogy.

4. MBL and Ischemia/Reperfusion Injury

Local I/R is regarded as being at least in part responsible for
the development of CIN. Conversely, plentiful rodent [34–37]
and human studies [38, 39] have highlighted the crucial role
of MBL in aggravating the inflammatory response and tissue
damage during I/R injury of various organs including the
kidneys. In amousemodel of renal ischemia and reperfusion,
de Vries et al. [40] were the first to demonstrate involvement
of MBL in renal I/R injury, that is, renal deposition of
MBL which colocalized with late complement factors and
correlated with complement activation, neutrophil influx,
and organ damage, whereas activation of the classical path-
way of complement was not detected. However, a posi-
tive staining for MBL was only observed after at least 30
minutes of renal ischemia. Of note, the duration of local
hypoxia in CIN is unknown. In line with the animal data,
glomerular MBL deposition was also observed early after
kidney transplantation in non-heart-beating donor kidneys
as compared to heart-beating donor kidneys (which do not
suffer from prolonged warm ischemia) and in renal tissue
from pretransplant biopsies, and peritubular and tubular
MBL deposition in primary nonfunctioning as compared
to delayed functioning kidney transplants. Further studies
with MBL knock-out mice confirmed the crucial role of
MBL in aggravating tissue damage as knock-out mice were
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protected from renal I/R injury with reestablishment of
organ injury after reconstitution with recombinantMBL [41].
Complement activation was diminished in knock-out mice
after I/R injury, and recombinant MBL was only deposited
around proximal tubules in injured kidneys as compared to
sham-operated kidneys indicating exposure of neoepitopes
in the kidneys after I/R. In a swine model of renal I/R injury
Castellano et al. [42] confirmed the principal involvement of
the lectin pathway of complement as compared to the classical
and alternative pathways. In addition, therapeutic inhibition
with recombinant C1 inhibitor (which inhibits activation
of the classical and lectin pathways) led to diminished
complement deposition, influx of inflammatory cells and
tubulointerstitial damage.

How does MBL inflict renal damage after I/R injury?
While activation of the complement system after bind-
ing of MBL to hypoxic cells with subsequent killing and
opsonophagocytosis of these cells might seem plausible, a
recent study has shed light on a newmechanism independent
of complement activation [43]. In a rat model of renal I/R
inhibition of C5 (which results in complete inhibition of the
terminal pathway of complement) and C3 did not reduce
renal dysfunction as compared to inhibition of MBL indi-
cating that activation of complement pathway downstream
of C4 is not a crucial event early after reperfusion. Instead,
MBL was shown to leak from the circulation into the renal
interstitium immediately upon reperfusion with subsequent
internalization by tubular cells followed by induction of cell
death. These data suggest that MBL-mediated cell death
precedes complement activation and seems to be the primary
culprit of renal tubular injury after I/R. Interestingly in a
recent study, MBL was strongly upregulated in the urine
proteome profiles of individuals after application of CM, in
particular in individuals that developed CIN [33]. As MBL
expression is usually not detectable in human kidneys, it
seems plausible that urinary MBL originated from the circu-
lation and leaked into the kidneys as a result of CM induced
renal ischemia and subsequent injury. This would indicate
that the pathophysiology of CM-induced renal damage is
comparable to experimental renal I/R injury, at least to a cer-
tain extent, with involvement of MBL and the lectin pathway
in both scenarios. Indeed, results from a recent study indicate
that CM induces renal tubular apoptosis via reactive oxygen
species and the intrinsic apoptotic pathway [44], which could
be mediated and/or amplified by MBL. However, a direct
link between MBL and increased intracellular production of
reactive oxygen species remains to be determined.

How does MBL bind to reperfused renal parenchymal
cells? Circulating natural IgMs have long been implicated
in reperfusion-mediated damage by binding to ischemia-
conditioned tissue and activating the complement cascade as
shown in mice totally deficient in immunoglobulins [45, 46]
or complement receptor-2 [47]. Natural IgMs were found
to bind to self-antigens that become exposed after ischemic
conditioning [48], and IgM deposition on ischemic tissue
was shown to precede complement activation during experi-
mental skeletal muscle and intestinal I/R injury [37]. Indeed,
several studies have revealed that both natural IgM andMBL
are necessary for complement activation and subsequent

tissue injury following ischemia and reperfusion [37, 49].
Consequently, MBL was also found capable of binding to
IgM with subsequent activation of the lectin pathway of
complement [50]. In agreement with data presented above
in other organs, natural IgM deposited within the glomeruli
was crucially involved in I/R injury of the kidneys without
involvement of the classical pathway of complement [51].
Taken together, it seems that natural IgM bind to neoepi-
topes which are expressed in the postischemic kidney with
subsequent binding of MBL to IgM followed by induction of
apoptosis as demonstrated in renal tubular cells or immediate
activation of the lectin pathway of complement with ampli-
fication via the alternative pathway [52], deposition of the
membrane attack complex and recruitment of inflammatory
cells as demonstrated in glomeruli.

5. MBL and Endothelial Cell Dysfunction

MBL does not only seem to aggravate reperfusion damage by
impacting on renal parenchymal cells but also via its binding
to endothelial cells. Over a decade ago, Collard et al. demon-
strated binding of MBL to endothelial cells immediately
after oxidative stress with subsequent endothelial C3 depo-
sition, which could be prevented by anti-MBL monoclonal
antibodies [53]. Further studies lead to the identification
of cytokeratin 1 as a mediator forMBL deposition and thus
auto-antigens presented on hypoxic vascular endothelial cells
causing local activation of the complement system via the
lectin pathway [54]. In vivo, MBL was found to colocalize
with IgM and complement C3 on the endothelial surface
of ischemic brain vessels but not in vessels of non-ischemic
ipsilateral brain territories or the contralateral hemisphere
[55]. Similar data is not available in renal I/R models.
However,MBLwas found to be deposited on tubular cells and
in peritubular capillaries in colocalization with complement
C6 in mice [40] and complement C4d in pigs [42]. Indepen-
dent of downstream complement activation binding of MBL
to stressed endothelial cells might also impact on platelet
activation and amplification of the coagulation cascade.
Indeed, MBL-associated serine protease-1 (MASP-1) induced
activation of protease-activated receptor 4 (PAR4) in human
umbilical vein endothelial cells [56]. Of note, endothelial
cells can be activated via PAR4 (by thrombin) in the setting
of vascular damage [57] which in turn might contribute
to the regulation of thrombotic events, inflammation, and
vascular permeability. Hence, MBL binding to endothelial
cells might not only activate the complement system but
also enable contact of MASP-1 with endothelial cells in
order to trigger proinflammatory reactions by cleaving PAR4.
Further support for this hypothesis comes from recent studies
demonstrating that MBL and MASP-1/MASP-2 are directly
involved in clot formation in vitro [19, 58] and in vivo
[18]. In fact, vascular endothelial cell injury led to MBL
deposition along the vascular endotheliumalongwithMASP-
1 mediated cleavage of thrombin substrates, enhancement of
platelet aggregation, and in vivo thrombogenesis [18].Of note,
these events were independent of downstream complement
activation. In summary, MBL and the lectin pathway could
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contribute to vascular endothelial dysfunction, the primary
driver of vasoconstriction in the outer medulla in CIN. In
the sequence of events MBL might have an aggravating role
in both the ischemia and the reperfusion phase of CIN
with different targets in both phases. As outlined in this
paragraph MBL could first impact on vasoconstriction and
hence ischemia in the outer medulla in CIN. Subsequently,
leakedMBL could bind to reperfused renal parenchymal cells
in the reperfusion phase causing additional damage with CIN
as the overall outcome.

6. MBL and Contrast-Induced Nephropathy

After reviewing the impact of MBL and the lectin pathway
in renal I/R injury in general, we will discuss human studies
that have examined this pathway in CIN.Wang et al. analyzed
urine samples from 12 patients undergoing diagnostic or
therapeutic cardiac catheterization with two-dimensional
fluorescence differential gel electrophoresis followed by liq-
uid chromatography mass spectrometry [33]. Among the
proteins identified, MBL and MASP-2 were significantly
upregulated in the urine samples taken 12–18 hours after
administration of CM compared to the pre-procedural urine
sample. In addition, urine levels of MBL increased at least
two-fold in 13 patients who developed CIN after cardiac
catheterization whereas urinary MBL levels remain stable
in 18 non-CIN patients with similar baseline characteristics
and procedures carried out. Whether renal cells are able to
produce MBL during hypoxic stress is unknown, but MBL
expression was not found in (presumably) unstressed renal
tissue previously [15]. Hence, it is reasonable to hypothesize
that MBL might have leaked from the circulation into the
hypoxic/stressed area in the kidneys in response to regional
ischemia and vascular dysfunction rather than being secreted
by renal tubular cells. Given the advantage of MBL deficiency
in rodent models of renal I/R injury, a second study tested
the hypothesis that MBL deficiency in patients undergoing
contrast studies would be associatedwith a reduced incidence
of CIN [32]. Baseline serum MBL levels were analyzed in
246 patients with pre-existing renal dysfunction (median
(IQR) eGFR 44 (35–52)mL/min/1.73m2) who were part
of a randomized controlled trial examining three different
prophylactic regimens. Interestingly, the incidence of CIN as
defined by the standard definition (increase in serum crea-
tinine concentration of more than 44 𝜇mol/L or 25% within
48 hours after exposure to CM) was only 6.5% in the whole
cohort. MBL levels in patients who experienced an acute
deterioration of renal function did not differ significantly
from patients that showed stable creatinine concentrations.
Similarly, the incidence of MBL deficiency (defined as MBL
levels < 500 ng/mL) was nearly identical in the two groups.
However, analysis of cystatin C kinetics, a more sensitive and
rapid indicator of changes in GFR than serum creatinine [59,
60], revealed an association of lowMBL levels with a reduced
deterioration in renal function after CM administration.
Indeed, individuals with MBL deficiency were two-times
less likely to develop a significant cystatin C increase after
contrast studies as compared to patients with MBL levels

regarded as sufficient, and there was a trend towards a
reduced length of stay in the former group. However, MBL
deficiency was not associated with superior clinical outcomes
in this study. In summary, high MBL levels might predispose
to contrast-media induced renal dysfunction as MBL seems
to be involved in the pathogenesis of CIN. Because of the
limited evidence additional studies in patients at high risk
for CIN are needed to fully elucidate the role of MBL in the
pathogenesis of human CIN.

7. MBL and Prevention of CIN

In contrast to clinical scenarios of acute ischemia (myocardial
infarction, ischemic stroke) where detrimental MBL bind-
ing and activation of the complement cascade has already
occurred before pharmacological inhibition is feasible, CIN
does offer the unique opportunity to attenuate renal injury by
interfering with contributing pathways before they become
activated. Indeed, treatment with anti-MBL monoclonal
antibodies or inhibitors of MASP-1/-2 might be possible in
advance of CM administration similar to hydration with
sodium chloride, even in the setting of an acute ischemic
event. Additionally, inhibition ofMBL and the lectin pathway
in the latter settings might even “kill two birds with one
stone” by ameliorating not only CIN but also tissue damage
caused by the initial ischemic event and subsequent reperfu-
sion via therapeutic revascularization. However, clinical data
supporting a role of MBL in CIN are still very limited, and
there is clearly a need for further studies in humans.

Given the fact that renal injury after I/R seems to be
mediated independently by MBL or via MASP-1/-2 and acti-
vation of the lectin pathway, pharmacological candidates
should ideally interfere with MBL and the lectin pathway as
far upstream as possible. Hence, antibodies against MBL or
inhibition of MASP-1/-2 seem to be preferable compared to
inhibition of C3 andC5 or even further downstreamproteins.
Indeed, transient inhibition of the lectin pathway by sys-
temic pretreatment with inhibitory MASP-2-specific mono-
clonal antibodies was effective in significantly ameliorating
gastrointestinal I/R in a rodent model [61]. Recombinant
human C1 inhibitor (rhC1INH) is even more promising in
our opinion. RhC1Inh is a multiple-action-multiple-target
inhibitor that interferes with C1 of the classical pathway and
to a lesser extent the alternative pathway of complement, the
kinin and the coagulation system [62]. Of note, rhC1INH
also binds to and inhibits MBL [63] and MASP-2 [64] and
hence, activation of the lectin pathway by MBL or ficolins—
a major advantage over plasma-derived C1 inhibitor [63].
RhC1INH showed very promising results in an animal model
of transient cerebral ischemia when administered up to 18
hours after ischemic stroke [63] whereas plasma-derived C1
inhibitor and MASP-2 specific antibodies were mainly effec-
tive when administered before the acute ischemic event. Sim-
ilarly, administration of rhC1INH led to significant reduction
in complement deposition and significant inhibition of tubu-
lar damage and tubular epithelial cells apoptosis in a swine
model of renal I/R injury [42]. Of note, this MBL inhibitor
has already been approved for hereditary angioedema in
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Europe (rhC1INH, Ruconest) having demonstrated a very
favorable side-effect profile. Nevertheless, caution should be
emphasized when translating results from animal studies to
human trials, as no single animal model can truly replicate
CIN patients in all their complexity. However, given the
above mentioned evidence, the paucity of available effective
prophylactic treatment options in high-risk CIN patients and
the lack of alternatives, in particular regarding intravascular
interventions, human studies to explore the effectiveness
of blocking MBL and the lectin pathway in CIN using
rhC1INH are clearly desirable. Ideally, rhC1INH should be
administered once during prehydration with normal saline
before the contrast study, andpatientswith several risk factors
for the development of CIN should be included. Similar to
treatment of hereditary angioedema, a single treatment dose
is not expected to cause major side effects including major
infections.

8. Conclusion

CIN is still a frequent complication of diagnostic and inter-
ventional contrast studies and associated with significant
morbidity and long-termmortality. After decades of research,
prophylactic treatment is essentially still limited to hydra-
tion with normal saline and potentially the use of sodium
bicarbonate, an unsatisfactory fact. Fortunately, over the last
decade our knowledge about the development of CIN has
steadily increased and led to the identification of I/R injury
as the culprit event in the complex pathophysiology of CIN.
Similarly, ample evidence suggests that MBL and the lectin
pathway of complement aggravate the course of I/R in various
organs including the kidneys. Hence, it seems plausible that
MBL might also impact on the severity of CIN in patients
at risk. Evidence from renal I/R injury models imply that
the detrimental effects of MBL are propagated by induc-
tion of endothelial cell dysfunction, tubular cell apoptosis,
activation of the complement cascade, and recruitment of
neutrophils. Preliminary evidence from two human studies
suggests that the harmful effects of contrast media are at least
partly mediated by MBL and the lectin pathway. As effective
inhibitors ofMBL and the lectin pathway are already available
for prophylactic treatment of CIN in humans, there is a need
of additional animal and human studies to fully elucidate the
role of MBL in the pathogenesis of CIN. In the context of a
predicted further increase in diagnostic and interventional
contrast studies and a still scarce choice of prophylactic
treatment options, research regarding MBL and the lectin
pathway in CIN seems to be promising in our opinion.
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Contrast-induced nephropathy (CIN) remains a leading cause of iatrogenic acute kidney injury, as the usage of contrast media
for imaging and intravascular intervention keeps expanding. Diabetes is an important predisposing factor for CIN, particularly
in patients with renal functional impairment. Renal hypoxia, combined with the generation of reactive oxygen species, plays a
central role in the pathogenesis of CIN, and the diabetic kidney is particularly susceptible to intensified hypoxic and oxidative
stress following the administration of contrast media. The pathophysiology of this vulnerability is complex and involves various
mechanisms, including a priori enhanced tubular transport activity, oxygen consumption, and the generation of reactive
oxygen species. The regulation of vascular tone and peritubular blood flow may also be altered, particularly due to defective
nitrovasodilation, enhanced endothelin production, and a particular hyperresponsiveness to adenosine-related vasoconstriction. In
addition, micro- and macrovascular diseases and chronic tubulointerstitial changes further compromise regional oxygen delivery,
and renal antioxidant capacity might be hampered. A better understanding of these mechanisms and their control in the diabetic
patient may initiate novel strategies in the prevention of contrast nephropathy in these susceptible patients.

1. Introduction

Contrast-induced nephropathy (CIN) induced by iodinated
contrast media remains a leading cause of inhospital acute
kidney injury (AKI), despite the introduction of new low-
or iso-osmolar agents and the implementation of preventive
measures. This reflects the growing usage of computerized
imaging and intravascular interventions in sicker and older
patients [1].The pathophysiology of CIN is complex and only
partially understood.While the role of a direct nephrotoxicity
affecting tubular cells is debatable, substantial evidence indi-
cates that renal parenchymal hypoxia, particularly within the
renal outer medulla, and the generation of reactive oxygen
species (ROS) play a pivotal role in this disorder, as reviewed
in depth elsewhere [1–3] and illustrated in Figure 1.

While healthy individuals seldom develop CIN, the well-
defined risk factors are associated with increasing likelihood

to acquire this complication. The likelihood of CIN rises
with the number of predisposing factors, and algorithms
were designed to predict the risk of CIN, based on the
presence of these defined predisposing factors [4]. Chronic
kidney disease (CKD) with impaired glomerular filtration
rate (GFR) is the most important intrinsic predisposing
factor. The risk to develop CIN is proportional to the degree
of renal impairment, and in patients with a GFR of about
10–15mL/min, it may exceed 50%. Diabetes is an additional
important risk factor, and for every given baseline GFR in
patients with CKD, the presence of diabetes was found to
double the risk to develop CIN [5]. Multivariate analysis of
database of 8357 patients defined diabetes as an independent
risk factor with an odd ratio of 1.6 [4], and prediabetes
was found to increase the risk of CIN [6]. Since both
renal impairment and diabetes are prevalent among patients
subjected to radiocontrast media, a better understanding of
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Figure 1: Plausible synergic adverse impact of radiocontrast
agents and diabetes upon the kidney, leading to contrast-induced
nephropathy (CIN). Both conditions, diabetes and the administra-
tion of iodinated radiocontrast agents, lead to altered renal physio-
logic processes (in yellow): there is an excess formation of reactive
oxygen species (ROS) and altered renal oxygenation, related to
disregulated renal microcirculation and enhanced tubular transport
and oxygen consumption. Evolving renal parenchymal hypoxia and
enhanced ROS formation lead to tubular and vascular endothelial
injury, with subsequent reduction of glomerular filtration rate
(GFR), the hallmark of CIN. Conceivable interactions between these
processes are outlined by arrows and discussed in depth in the text.
In brief, both diabetes and contrast agents enhance ROS formation.
They also hamper renal oxygenation, either directly or through
increased generation of ROS. Vascular endothelial cell injury may
further amplify renal hypoxia via a feed-forward loop of altered
microcirculation (green arrow).

the nature of this disorder, particularly in their presence, is
important and is the objective of this review.

2. Renal Hypoxia and Oxidative Stress and
Their Role in CIN

The special structure of the renal medulla, designed for
urinary concentrating capability, is the cause for low
outer medullary oxygen tension (pO

2
), at the range of

30–40mmHg under normal physiologic conditions. Low
medullary oxygenation reflects intense tubular transport
(particularly by medullary thick limbs, mTALs) in a region
with limited blood and oxygen supply [7]. Highly effi-
cient neurohumoral mechanisms maintain barely balanced
medullary oxygenation by matching regional tubular trans-
port activity and blood supply. Medullary tubular transport
activity is governed by solute delivery to the distal nephron
(determined by GFR and proximal tubular transport) and by
the direct regulation of mTAL transporters, particularly Na-
K ATPase. Blood and oxygen supply, delivered through per-
itubular capillaries, depends on limited blood flow through
vasa recta that emerge from juxta-medullary nephrons.
Adenosine, nitric oxide (NO), prostaglandins (particularly
PGE
2
and PGI

2
), and other agents maintain medullary

oxygenation by reducing transport activity, by enhancing
regional blood flow, or by a combination of both [7, 8].

As reviewed in depth [1, 2], the intravascular adminis-
tration of all types of iodinated radiocontrast agents further
reduces medullary pO

2
to levels as low as 15–20mmHg.

This has been clearly documented under experimental set-
tings with oxygen microelectrodes, by the detection of
pimonidazole adducts (which bind to tissues with pO

2
below

10mmHg) or by the regional accumulation of hypoxia-
inducible factors (HIFs). HIFs are key regulators of cellular
response to hypoxic stress, controlling the expression of
numerous genes involved in cell metabolism, proliferation,
and survival and in the structure and function of regional
microcirculation. Under physiologic conditions, HIF subunit
𝛼 undergoes proteasomal degradation, initiated by oxygen-
sensitive HIF-prolyl hydroxylases. Intensified hypoxia de-
activates HIF-prolyl hydroxylases, leading to HIF-𝛼 accumu-
lation and its binding to HIF-𝛽 subunits. The formed HIF-
𝛼𝛽 heterodimer undergoes nuclear translocation, binds to
hypoxia-response elements (HRE) along the DNA strands,
and initiates transcriptional responses [9]. Indeed, nuclear
HIF expression has been detected in medullary structures
following the administration of radiocontrast media [10],
indicating the induction of cellular hypoxic stress response
by contrast agents.

Importantly, this is a sublethal form of hypoxic stress
[11], since it does not lead to structural damage or to
renal dysfunction in intact animals. This resembles healthy
individuals that hardly ever develop CIN. By contrast, CIN
may develop when animals are preconditioned by measures
that mimic clinical conditions predisposing to CIN [2, 12].
Since many of these comorbidities are characterized by
altered regulatory systems that maintain medullary regional
oxygenation during hypoxic stress, simplified animal models
were developed such as the inactivation of cyclooxygenase
and NO synthase (NOS) prior to radiocontrast injection
[13]. In these models, inhibition of prostaglandin or NO
synthesis abolishes outer medullary vasodilatory response to
the radiocontrast and intensifies medullary hypoxia, leading
to AKIwith outermedullary hypoxic damage. Tubular injury,
ranging from apoptosis to frank necrosis, mostly affects
mTALs in the inner stripe of the outer medulla. However,
in the most severe models damage may extend outwards to
the outer stripe and medullary rays and inwards into the
papilla, involving S3 segments of the proximal tubules, as well
as thin limbs, and collecting ducts, respectively. Within the
outer medulla, a peculiar gradient of hypoxic injury is noted,
increasing from the better oxygenated region around vasa
recta to the mid-interbundle zone, most remote from oxygen
supply [1, 12].

The complex mechanisms involved in the decline in
medullary oxygenation following the administration of con-
trast media are discussed in depth elsewhere [1, 2]. In brief,
on one hand, oxygen consumption for tubular transport may
increase due to a transient surge in GFR and the diuresis fol-
lowing radiocontrast administration. Furthermore, enhanced
ROS formation increasesmTAL transport activity andoxygen
expenditure (see below). On the other hand, medullary
regional microcirculation and oxygen delivery decline, as
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the result of increased interstitial pressure with capillary
collapse and due to altered regulation of vascular tone. This
later phenomenon is believed to be principally related to
an increase in adenosine generation and endothelin syn-
thesis and to a decline in NO availability [1, 2]. Finally,
direct endothelial cell injury, with extravasation of red blood
cells, has recently been noted in the inner stripe of the
outer medulla of mice subjected to contrast agents [14]
complementing previous findings of radiocontrast-induced
endothelial cell damage in vitro [15]. The only precondi-
tioning in these animals was dehydration. These findings
raise the possibility that hypoxic or toxic damage to vascular
endothelial cells may also play a pivotal role in the evolution
of medullary hypoxia under certain settings.

As reviewed elsewhere in depth [1, 3], the administration
of contrast media results in enhanced formation of ROS and
with oxidative and nitrosative stress that likely participate in
the pathogenesis of CIN. Conceivably, it is the combination of
enhanced transport activity and hypoxia that generates ROS,
as most in vitro studies with renal cells or isolated nephron
segments failed to demonstrate a direct impact of radiocon-
trast uponROS generation. ROS alter renalmedullary oxygen
balance by both the enhancement of tubular transport and
oxygen consumption and by disrupting nitrovasodilation.
The importance of ROS in the alteration of renal micro-
circulation is underscored by the in vitro amelioration of
radiocontrast-induced vasa recta constriction in response to
antioxidants [16].

3. Evidence for Intensified Hypoxia and
Oxidative Stress in the Diabetic Kidney

The predisposition of the diabetic kidney to CIN might be
related to intensified renal hypoxia and oxidative stress, as
reviewed in depth in [17]. Indeed, experimental diabetes is
associated with reduced renal pO

2
. Using oxygen microelec-

trodes, Palm and colleagues [18] demonstrated lower renal
parenchymal pO

2
in diabetic rats, as compared with control

animals, both in the cortex (about 36 versus 50mmHg) and
in themedulla (around 11 versus 27mmHg).This observation
was also confirmed noninvasively with BOLDMRI, detecting
increasing concentrations of deoxygenated hemoglobin in
the outer medulla in diabetic animals [19, 20]. Furthermore,
pimonidazole adducts (which indicate a pO

2
<10mmHg)

were detected in the renal outer medulla and papilla in
rats within 7 days after the induction of diabetes with
streptozotocin, while untreated controls had no evidence
of pimonidazole accumulation. Evolving medullary hypoxia
was associated with HIF stabilization in these regions, indi-
cating tissue reaction to hypoxic stress [21]. Chronic HIF
stimulation in the diabetic kidney may also be triggered by
regional inflammation [22, 23].

Diabetes is associated with enhanced ROS formation,
which is believed to play an important role in diabetic
nephropathy. As discussed in depth elsewhere [17], enhanced
ROS in the diabetic kidney is principally due to the increased

activity of NADPH oxidase and the augmented mitochon-
drial generation of superoxide, related to increasedmetabolic
activity and the glycation of mitochondrial proteins. Activa-
tion of the renin-angiotensin axis may also intensify NADPH
oxidase in the diabetic kidney [17].

4. Mechanisms of Augmented Hypoxia in the
Diabetic Kidney: Enhanced
Oxygen Consumption

As thoroughly reviewed elsewhere [24], enhanced oxygen
consumption for tubular solute reabsorption is a major
determinant in the development of hypoxia in the diabetic
kidney. Early diabetes is associated with a marked increase in
GFR, in parallel with kidney growth and increased glomeru-
lar and tubular mass, either by hyperplasia or hypertrophy
[25], implying greater oxygen utilization. Increased solute
delivery to the nephron, augmented tubular transport, and
oxygen consumption reflects enhanced GFR and osmotic
diuresis [1, 2]. Indeed, in analogy, experimental renal hyper-
trophy, induced by uninephrectomy or with high protein
diet, enhances renal medullary Na-K-ATPase content and
predisposes to outer medullary hypoxic injury in isolated
rat kidneys, perfused with red-cell-free oxygenated medium
[26]. Prior uninephrectomywith hypertrophy of the remnant
kidney was also found to be an important independent
contributor to the development of AKI in vivo in rats
subjected to salt depletion, indomethacin, and radiocontrast
[27]. An injury pattern was noted, comparable to that in the
isolated perfused kidney, principally with mTAL necrosis in
the outer medulla. In the same manner, acutely enhancing
GFR with the infusion of glycine resulted in augmentation
of outer medullary injury and renal dysfunction in the same
experimental model of CIN [28].

It is tempting to assume that in advanced diabetic
nephropathy with reduced numbers of nephrons, oxygen
consumption for tubular transport per remnant nephron
might be larger, with a greater risk for the develop-
ment of critical hypoxia. Hyperglycemia and diabetes
increase Na/glucose-linked transporters; enhance expres-
sion of uncoupling protein-2; and augment free fatty acid
metabolism, gluconeogenesis, and glycogen synthesis, hence
increasing oxygen consumption by tubular cells [17, 22]. Fur-
thermore, increased ROS generation in the diabetic kidney
enhances Na-K-2Cl cotransport activity, as shown in isolated
mTALs [29], while impeding electrolyte transport efficacy
(i.e., more oxygen demand per transport load) [22, 24].
Indeed, Palm et al., exploring the diabetic kidney, found
that the addition of antioxidants reduced tubular oxygen
consumption in vitro and attenuated renal parenchymal
hypoxia in vivo [18]. Thus, in the diabetic kidney a feed-
forward loop likely exists, of regional hypoxia, enhanced
ROS generation, and increased tubular transport, which
further amplifies regional hypoxia. The administration of
contrast media may step up this devastating process in the
diabetic kidney by further intensification of hypoxia and ROS
formation.
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5. Mechanisms of Augmented Hypoxia in the
Diabetic Kidney: Altered Oxygen Supply

Macrovascular disease and chronic tubulointerstitial changes
likely compromise oxygen delivery and diffusion in advanced
diabetes and diabetic nephropathy, hence predisposing to
CIN. In addition, it is tempting to assume that diabetic
autonomic neuropathy disrupts the capacity to preserve renal
perfusion pressure and alters renal innervation involved in
the maintenance of intrarenal distribution of blood flow
and oxygen supply. An additional plausible mechanism for
intensified hypoxia in the diabetic kidney is an increase in
oxygen shunt from descending to ascending vasa recta, as
a result of the Bohr effect, related to reduced interstitial pH
[30].

Furthermore, the regulation of various mediators which
determine renal vascular tone andmicrocirculation are ham-
pered in the diabetic kidney, leading to a greater susceptibility
to the development of critical hypoxia following the admin-
istration of contrast material. Principal factors likely involved
are faulted nitrovasodilation, enhanced endothelin synthesis,
and increased effect of adenosine.

5.1. Altered NO Generation. The complex interplay between
NO, ROS, and oxygen supply and utilization [17, 31] is
beyond the scope of this review. Yet, importantly, as noted
above, the diabetic kidney is characterized by enhanced ROS
generation, altered NO response, and reduced pO

2
. Renal

medullary NO is low in the diabetic kidney [18, 32]. Con-
ceivably, increased ROS generation reduces NO availability
in these settings through its scavenging, with the formation
of the highly toxic peroxynitrite. Additional contributors to
NO depletion in the diabetic kidney are NOS uncoupling,
reduced membranal eNOS activity, and increased levels of
PKC, ADMA, and intracellular arginase with consequent L-
arginine depletion [17, 32].

Renal NO abruptly rises in the normal rat kidney follow-
ing radiocontrast injection [33], and its significance in main-
taining renal oxygenation in these settings is underscored by
the conversion of medullary vasodilatory response into vaso-
constriction following the administration of radiocontrast, at
the presence of NOS inhibition [13]. Palm et al. noted that
the administration of antioxidants not only reduced oxygen
consumption for tubular transport in the diabetic kidney, but
also somewhat improved outer medullary microcirculation
[18].Thus, ROS-mediated NO depletion might be harmful to
the renal microcirculation following radiocontrast adminis-
tration, especially in the diabetic kidney.

5.2. Increased Endothelin Synthesis. The administration of
contrast media is associated with increased plasma levels of
endothelin-1 (ET-1) under experimental settings [34]. ET-1
levels also increase following radiocontrast administration
and are higher both at baseline and following radiocontrast
in diabetics and in patients with CKD [35]. Diabetes is
associated with enhanced synthesis of the pre-pro-hormone.
In addition, endothelin-converting enzyme (ECE)-1, which
catalyzes the conversion of the prohormone to the active

compound ET-1, is also upregulated in diabetes. Experimen-
tal diabetes in rats resulted in a fivefold increase in ECE-
1 expression in the outer medulla, and a 15-fold increment
was noted in diabetic rats subjected to contrast medium [36].
Conceivably, radiocontrast-induced enhanced production
of ET-1, particularly in the diabetic kidney, by both the
induction of prehormone and ECE-1 synthesis, participates
in microvascular dysregulation and in the development of
CIN. PKC, activated in diabetes [37], is a known mediator of
ECE-1 activation [38]. Furthermore, ECE-1 is likely a HIF-
target gene [39], and possibly enhanced medullary ECE-1
is triggered by HIF, induced by both diabetes and contrast
media.

5.3. Altered Generation and Action of Adenosine. As outlined
thoroughly elsewhere [40], adenosine has amarked influence
upon renal parenchymal oxygenation, playing a central role
in the tubuloglomerular feedback mechanism, affecting both
tubular transport activity and the renal microcirculation.
The effects of adenosine are highly complex and depend on
the distribution and action of its receptors, on adenosine
concentrations, and on the duration of receptor stimulation.
Adenosine-induced enhancement of proximal tubular reab-
sorption and inhibition of mTAL transport activity improve
medullary oxygenation. However, its microvascular effects
aremore complex regardingmedullary oxygenation, exerting
both vascular constriction (via adenosine A1 receptors) and
vascular dilatation (stimulated by adenosine A2 receptors).
Some vascular beds, such as descending vasa recta, express
both types of receptors [40]. The diverse and complex effects
of adenosine on the renal microcirculation can be demon-
strated by its exogenous administration in the presence of
selective adenosine inhibitors, illustrating an overall reduc-
tion of cortical microcirculation and oxygenation and ame-
lioration of medullary hypoxia [41]. Yet endogenously gener-
ated adenosine may exert quite different vascular responses,
and altered NO synthesis or increased angiotensin II might
modify their overall activity, potentiating vasoconstriction
[40].

Adenosine, generated following radiocontrast adminis-
tration byATP breakdown in the hypoxic kidney, conceivably
participates in the pathogenesis of CIN. Indeed, adenosine
nonselective or A1 receptor-selective blockers or knock-out
manipulations were found to blunt the decline in renal blood
flow and GFR and to attenuate CIN in experimental models
and in humans [42–52].

Endogenous generation of adenosine might be modified
in the hypoxic diabetic kidney, and its effects upon renal
microcirculation and oxygenation may be altered, particu-
larly in the presence of altered NO and enhanced AII syn-
thesis. Indeed, exogenous adenosine was found to markedly
intensify renal vasoconstriction in diabetic rats as compared
with intact animals [53]. Furthermore, as compared to intact
controls, diabetic animals displayed attenuation of vasocon-
strictive response to adenosine following the inhibition of
prostaglandin [54] or NO synthesis [55], suggesting a dimin-
ished vasodilatory capacity of NO or prostaglandins (PGE

2
,

PGI
2
) to counteract adenosine-induced vasoconstriction.



BioMed Research International 5

6. Contrast Nephropathy in the Diabetic
Kidney: Controversies and Pitfalls

As outlined above, the propensity to develop CIN in the
diabetic kidney might be related to both lower baseline
medullary pO

2
and enhanced ROS formation, with altered

tubular cellular metabolism and microcirculation. It is antic-
ipated that radiocontrast administration, also characterized
by hypoxic and oxidative stress, by its own should further
amplify renal hypoxic and oxidative stress in the diabetic
kidney. Yet, few observations do not fit well with this concept,
underscoring the complexity of these settings.

There are many confounders both in clinical and exper-
imental settings that may blur our understanding, such as
the type and duration of diabetes, and the degree of renal
impairment andmicrovascular compromise. In experimental
settings, interspecies differences and the model types of
diabetes and CIN might play a role. In both experimental
and clinical studies, there is an impact of the type of contrast
media, their volume and mode of administration, additional
comorbidities such as renal failure at various stages, the
administration of preventive measures, and other factors
involved that are yet to be defined.

As an example for an impact of progression of dia-
betes along time, in streptozotocin-induced diabetes in rats,
renal cortical blood flow and GFR (and conceivably oxygen
demand for tubular transport) are initially increased, but
decline by 4–9 weeks. Accordingly, intensified medullary
hypoxia; enhanced pimonidazole immunostaining; and HIF
expression, noted at earlier time points, tend to decline
over time [21, 56]. At this later time point, radiocontrast
administration, though altering medullary blood flow, did
not further reduce medullary pO

2
, as opposed to a marked

decline in control animals [56].
Thepotential confounding impact of preventivemeasures

is illustrated in a clinical trial in patients with CKD, where
renal blood flow, lower at baseline in diabetics, as compared
with patients with comparable renal impairment, increased
more profoundly during coronary angiography in response
to renal vasodilators [57].

Additional potential confounder is chronic hypoxia
adaptation in the diabetic kidney that might confer tol-
erance to hypoxic and oxidative stress and modify the
phenotype of CIN. Unexpectedly, diabetic rats subjected to
contrast medium following cyclooxygenase inhibition with
indomethacin displayed only rare and focal mTAL injury in
the inner stripe of the outermedulla, and the degree of kidney
impairment was comparable to nondiabetic animals [58]. By
contrast, diabetic kidneys perfused with cell-free oxygenated
medium (intense hypoxic conditions) exhibited most severe
hypoxic damage, as compared with moderate and reversible
outer medullary injury in control kidneys [58]. We hypoth-
esized that hypoxia preconditioning in the diabetic kidney,
with upregulation of HIF signals and the expression of reno-
protective HIF-dependent genes [21], might mitigate hypoxic
damage caused by contrast media, but not under extreme
hypoxic stress, as occured in the isolated perfusion system.
This observation bears resemblance to the unexpected renal
medullary protection against hypoxic injury in experimental

CIN in animals with chronic tubulointerstitial disease, char-
acterized by rarefaction of peritubular capillaries, medullary
hypoxia and HIF induction [59]. In these settings, a more
pronounced rise in plasma creatinine in CKD rats following
a CIN protocol, at the absence of a morphologic counterpart,
likely reflects disruption of renal hemodynamic adaptive
mechanisms that at baseline compensate for the structural
changes.

As the studies detailed above illustrate a potential dichot-
omy between changes in GFR and renal structural damage,
a true assessment of the efficacy of preventive strategies in
CIN in diabetic patients, outlined below, might be better
understood by the determination of urine biomarkers of
tubular damage [60].

7. Renal Hypoxic and Oxidative Stress in the
Diabetic Kidney Subjected to Radiocontrast:
Therapeutic Implications

Enhancement of GFR has been tried in the prevention of
CIN. As reviewed above, this approach may enhance solute
delivery for reabsorption along the nephron, hence more
transport activity and oxygen consumption. This approach
might be especially hazardous in the diabetic kidney, prone
to a more profound hypoxic and oxidative stress. Indeed, in
few clinical trials, enhancing GFR and diuresis was found to
adversely affect kidney function in diabetic patients under-
going coronary angiography. In a small study by Weisberg et
al. the administration of dopamine, atrial natriuretic factor
(ANP) or mannitol to patients with CKD, resulted in a
30–50% increment in plasma creatinine in diabetics, but
not in nondiabetic individuals [57]. Likewise, diabetics were
particularly susceptible to develop CIN when given an ANP
analogue in a randomized well-controlled study by Kurnik
et al. [61]. Two-hundred and forty seven patients with CKD
undergoing radiocontrast studies were enrolled, half of them
were diabetics. The incidence of CIN among nondiabetics
was comparable in patients given saline or saline + ANP (9%
and 8%, resp.). By contrast, among diabetics, ANP treatment
tended to enhance the risk of CIN (26% versus 39%, resp.).
However, the potential contribution of volume depletion and
prerenal azotemia to the special susceptibility of diabetics
in the above studies was not unequivocally excluded. Future
experiments applying strict control of euvolemia, as recently
conducted in the Remedial II trial [62], are required to
address this debate.

In the same fashion, the role of adenosine-receptor
blockers in the prevention of CIN, based on studies show-
ing enhanced renal blood flow and GFR warrants further
consideration, since adenosine helps to maintain medullary
oxygenation (though at the price of reduced GFR). Indeed,
Liss and colleagues found that in normal rats medullary
oxygenation fell by 24% with adenosine [63], and such an
effect might be especially hazardous in the diabetic kidney.

Endothelin receptor antagonists in particular endothelin
ETA receptor blockers might also be useful in the prevention
of CIN [64], particularly in diabetic patients, characterized by
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markedly enhanced endothelin synthesis following radiocon-
trast administration [35, 36]. Interestingly, preliminary stud-
ies looking at the urine excretion of neutrophil gelatinase-
associated lipocalin (NGAL) suggest the attenuation of distal
tubular injury in diabetic patients even in the absence of
exposure to radiocontrast agents [65].

Osmotic diuresis in uncontrolled diabetes theoretically
might help excretion of contrast media and lower its concen-
tration in the tubular lumen, decreasing urine viscosity and
consequently reducing interstitial pressure and microvascu-
lar compromise. However, appropriate generous hydration
seems to be warranted particularly in these setting to com-
pensate for fluid deficit and to achieve sufficient volume
expansion.

Since enhanced transport activity and oxygen consump-
tion are a principal cause of renal hypoxia in the diabetic
kidney, the use of loopdiuretics, which amelioratesmedullary
hypoxia [66] and hypoxic damage in experimental contrast
nephropathy [67], with careful fluid replacement to avoid
volume depletion [62], might be renoprotective, particularly
in diabetics, but this has yet to be evaluated.

Dyslipidemia is common among diabetic patients, and
hypercholesterolemia has been identified as a predisposing
factor to CIN in experimental AKI, characterized by com-
promised NO synthesis and enhanced ROS generation [68].
Interestingly, a loading dose of atorvastatin was recently
found to attenuate the risk for CIN in CKD patients treated
with NAC and bicarbonate. Yet, this effect was comparable
among diabetic and nondiabetic individuals, and the mecha-
nisms of renal protection might not involve lipid metabolism
[69].

The administration of the antioxidant N-acetylcysteine
and bicarbonate infusion are controversial strategies in the
prevention of CIN [1–3]. The use of antioxidants in the
prevention of CIN is particularly reasonable in diabetic
patients, characterized by a priori enhanced ROS generation.
Increasing renal parenchymal pH is also reasonable especially
in the diabetic patient in order to reduce oxygen shunt across
vasa recta. Antioxidants may also improve hypoxic stress
response through HIF stabilization [21], which might be
renoprotective. Yet, an effect of such strategies has not been
explored specifically in diabetic patients, and this might be
an objective in future clinical trials. Administration of L-
arginine seems to be an additional plausible option in diabetic
patients prior to radiocontrast studies, as its deficiency might
contribute to renomedullary hypoxia [32].

8. Conclusions

Diabetes and the administration of iodinated radiocon-
trast agents are both associated with marked alterations
of renal physiology, including changes in GFR and renal
hemodynamics, enhanced tubular transport activity and
oxygen expenditure and intensification ofmedullary hypoxia,
and ROS generation. Diabetes conceivably predisposes to
CIN principally through the amplification of these changes
and the disruption of protective mechanisms, designed to
maintain medullary oxygenation and to ameliorate oxidative

stress. The efficacy of preventive measures in clinical trials in
CKD patients should be separately assessed for this subgroup
of diabetic individuals.
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The precise mechanisms underlying contrast-induced acute kidney injury (CI-AKI) are not well understood. Intracellular Ca2+
overload is considered to be a key factor in CI-AKI. Voltage-dependent Ca2+ channel (VDC) and Na+/Ca2+ exchanger (NCX)
system are the main pathways of intracellular Ca2+ overload in pathological conditions. Here, we review the potential underlying
mechanisms involved in CI-AKI and discuss the role of NCX-mediated intracellular Ca2+ overload in the contrast media-induced
renal tubular cell injury and renal hemodynamic disorder.

1. Pathogenesis of CI-AKI

Contrast-induced acute kidney injury (CI-AKI) is the
third leading cause of hospital-acquired acute renal failure
accounting for 10–12% of all causes of hospital-acquired
renal failure [1]. In general population, the incidence is
1–6%. In some special populations, such as patients with
underlying hypertension, cardiovascular diseases, diabetes
mellitus, or preexisting renal insufficiency, the incidence is
higher and may be as high as 20–50% [2–4]. In patients
undergoing coronary angiography in China, the incidence
of CI-AKI is 8.7%–23.5% [5, 6]. The precise mechanisms
underlying CI-AKI are not fully understood, especially its
cellular and molecular mechanism. But, it is clear that
disturbance of renal hemodynamics and direct toxic action
on renal tubular cells are main factors responsible for CI-
AKI. Previous investigations [7, 8] have shown that contrast
media administration can result in initial renal vasodilatation
(about 20 minutes), followed by prolonged vasoconstriction
(about 20 minutes to several hours). Subsequent studies [9,
10] demonstrated that there were regional differences in the
vascular response to contrast media, with a greater reduction
in flow to the outer medulla. And now, it has been verified

that contrast-induced selective reduction in renal medullary
blood flow and the secondary hypoxia in this region is amajor
underlying cause of CI-AKI [10]. It has been reported that
calcium channel blockers (CCB) can reverse the acute hemo-
dynamic alterations induced by contrast administration and
alleviated CI-AKI [11–13]. Furthermore, our experimental
animal investigation [14] also verified that tail vein injection
of an inhibitor of reversemode ofNa+/Ca2+ exchanger (NCX)
can suppress the contrast-induced ET-1 overproduction and
renal vasoconstriction. These findings suggested that intra-
cellular Ca2+ overload plays an important role in contrast-
induced renal hemodynamic disorder. Besides changes in
calciumphysiology, contrast-induced vasoconstrictionmight
also be a result of a direct effect on vascular smooth muscle
[15] or from a local increase in adenosine [16] and endothelin
[17] production.

It must be pointed out that, under normal circumstances,
the contrast-induced renal hemodynamic disorder was not
enough to induce CI-AKI based on the facts that humans
as well as experimental animals without risk factors do not
usually exhibit CI-AKI following contrast media injection.
This is because, under physiological state, the renal cir-
culation is subjected to autoregulation which is associated
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with neural, hormonal, paracrine, and autocrine influences.
Injured autoregulation ofmicrocirculationmight be the cause
that all kinds of risk factors such as preexisting renal
impairment, diabetes mellitus, and hypercholesterolemia,
make the kidney vulnerable to iodinated contrast media.

Renal tubular cells apoptosis is a key mechanism of CI-
AKI. Studies have shown that contrast media can induce
renal tubular epithelial cell apoptosis via ROS (reactive
oxygen species) pathway, JNK/p38 stress kinase pathway,
and intrinsic apoptotic pathways [18–20] and can also result
in renal tubular epithelial cell injury by dephosphorylation
(inactivation) of the kinase Akt [21]. But it is still unclear
why contrast media can cause ROS overproduction and why
contrast media can activate p38 Mitogen-Activated Protein
Kinases (MAPK). Our recent studies showed that contrast-
induced ROS overproduction, p38 activation, and tubular
cell apoptosis might be associated with intracellular calcium
overload [19, 22, 23].

2. The Role of Intracellular Ca2+ in
the Pathogenesis of Contrast-Induced Acute
Kidney Injury

Intracellular calcium overload is considered to be a key
factor in ischemic cell injury and CI-AKI [12]. Studies have
shown that both renal vasoconstriction and renal tubular
apoptosis induced by contrast media are associated with
changes in calcium physiology [11, 13, 22, 23]. Although
physiological and pathophysiological mechanisms of Ca2+
overload in ischemic kidney and CI-AKI have not been
fully elucidated, there is evidence indicating that increased
cytosolic Ca2+ may be an important mediator of epithelial
cell apoptosis and necrosis [24]. So, theoretically, CCB would
have protective effects on CI-AKI. In clinical practice, CCB
can reverse the acute hemodynamic alterations induced by
radiocontrast administration and alleviated CI-AKI [11–13].
However, acute administration of CCB before contrast media
administration is not enough to prevent CI-AKI [25]. Only
one small trial demonstrated any valuewithCCB [13]whereas
other studies showed no beneficial effects [26, 27]. The fact
that acute administration of CCB before contrast media
administration was not enough to prevent CI-AKI suggested
that the intracellular Ca2+ overload induced by contrast
media might not be completely suppressed by CCB. So we
cannot conclude based on these clinical data that intracellular
calcium overload was not associated with CI-AKI because
VDC is not the only pathway that induces Ca2+ influx.
There is the possibility that other channels besides VDC
may also be involved in the contrast-induced intracellular
calcium overload. Our recent study [22] has shown that
contrast media resulted in NRK-52E cell apoptosis via the
induction of an increase in intracellular Ca2+ and reactive
oxygen species and KB-R7943, inhibitor of the reverse mode
of NCX, attenuated the contrast media-induced renal tubular
epithelial cell apoptosis by suppressing the intracellular Ca2+
overload and reducing oxidative stress, which suggested
that intracellular Ca2+ overload via the NCX system is also
involved in contrast-induced renal tubular apoptosis.

3. The Role of Na+/Ca2+ Exchanger System in
the Pathogenesis of CI-AKI

NCX is a bidirectional plasma membrane transporter that
catalyzes the exchange of 3 or 4 Na+ for 1 Ca2+, depending
on the electrochemical gradients of the substrate ions [28,
29] and is encoded by a multigene family comprising 3
NCX isoforms: NCX1, which is expressed in various organs
including the kidney [30]; and NCX2 and NCX3, which are
expressed mainly in the brain and skeletal muscle [31, 32].
Under physiological conditions, NCX can pump the Ca2+
outside the cell using the Na+ concentration gradient across
the cell membrane to keep a low intracellular Ca2+ level,
which is referred to as the forward-mode operation of the
exchanger. In pathological conditions, NCX can reversely
extrude Na+ for Ca2+ influx and result in intracellular Ca2+
overload, which is referred to as the reverse mode or calcium
influx mode of NCX. In the normal kidney, NCX plays
an important role in the active calcium transport in distal
convoluted tubules [33]. In the ischemia-reperfusion kidney
and in the hypoxia-reoxygenation renal tubular epithelial
cells, NCX reversely extrudes Na+ for Ca2+ influx and results
in intracellular Ca2+ overload and tubular epithelial cell
injury [34, 35].

It has been verified that contrast media can induce renal
tubular epithelial cell apoptosis via ROS pathway, JNK/p38
pathway, and intrinsic apoptosis pathway [18, 20]. Our recent
in vitro studies [19, 36] demonstrated that contrast-induced
ROS overproduction, p38 activation, and apoptosis in renal
tubular cell were associated with the increase of intracellular
Ca2+. The inhibitor of reverse mode of NCX, KB-R7943, can
alleviate contrast-induced renal tubular apoptosis through
suppressing the increase of intracellular Ca2+ and subsequent
ROS overproduction and p38 activation. These data demon-
strate that intracellular Ca2+ overload via the reverse mode
of NCX system is involved in contrast-induced renal tubular
epithelial cell apoptosis.

Recent animal model experiments [14, 37] also showed
that pretreatment with tail vein injection of KB-R7943
markedly and dose-dependently suppressed the increase in
renal ET-1 production and the reduction in renal blood flow
induced by contrast medium administration and prevented
contrast-induced acute renal failure, which suggested that
Ca2+ overload via the reverse mode of NCX, followed by
renal ET-1 overproduction and renal vasoconstriction, plays
an important role in the pathogenesis of CI-AKI.

4. Hypothesis about the Molecular
Mechanism of CI-AKI

Based on the findings [19, 22, 36] that inhibition of the reverse
mode of NCX alleviated contrast-induced renal tubular cell
apoptosis through suppressing the increase of intracellu-
lar Ca2+, ROS overproduction, p38 MAPK activation, and
Caspase-3 overexpression and the findings [14, 37] that tail
vein injection of inhibitor of reverse mode of NCX can exert
protective effects on CI-AKI in rats through suppressing
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Figure 1: The diagram shows the proposed molecular mechanism of CI-AKI. CI-AKI, contrast-induced acute renal injury; NCX, Na+/Ca2+
exchanger; VDC, the voltage-dependentCa2+ channel; NHE,Na+/H+ exchange; [Ca++]i , intracellular Ca

2+ concentration; [Na+]i , intracellular
Na+ concentration; p38 MAPK (p38 Mitogen-Activated Protein Kinases); ROS, reactive oxygen species. ET-1, endothelin-1; ATP, adenosine
triphosphate.

contrast-induced renal ET-1 overproduction and renal vaso-
constriction, we propose the following hypothesis regarding
the molecular mechanism of CI-AKI. Contrast medium
exposure activates the reverse mode of NCX1 expressed in
renal tubular epithelial cells; NCX reversely extrudes Na+ for
Ca2+ influx and results in increased intracellular Ca2+. The
increased intracellular Ca2+ can stimulate Ca2+ release from
the mitochondrial and endoplasmic reticulum and result
in intracellular Ca2+ overload [38]. The intracellular Ca2+
overload via the reverse mode of NCX and VDC induced
by contrast media in the renal tubular epithelial cell can
result in ROS overproduction and oxidative stress. Increased
ROS and intracellular Ca2+ can induce upregulation of p38

and p-p38 MAPK expression [36] and subsequently acti-
vate intrinsic apoptotic pathways such as bcl-2, bax, and
caspase-3 and result in renal tubular epithelial cell apoptosis,
which is the underlying cause of contrast-induced direct
renal tubular toxicity. p38 MAPK activation via the reverse
mode of NCX and VDC could also result in renal ET-
1 overproduction, followed by renal vasoconstriction and
renal ischemia, which is one of the underlying causes of
contrast-induced renal hemodynamic abnormalities. ET-1
overproduction and renal ischemia can cause depletion of
adenosine triphosphate (ATP) and development of intracel-
lular acidosis. The accumulation of intracellular Na+, which
is caused by inhibition of Na+/K+-ATPase activity because of
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decreased ATP production [39] and activation of the Na+/H+
exchange because of intracellular acidosis [40], can also
activate the reversion of the mode of NCX and subsequently
cause calcium overload and ET-1 overproduction, forming
a vicious cycle. The diagram of the hypothesis about the
molecular mechanism of CI-AKI is seen in Figure 1. Contrast
media exposure activates VDC and the reverse mode of NCX
expressed in the renal tubular epithelial cell and induces
Ca2+ influx. The increased intracellular Ca2+ stimulates Ca2+
release from the mitochondrial and endoplasmic reticulum
and results in intracellular Ca2+ overload, which induced
ROS overproduction and oxidative stress. Increased ROS and
intracellular Ca2+ activate p38 MAPK. On one hand, p38
MAPK activates intrinsic apoptotic pathways such as bcl-2,
bax, and caspase-3 and induces renal tubular epithelial cell
apoptosis, which is the underlying cause of contrast-induced
direct renal tubular toxicity. On the other hand, activated p38
MAPK also results in renal ET-1 overproduction, followed by
renal vasoconstriction and renal ischemia, which is one of the
underlying causes of contrast-induced renal hemodynamic
abnormalities. ET-1 overproduction and renal ischemia can
cause depletion of ATP and development of intracellular
acidosis, which can result in accumulation of intracellular
Na+ and further activate the reversion of the mode of NCX
and subsequently cause Ca2+ influx and ET-1 overproduction,
forming a vicious cycle.

5. Conclusion

In summary, Ca2+ overload via the reverse mode of NCX1
and VDC, followed by ROS overproduction, p38 MAPK
activation, and ET-1 overproduction, plays an important role
in the contrast-induced renal hemodynamic disorder and
renal tubular epithelial cell apoptosis, which suggests that, in
clinical practice, CCB should be recommended to patients
with hypertension who are undergoing radiographic exami-
nation or therapy requiring contrast media and that selective
inhibitors of NCX1 may be beneficial in the prevention and
treatment of CI-AKI in humans.
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