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Chapter 7
Contrast-Induced Acute Kidney Injury

Yoshihide Fujigaki

Abstract Contrast-induced acute kidney injury (CI-AKI) is a form of kidney dam-
age by recent exposure of iodinated contrast media (CM) without another clear
cause for AKI. Now serum creatinine-based definition is generally used; however,
there are some problems on the definition and differentiation of CI-AKI. CM is
known to induce a variety of alterations in the kidney. The new mechanism of direct
tubular injury, specifically the role of inflammatory pathway, has recently been
characterized to explain CI-AKI in clinical setting. This might lead to new therapeu-
tic strategy. Both patient-related and procedure-related risk factors for CI-AKI have
been identified, and volume depletion and chronic kidney disease (CKD) are known
to be high risks for CI-AKI.

It is increasingly recognized that old data from cardiac angiography studies may
overestimate the risk of CI-AKI for patients undergoing intravenous contrast-
enhanced studies. Recent well-designed studies addressed the incidence of CI-AKI
after intravenous administration of CM for computed tomography was quite low. At
present the only available preventive action to reduce the risk for CI-AKI is to pro-
vide intravenous volume expansion before, during, and after CM administration.
Reevaluation of definition, the risk factors, the true impact, and preventative mea-
sures for CI-AKI are required in order to better understand CI-AKI.
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7.1 Introduction

There is significant evidence for renal injury resulting from contrast media (CM)
administration in both animal models and humans. Contrast-induced acute kidney
injury (CI-AKI) or contrast-associated nephropathy, also commonly referred to as
contrast-induced nephropathy, is caused by recent CM administration for diagnostic
or therapeutic imaging.

Most people with normal kidney function who receive CM usually do not experi-
ence any renal complications. However, patients with volume depletion or chronic
kidney disease (CKD) are recognized to be at increased risk for CI-AKI [1-3].
CI-AKI occurs within 24-72 h following CM administration and could be associ-
ated with poor outcomes including AKI requiring dialysis, worsening of CKD, car-
diovascular events, and increased medical expenses [2]. Numerous clinical and
epidemiological studies have characterized the risk factors and incidence rates for
CI-AKI. Pre-existing renal dysfunction (estimated glomerular filtration rate (¢GFR)
<60 mL/min/1.73 m?) and diabetes mellitus are the most important risk factors for
further deterioration in renal function induced by CM [2, 4]. However, the type of
CM administration procedure seems to be an important determinant of
CI-AKI. Recent well-designed studies have shown that CI-AKI is much less com-
mon than previously believed even in patients with CKD undergoing intravenous
(IV) contrast-enhanced computed tomography (CT) [5, 6].

CM is known to induce various alterations in the kidney. Among them, the
mechanism of direct tubular injury due to inflammatory pathway has recently been
attracted attention for. IV hydration, optimization of hemodynamic status, and
minimization of CM volume have been considered for preventive strategies of
CI-AKI at present. Any drugs with vasodilative or anti-oxidative effects have not
been established to reduce the risk for CI-AKI. The incomplete understanding of
CI-AKI has hampered the development of new strategies to prevent or miti-
gate CI-AKI.

In this review, we aimed to mainly discuss the current understanding and contro-
versy of CI-AKI.

7.2 Manifestations of CI-AKI

In general, CI-AKI is considered to occur when a patient receives CM either
intravenously or intra-arterially for diagnostic or therapeutic imaging and subse-
quently demonstrates a rise in the serum creatinine concentration. In most
CI-AKI, accumulation of serum creatinine typically requires 48—72 h. Serum
creatinine peaks at 4-5 days and returns to baseline in 7-14 days. A low urine
sodium concentration (urine Na < 10 mEq/L) or a low fractional excretion of
sodium (<1%) may be found owing to the vasoconstrictive properties of
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CM. Acute tubular necrosis occurs as a form of AKI; thus tubular epithelial cells
and granular “muddy brown” casts can be seen on urinary microscopy. However,
CI-AKI shows broad clinical manifestations, ranging from a mild to moderate
increase in serum creatinine to oliguric or non-oliguric AKI requiring temporary
or permanent dialysis in small cases.

7.3 Definition of CI-AKI

There is no specific definition of CI-AKI that is generally agreed worldwide.
However, it is widely used that CI-AKI is defined by “a condition in which an
impairment in renal function (an increase in serum creatinine by more than 25% or
0.5 mg/dL (44 mmol/L)) from baseline occurs within 48—72 h following the intra-
vascular administration of CM in the absence of an alternative etiology” [7]. On the
other hand, CI-AKI is evaluated with the Kidney Disease: Improving Global
Outcomes (KDIGO) AKI criteria as any of the following: increase in serum creati-
nine by >0.3 mg/dL (>26.5 pmol/L) within 48 h or increase in serum creatinine to
>1.5 times baseline that is known or presumed to have occurred within the prior
7 days or urine volume <0.5 mL/kg/h for 6 h [8].

7.4 Differential Diagnosis

An alternative diagnosis of AKI should be suspected when renal injury develops
more than 7-10 days following CM administration. In such instances, careful evalu-
ation for alternative causes of AKI, including cholesterol crystal embolization,
should be considered especially in patients after cardiac catheterization. However,
of note, the American College of Radiology (ACR) Manual on Contrast Media from
May 2017 makes a differentiation between CI-AKI and post-contrast acute kidney
injury (PC-AKI) [9]. The reason for this differentiation is that we do not recognize
at present whether the AKI is actually due to CM administration or if there are con-
comitant disease processes creating this effect. PC-AKI may occur regardless of
whether the CM is the cause of the deterioration of renal function; therefore, CI-AKI
is a subgroup of PC-AKI.

In order to evaluate the data across the literature on CI-AKI, it is necessary to
establish standardized definition of CI-AKI. Like AKI in general, urinary liver fatty
acid binding protein (L-FABP) and serum cystatin C were also reported as an early
biomarker for CI-AKI [10, 11]. Recent report indicated serum neutrophil gelatinase-
associated lipocalin (NGAL) and serum fibroblast growth factor (FGF)23 might
have certain values in early diagnosis of CI-AKI [12]. Onset can be predictable, and
the mechanism should be similar among CI-AKI; mechanistic biomarkers that can
be applied for CI-AKI diagnosis and prognosis are expected.
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7.5 Incidence

CI-AKI is an important complication that accounts for a significant number of
patients of hospital-acquired renal failure. Although all of AKI after CM adminis-
tration are not caused directly by CM, there are several reports on incidence of
CI-AKI in various clinical settings. Incidence of CI-AKI is <1% in patients under-
going non-emergent contrast-enhanced CT [13] and is 4% in CKD patients under-
going non-emergent contrast-enhanced CT [14], whereas incidence of CI-AKI is
>10% in patients after [V CM administration in an emergency setting [15]. As for
intra-arterial CM administration, incidence of CI-AKI is <3% in patients undergo-
ing percutaneous transluminal catheter angioplasty (PTCA) with normal baseline
renal function [16]. On the other hand, the incidence of CI-AKI was reported to be
around 40% in CKD patients undergoing PTCA, and the reduction of eGFR among
these patients was associated with the increase in incidence of CI-AKI [17, 18].

7.6 Prognosis

Some studies have demonstrated that both short-term and long-term mortality rates
have been found to be significantly higher in patients with CI-AKI compared with
patients without CI-AKI [7]. Furthermore, a prognosis of CI-AKI may be associ-
ated with development of CKD and progression to end-stage renal disease in long
term [19, 20] like other causes of AKI. However, very recent study reported that the
administration of both IV and intra-arterial CM was associated with a risk of AKI
and multifactorial AKI was associated with worse outcomes, while CI-AKI was
associated with better outcomes [21]. The true impact of CI-AKI seems not to
be clear.

7.7 Mechanisms

Many complex pathways possibly involved in the development of CI-AKI have been
proposed [4, 22]. Under normal conditions, the renal medulla is poorly oxygenated
and works in a less oxygenated condition. After CM administration, renal blood flow
decreases due to renal vasoconstriction over a prolonged period, leading to ischemic
injury to the renal medulla. Vasoactive substances such as prostaglandins, nitric
oxide, endothelin, and adenosine may play a major role in this process. Direct cyto-
toxicity of CM due to free radical formation and osmotic effects of CM on renal
tubular cells also play a role. Among these factors, sterile inflammatory damages
attracted attention [23]. Very recently Lau et al., using a mouse CI-AKI model with
volume depletion, reported that immune activation occurs in distinct compartments
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Fig. 7.1 Schematic of CI-AKI. (1) Intravenous or intra-arterial contrast agents enter the renal
circulation and peritubular capillaries and are taken up by resident renal phagocytes. (2) Contrast
is filtered at the glomerulus and enters the urine and renal tubule. In the hydrated state, contrast is
rapidly excreted. (3) Contrast uptake by the resident renal phagocytes activates the Nlrp3 inflam-
masome to generate IL-1f. (4) IL-1p mediates leukocyte recruitment from the circulation into the
kidney. (5) Contrast in the urine is taken up by the tubular cell by the brush border enzyme DPEP-1.
The tubular uptake of contrast is enhanced in the volume-depleted state. (6) Recruited leukocytes
ingest contrast transported from the urine through a direct interaction with tubular cells that further
activates the inflammasome. (7) The activation of resident renal phagocytes, tubular uptake of
contrast, and leukocyte recruitment are all necessary, but none alone is sufficient toinduce AKI. (From
Lau A et al. J Clin Invest. Renal immune surveillance and dipeptidase-1 contribute to contrast-
induced acute kidney injury. J Clin Invest. 2018;128:2894-913)

Glomerulus

and depends on uptake of CM both by resident and infiltrating phagocytes and by
tubular epithelial cells, leading to a massive influx of leukocytes and an excessive
inflammatory response that ultimately induces AKI (Fig. 7.1) [24]. They also
reported levels of the inflammasome-related urinary biomarkers IL-18 and caspase-
1 were increased immediately following CM administration in patients undergoing
coronary angiography (CAG), consistent with the acute renal effects observed in
mice [24]. The discovery of this pathway might provide opportunities to develop
specific and effective therapies for CI-AKI. Moreover, Atkinson SJ commented that
the report by Lau et al. has an important implication of the clear mechanistic expla-
nation for the contribution of volume depletion to the activation of a sterile inflam-
matory state and the likelihood of CI-AKI in patients receiving CM [25].
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7.8 Risk Factors

Patients at risk for CI-AKI should be identified before administration of CM. Previously
reported factors influencing the incidence of CI-AKI are listed in Table 7.1.

7.8.1 Patient-Related Risk Factors

In addition to states of reduced renal perfusion, pre-existing CKD (eGFR < 60) and
diabetes mellitus are the most important patient-related risk factors for further dete-
rioration in renal function induced by CM [26, 27]. Both of them may have additive
effect on CI-AKI [28]; however, it is not clear whether the risk of CI-AKI is signifi-
cantly increased in patients with diabetes mellitus without renal dysfunction. Older
age is also a risk for CI-AKI because it is postulated to predispose patients to renal
sodium and water wasting due to reduction in renal mass and function.
Comedication with loop diuretics had no difference of a risk for CI-AKI when
compared with discontinuation of loop diuretics [29]. In contrast prophylactic use
of loop diuretics increased the incidence of CI-AKI despite adjusting dehydration
[30]. The meta-analysis showed the risk of comedication with non-steroidal

Table 7.1 Risk factors Patient-related risk factors
for CI-AKI

Older age

Pre-existing renal dysfunction or CKD

Diabetes mellitus and diabetic nephropathy

Hypertension requiring medical therapy

Metabolic syndrome

Hypercalcemia

Hyperuricemia

Multiple myeloma

States of reduced renal perfusion
Dehydration

Congestive heart failure

Liver cirrhosis

Nephrotic syndrome

Hemodynamic instability

Comedication

Diuretics for prophylactic use

Non-steroidal anti-inflammatory drugs

CM- or procedure-related risk factors
High-osmolar CM

High volume of CM

Intra-arterial CM administration

Multiple exposure to CM in short term
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anti-inflammatory drugs (NSAIDs) for CI-AKI [27] probably due to reduction of
intra-renal blood flow. Thus, discontinuation of NSAIDs 24 h before CM adminis-
tration should be done [31]. Lately, renin-angiotensin system (RAS) inhibitors have
been used often for CKD patients. At present, there is no evidence that RAS inhibi-
tors increase the incidence of CI-AKI. Although metformin is not a nephrotoxic
agent, it causes life-threatening lactic acidosis in a patient who develops
CI-AKI. Most guidelines recommended transient discontinuation of metformin
especially in CKD patients who are planned to have CM administration.

7.8.2 CM- or Procedure-Related Risk Factors

It is well known that high-osmolar CM (HOCM) more frequently causes CI-AKI
compared with low-osmolar CM (LOCM) (780-800 mOsm/kg) [32]. Nowadays only
iso-osmolar CM (IOCM) and LOCM are used in clinical practice instead of
HOCM. In most of studies, there is no difference on the incidence of CI-AKI between
IOCM and LOCM. The KDIGO guidelines for AKI stated no recommendation was
made about the preference of IOCM or LOCM due to lack of reliable evidence [8].

Lower doses of CM were found to be less nephrotoxic in patients undergoing
CAG [33, 34]. Cigarroa advocated maximum allowable CM dose was defined as
<5 mL/kg per serum creatinine [33]. A CM dose on the basis of estimated renal
function with a planned CM volume restricted to less than preferably twice the cal-
culated creatinine clearance might be valuable in reducing the risk for CI-AKI
requiring dialysis in patients undergoing percutaneous coronary intervention (PCI)
[35]. However, it is not clear whether low dose of CM is significantly less nephro-
toxic in patients undergoing contrast-enhanced CT. It is reported that use of >100 mL
of CM was associated with increased risk of CI-AKI among outpatients with mild
baseline kidney disease [13]. Though there is not enough evidence, use of lower
dose of CM is recommended in patients undergoing contrast-enhanced CT, espe-
cially patients with CKD. There are conflicting reports as to whether repeated
contrast-enhanced CT scan within 24—72-h interval increases the risk for CI-AKI.

Recently, newer CT modalities have been developed using low tube voltage and
low CM dose to reduce radiation exposure and the risk for CI-AKI without sacrific-
ing image quality [36, 37]. However it should be kept in mind that even very low
doses of CM may lead to CI-AKI in patients with high-risk factors. The volume of
CM should be minimized as much as possible at any time.

7.9 Route of CM Administration

It is increasingly recognized that CI-AKI has been overestimated in clinical prac-
tice. LOCM is proved to be less risk for CI-AKI than HOCM [32]. Older studies on
CIN frequently include the patients using HOCM, which has since been replaced by
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LOCM. In addition, the risk for CI-AKI has been known to be different between
routes of CM administration. However, comparing the risks for CI-AKI after IV
CM administration and after cardiac catheterization (intra-arterial CM) is difficult
because there are so many different conditions, including underlying illness, pre-/
comedications, dose of CM, site and number of CM injection, and prophylactic
measures. Specifically, CAG differs from IV CM administration as follows: (1) the
injection is intra-arterial and supra-renal, (2) CM dose is usually more concentrated,
and (3) use of a catheter can induce atheroembolization. Thus, similar patient
cohorts for studies on CI-AKI cannot be enrolled adequately. Furthermore, it had
been recognized that a high incidence of transient serum creatinine fluctuations
exists in hospitalized patients who had not received CM [38] and that the fluctua-
tions are larger in patients with kidney failure than in those with normal kidney
function [39]. Although there is no conclusive evidence, some studies have provided
circumstantial evidence that the risk for CI-AKI may be higher after intra-arterial
than after IV injection [40, 41].

7.9.1 Intra-arterial CM Administration

With a retrospective analysis of the Mayo Clinic PCI Registry, of 7586 patients, 254
(3.3%) experienced AKI. Diabetic patients were at higher risk than non-diabetic
patients, whereas all patients with a serum creatinine >2.0 mg/dL are at high risk for
AKI. AKI was highly correlated with death [16]. The incidence of CI-AKI after
cardiac catheterization was 4.0% in 1157 patients in Japan [42]. Multivariate logis-
tic models revealed that pre-existing renal insufficiency, serum creatinine 1.2 mg/dL
or higher, and the use of high-volume (more than 200 mL) CM were independently
associated with CI-AKI [42]. A multicenter prospective observational study that
enrolled 906 patients with cardiac catheterization showed the incidence of CI-AKI
in patients with eGFR <30 mL/min/1.73 m? was significantly higher than that in
patients with eGFR >60 mL/min/1.73 m?. CI-AKI was found in patient with normal
renal function, but incidence of CI-AKI was increased with the reduction of
eGFR. Proteinuria and reduced eGFR were independent risk factors for CI-AKI
after cardiac catheterization [43]. These data and others indicated intra-arterial,
suprarenal CM administration is a risk for CI-AKI especially among patients
with CKD.

7.9.2 Intravenous CM Administration

Imaging examinations requiring the use of IV CM administration are sometimes
avoided for fear of CI-AKI in clinical practice. Previous studies had problems on
the risk determination for CI-AKI affected by lacking controls to cases and many
confounders among people undergoing I'V contrast-enhanced CT scan. Recent well-
designed studies overcame those problems.
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McDonald et al. reported the results of a large retrospective analysis with propen-
sity score matching controls to cases to compare risk for CI-AKI after IV contrast-
enhanced CT and non-contrast-enhanced CT scanning, and no increased risk for
CI-AKI could be found from the contrast-enhanced CT scan, even among high-risk
groups [44]. In other studies using propensity score matching, most cases of AKI
after contrast-enhanced CT were found not to be attributable to CM. The risk for
AKI was independent of CM exposure, even in patients with eGFR of less than
30 mL/min/1.73 m? [5], whereas IV LOCM does not appear to be a nephrotoxic risk
factor in patients with a pre-CT eGFR of 45 mL/min/1.73 m? or greater but a risk
factor for CI-AKI in patients with a stable eGFR less than 30 mL/min/1.73 m? [45].

To create multiple estimates of the risk for CI-AKI, 5.9 million Nationwide
Inpatient Sample in the United States in 2009 was stratified according to the presence
or absence of 12 common conditions associated with AKI, and the rate of AKI
between strata was evaluated. Then, a logistic regression model was created, control-
ling for comorbidity and acuity of illness, to estimate the risk of AKI associated with
CM administration within each stratum [46]. The authors found that the risk for AKI
in patients receiving than not receiving CM was nearly identical, 5.5% vs. 5.6%,
respectively [46]. IV CM administration was not associated with an excess risk for
dialysis or death, even among patients with CKD [6]. Very recent meta-analysis
reported that contrast-enhanced CT scan vs. non-contrast CT did not show significant
differences in rates of AKI, need for renal replacement therapy, or mortality [47].

These and other recent well-conducted studies have shown that the risk for
CI-AKI, especially after IV CM administration, is much lower than has been com-
monly thought and might barely exist at all; on the other hand, CI-AKI is unpredict-
able and largely depending on confounders with sometimes bidirectional roles.

7.10 Prevention and Treatment

In order to prevent CI-AKI, concomitant use of other known nephrotoxic drugs
should be withdrawn, or they should not be used if clinically possible. Based on the
possible mechanisms of CI-AKI, drugs, which have vasodilative or anti-oxidative
effects, they have been considered for preventive strategies of CI-AKI. However,
most of them including N-acetylcysteine, human atrial natriuretic peptide, theophyl-
line, endothelin- 1, fenoldopam, ascorbic acid, and stain were not reported to signifi-
cantly decrease the risk for CI-AKI.

IV hydration is recognized as the only effective preventive strategy for CI-AKI
at present. Saline before, during, and after exposure to CM can increase tubular fluid
volume depending on infusion rate and reduce the concentration of CM in the tubu-
lar fluid, which might lead to reduced formation of reactive oxygen species. IV
saline hydration was reported to decrease both the incidence and severity of CI-AKI
in patients undergoing cardiac catheterization from 12 h before the procedure for
24 h (at a rate of 1 mL/kg per hour) when compared with unrestricted oral fluid
intake [48]. There is little evidence about oral fluid loading being inferior to IV
saline loading especially in patients with mild to moderate renal dysfunction.



94 Y. Fujigaki

Isotonic hydration (0.9% saline) was found to be superior to half-isotonic hydration
(0.45% sodium chloride plus 5% glucose) for the prevention of CI-AKI in patients
undergoing CAG [49]. However, a recent prospective, randomized controlled study
in patients with CKD stage G3 showed that no prophylaxis group was found to be
non-inferior to prophylaxis group (0.9% saline) [50].

Sodium bicarbonate infusion can produce the same effects of systemic volume
expansion as saline, with the additional benefit of an increase in the bicarbonate
anion buffer within the renal tubules. This might lead to alkalization of tubular fluid,
which may protect the tubular cells against free radical injury. However, the effec-
tiveness of IV sodium bicarbonate to prevent CI-AKI is controversial. Most of
recent meta-analysis indicated a preventive effect of the use of sodium bicarbonate
on the risk for CI-AKI when compared with saline was borderline statistical signifi-
cance [51, 52]. It is noteworthy that the use of sodium bicarbonate had no beneficial
effect on requiring renal replacement therapy or mortality. Among the large ran-
domized trials, there was no evidence of benefit for hydration with sodium bicar-
bonate compared with sodium chloride for the prevention of CI-AKI [53].

At present in clinical practice, hydration is recommended to prevent CI-AKI
especially for patients with high risk for CI-AKI. Further examinations are neces-
sary as to which patients with risk factors for CI-AKI get benefit by hydration before
and after CM administration because achievement of enough hydration is not easy
for outpatients.

There was an exacerbation of renal dysfunction when furosemide was used in
addition to IV saline solution. However, there is the RenalGuard System (PLC
Medical Systems, Milford, Massachusetts) for very high-risk patients to prevent
CI-AKI, which delivers IV fluids matched to urine output with a combination of
hydration with normal saline at an initial dose bolus plus a low dose of furosemide
and continuous monitoring for a urine output flow of >300 mL/h sustained for 6 h.
The meta-analysis reported that furosemide with matched hydration by the
RenalGuard System may reduce the incidence of CI-AKI in high-risk patients
undergoing PCI or transcatheter aortic valve replacement [54].

Although there is no established therapy using single drug to prevent CI-AKI,
combination of drugs and hydration may be effective on CI-AKI prevention.
Interestingly, randomized, controlled trials of N-acetylcysteine, statins, ascorbic
acid, sodium bicarbonate, or saline that used IV or intra-arterial CM and defined
CI-AKI indicated that the greatest reduction in risk for CI-AKI has been achieved
with low-dose N-acetylcysteine plus IV saline or with statins plus N-acetylcysteine
plus IV saline in patients receiving LOCM [55]. Moreover, a comprehensive analy-
sis of currently utilized CI-AKI prevention interventions by the systematic review
and network meta-analysis suggested that some options (particularly allopurinol,
prostaglandin E1, and oxygen) deserve further evaluation in larger well-designed
retrospective control trials [56].

In the meta-analysis including prophylactic hemodialysis and hemofiltration,
these therapies were not found to be protective against CI-AKI [57]. Of note, at least
hemodialysis was found to increase the risk for CI-AKI. Thus prophylactic renal
replacement therapy should not be done.
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7.11 Perspective

CI-AKI is one of the preventable forms of AKI because the timing of renal insult
is known in patients with CI-AKI. In order to specify the modifiable risk factors,
we still need to revise several factors, which influence on evaluating the CI-AKI
incidence, including definition of CI-AKI, underlying risks associated with vari-
ous conditions, and type of CM administration. Further study is needed to clarify
the true impact of CI-AKI, especially after IV CM administration, in light of a
growing CKD population and radiological imaging using CM being increased. On
the other hand, basic experiments have been revealing the new mechanisms of
CI-AKI; thus specific preventive measures and treatments are expected to develop
in the future.
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