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Abstract: A decrease in renal function that follows intravascular administration of contrast medium (CM) within a few days is
reported as contrast-induced acute kidney injury (CI-AKI). In clinical practice, the imaging procedure is frequently deferred when
clinicians consider that the renal risks caused by CM outweigh the benefits of enhanced imaging. However, with an in-depth
understanding of AKI and contrast medium, scholars have realized that the decrease in renal function after CM is caused by contrast
medium factors and noncontrast medium factors (such as anemia and hemodynamic instability). Therefore, acute kidney injury caused
by CM has been overestimated in the past. The term “contrast-associated acute kidney injury (CA-AKI)” has been increasingly used to
indicate AKI after intravascular administration of contrast medium compared with CI-AKI. CA-AKI can increase the risk of death and
chronic kidney disease. However, its pathophysiological mechanism has not been fully elucidated, and the effectiveness of various
preventive and therapeutic measures have been questioned. These present challenges for us. In this article, we will review the
diagnostic criteria, epidemiology, risk factors, pathophysiological mechanisms and treatment of CA-AKI to provide optimized imaging
procedures in clinical practice.
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Contrast medium was first reported to cause acute kidney injury in 1954,' and the disease is now well known by
clinicians. Before undergoing intravascular administration of contrast medium, the patient’s renal function is assessed.
Acute kidney injury is a seriously illness that can increase the mortality of patients and the incidence of chronic renal
insufficiency. Data from the University of Pittsburgh Medical Center showed that the 30-d in-hospital mortality
increased, even if creatinine was slightly elevated.” In addition to impairing the health of patients, CA-AKI will also
increase the economic burden on families and society.® Therefore, it is vital to understand the advances in CA-AKI to

strengthen its prevention and treatment.

Diagnostic Criteria
Contrast-induced nephropathy (CIN) was previously characterized by an absolute increase in plasma creatinine of
0.5 mg/dl (44 umol/L) or >25% of the baseline creatinine value within 2 to 5 days after the application of
intravascular contrast medium (CM).** In 2012, the Kidney Disease Improving Global Outcomes (KDIGO) proposed
the term “contrast-induced acute kidney injury (CI-AKI)” and defined it as an increase in serum creatinine value to
more than 1.5 times the baseline creatinine value within 7 days after contrast exposure, or an increase of >0.3 mg/dl
(26.5 pmol/L) in creatinine within 48 h, or a decrease to 0.5 mL/kg/h for 6 hours in the urine volume after the
application of CM.¢

In recent years, AKI has been shown to be induced by factors other than CM after applying intravascular CM, such as
hypotension, low cardiac output, sepsis, anemia and so forth. Therefore, the term “contrast-associated acute kidney
injury” has gained favor.’

International Journal of General Medicine 2022:15 1537-1546 1537
Received: 24 September 2021 © 2022 Li and Pan. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the

Accepted: 8 December 2021
Published: 15 February 2022

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-1951-432X
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Li and Pan Dove

Epidemiology

Numerous studies have focused on AKI incidence after exposure to CM, with the overall findings showing significant
differences, ranging from 1.3% to 33.3%.% Such differences in various studies may be caused by the inclusion or
exclusion of AKI induced by non-CM factors as well as the different AKI definitions and study populations. Because
non-CM factors also affect renal function, the correlation between CM and AKI and its severity has been questioned
recently.

First, a series of retrospective studies containing control groups (patients without CM exposure) were conducted to
determine whether CM could cause AKI. A meta-analysis of 13 retrospective controlled studies, with 25,950 individuals,
showed that intravenous CM had no impact on the incidence of AKI, with similar mortality and dialysis observed.*
However, the primary health conditions of patients in the trial and control groups were different, and it might be
misleading to directly compare the incidence of AKI between the two groups.

To minimize the baseline level of patients from the trial and control groups, paired retrospective studies were conducted based
on propensity scores. Davenport et al’ matched 19 covariates among 17,652 individuals and found that hypotonic CM had
a significant impact on the occurrence of AKI after CT (P=0.04), and the risk of AKI after angiography was increased with
a decrease in eGFR. Wilhelm-Leen et al'® conducted a large-scale cohort study on inpatients based on whether CM was applied.
After calibration, the results showed that the incidence of AKI in patients with CM was 5.5% while that in patients without CM
was 5.6%, with an odds ratio (OR) of 0.93 and a 95% confidence interval (95% CI) of 0.88—0.97, which indicated that CM did not
promote the occurrence of AKI. Hinson et al'' conducted a study among 17,934 patients and found that CM was not associated
with the increased incidence of AKI, which was similar in all subgroup analyses, regardless of baseline renal function, direct
comparison or comparison after propensity score matching. Currently, there are three kinds of common propensity scores, but
many underlying factors can affect renal function, and no one propensity score can fully cover all relevant aspects. In addition, the
above studies were retrospective, individuals with renal insufficiency were unlikely to receive CM clinically, and hydration
therapy was performed after CM exposure. So there may be certain limitations in the above results.

Therefore, it is necessary to conduct large-scale prospective randomized controlled studies, but ethics issues would be
a major challenge. Currently, it can be confirmed that the risk of CI-AKI has been overestimated. Recently, a paper
published in Chest also supports this conclusion.'?

The existing evidence suggests that the risk of CI-AKI after intravenous CM exposure can be negligible in adult patients with
an estimated glomerular filtration rate (eGFR) >60 mL/min/1.73 m? or minor renal dysfunction (eGFR: 45-59 mL/min/
1.73 m?)."* Recently, the results of a study focusing on children demonstrated that the risk of contrast-induced nephropathy
was not increased after applying CM with normal renal function or minor renal dysfunction (e€GFR>60 mL/min/1.73 m?),"*
confirming that CM has little impact on patients with normal renal function. Although there are differences in the results of
propensity score studies, it is inevitable that patients with eGFR<30 mL/min/1.73 m” have the highest risk of CI-AKI.'®
A consensus has revealed that intravenous CM exposure cannot increase the risk of CI-AKI in patients with an eGFR of 30—
44 mL/min/1.73 m%'>' but we need further research on diabetic patients.

Risk Factors

Basic Health Conditions of Patients

A decreased estimated glomerular filtration rate (eGFR) is an independent risk factor for CA-AKI. In addition, Rudnick et al'”
found that diabetic patients were prone to CA-AKI more than 20 years ago. However, diabetes is not an independent risk factor
for CA-AKI, which may be caused by diabetic nephropathy. In addition to the above two traditional risk factors, advanced age,
hypertension, congestive heart failure (HF) and anemia can also increase the incidence of CA-AKI and the short-term and
long-term complications and mortality of patients.'®'®!* High-density lipoprotein (HDL) possesses anti-inflammatory and
antioxidant effects, further promoting the function and repair of endothelial cells (ECs). It has been found that the level of HDL
is negatively correlated with the risk of CA-AKI after coronary angiography.”*' However, the specific biological basis is

unclear thus far, which may be related to antioxidation and renal vessel dilation.
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Medical Measures

The contrast medium is divided into three types according to its osmolality, namely, high-osmolar, iso-osmolar and low-
osmolar contrast medium. High-osmolar contrast agents have been found to significantly increase the incidence of CA-AKI;
hence, this kind of CM is rarely adopted at present. Compared with the hypotonic contrast agent, Aspelin et al** found that
the risk of CA-AKI induced by isotonic contrast agent was lower. However, similar conclusions are not observed in other
studies. For instance, Rudnick et al**** found no difference in AKI of patients with renal insufficiency after applying isotonic

1?° obtained the same results in a meta-analysis, even for diabetic patients. In

and hypotonic contrast medium. Han et a
addition, the dose of CM is also related to CA-AKI, implying that a higher CM dose corresponds to a higher risk of CA-
AKI** Studies have shown that a CM dose less than three times the creatinine clearance rate (Cer) could reduce the
incidence of CA-AKI?**?” Moreover, repeated administration of CM within 72 hours would increase the risk of CA-AKIL*®
In arterial CM administration, it is significant to discriminate the second exposure (where the CM reaches the kidney in
a diluted form) from the first exposure (where the kidney is exposed to relatively undiluted CM). The second exposure occurs
when CM is injected into the cor dextrum and pulmonary artery and selectively perfused into the suprarenal aortic branches
(subclavian, brachial and mesenteric arteries). The first exposure occurs when the CM reaches the cor sinistrum and
suprarenal aorta and selectively arrives in the renal artery. Generally, the risk of AKI after intravenous use of contrast
medium is lower than that of arterial contrast medium. Because patients receiving coronary angiography have relatively
serious pathogenetic conditions, they are high-risk groups for CA-AKI. Furthermore, CM is commonly infused through
arteries, and the first and second renal exposures occur simultaneously during coronary angiography. Therefore, the risk of
CA-AKI in patients after coronary angiography is far higher than that after enhanced CT.*’ It is worth noting that nephrotoxic
drugs often have to be applied to treat diseases in the clinic, thereby increasing the occurrence of CA-AKI. For instance,
nonsteroidal anti-inflammatory drugs can constrict renal blood vessels and cause renal interstitial fibrosis; aminoglycosides
have direct toxic effects on kidney tubules. Recently, Ma et al'® found that renin-angiotensin-aldosterone system inhibitors,
which are commonly used to prevent renal complications in patients with hypertension and diabetes, increased the risk of
AKI in diabetic patients after coronary angiography. The possible reason is that these drugs can dilate the efferent arteriole of
the glomerulus, and the decrease in GFR slows down the clearance of CM and then causes persistent damage to kidneys.
Moreover, angiotensin II can induce the production of transforming growth factor 1 (TGF-B1), which could protect renal
proximal tubular cells from necrosis, but renin-angiotensin-aldosterone system inhibitors counteract the potential protective
effect of TGF-B1 in the kidney by inhibiting the production of angiotensin II. Risk factors are shown in Table 1.

Table | High-Risk Factors for CA-AKI

Risk Factors for CA-AKI

Patient-associated factors

* Pre-existing renal function insufficiency
* Diabetic nephropathy

* Advanced age (> 70 years old)

* Hypertension

* Cognitive heart failure

* Anemia

* Periprocedural hypoperfusion

Medical procedure-associated factors

* High osmolality of iodine agent

* Excessive use of iodine agent

* Repeated exposure of contrast agent within 72 h
* Imaging techniques

* Nephrotoxic drug (NSAIDs, aminoglycosides, ACEI, etc.)
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Pathophysiological Mechanism
Although the pathophysiological mechanism of CI-AKI has not been fully clarified, the possible mechanisms are direct
toxic effects of CM, renal hemodynamic changes, oxygen-free radicals and inflammatory reactions (Figure 1).

Direct Toxic Effects of CM on Kidneys

CM has direct toxic effects on renal tubular epithelial cells and can induce apoptosis and necrosis, which is due to the
physicochemical properties of CM. The early injury of renal tubular epithelial cells is characterized by the loss of cell
polarity due to the redistribution of the Na“-K" pump. Pumps on the basolateral side of tubular epithelial cells decrease
and those on the luminal surface increase, accompanied by the increasing transport of sodium ions to distal convoluted
tubules, thus leading to the contraction of renal blood vessels through tubuloglomerular feedback (Figure 2). With the
injury of epithelial cells and shedding from the basement membrane, obstruction would occur in the renal tubules, thus

causing a pressure increase within the renal tubules and a decrease in GFR.>’

Effects of CM on Renal Hemodynamics

CM can increase vasoconstricting substances (such as endothelin) and decrease vasodilating substances (such as NO and
PGL,) in plasma, leading to a lessening in global or local blood perfusion of kidneys.’ Although renal medulla blood
flow only accounts for 10% of renal blood flow, epithelial cells in the thick ascending limb of Henle’s loop are in a state
of high metabolism. Therefore, ischemia and hypoxia are prone to occur in the outer medulla when renal blood flow
decreases.*” It is worth noting that the renal parenchyma of patients with CKD and diabetic nephropathy is decreased and
the conventional dose of CM can aggravate ischemia of the outer medulla. Moreover, diabetic nephropathy is character-
ized by renal vascular dysfunction, which increases the sensitivity to vasoconstriction caused by CM. Meanwhile, CM
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Figure | Mechanisms of Contrast-Associated Acute Kidney Injury.
Abbreviations: NO, nitric oxide; CRP, C-reactive protein.
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Figure 2 Redistribution of the Na"-K* pump.
Notes: CM has direct toxic effects on renal tubular epithelial cells, resulting in the redistribution of the Na*-K* pump. The pumps deliver from the basolateral to the luminal
side of the tubular cells, causing an Na* increase in the tubule lumen.

can increase blood viscosity,' slow microcirculatory blood flow, and affect blood osmotic pressure, thus reducing red
blood cell plasticity and increasing the risk of microthrombosis.

CM Increases the Production of Oxygen Free Radicals

CM has been reported to increase the production of oxygen free radicals by reducing the biological activity of renal
tubular epithelial cells and promoting the peroxidation of lipids. Moreover, it also reduces the activities of antioxidant
enzymes and superoxide dismutase, which lead to an increase in the production of reactive oxygen species (ROS).*?
Excessive ROS could cause damage to renal tubular epithelial cells and adjacent cells. In addition, with increases in
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ROS, nitric oxide (NO) and prostaglandins decrease because the activities of nitric oxide synthase (NOS) and prosta-
cyclin synthase are hindered by ROS then renal blood vessels contract,®® thus aggravating cell hypoxia and renal
insufficiency.**

Inflammatory Reactions

NF-«kB is a transcription factor involved in immunity, stress response, apoptosis and differentiation. In recent years, NF-
kB has been shown to play a vital role in the occurrence and development of AKI.*> Machado et al*® detected a large
amount of NF-kB expression in a rat contrast medium model, and their results showed that reducing the activity of NF-
kB can alleviate the inflammatory response and oxidative stress injury in AKI. The results of a prospective cohort study
including 423 patients suggested that patients in the high C-reactive protein (CRP) group had a higher relative risk of
CIN.?” These data indicate that inflammatory reactions may play an important role in the pathogenesis of CA-AKI.

Prophylaxis and Treatment of CA-AKI

Hydration is the basic prophylaxis method for CA-AKI. According to the 2015 Guidelines on Acute Coronary Syndrome
and 2018 European Society of Cardiology Guidelines on Myocardial Revascularization, intravenous hydration treatment
is recommended for CA-AKI patients with an estimated glomerular filtration rate (¢GFR)<60 mL/min/1.73 m? under the
condition of 12 h before coronary angiography and 24 h after coronary angiography.*®* In recent studies, hydration
therapy has also been shown to reduce the incidence of CA-AKI in patients with e GFR>60 mL/min/1.73 m*.*° However,
excessive transfusion may increase the risk of heart failure, arrhythmia and short-term death in high-risk patients.*'
Therefore, the implementation of hydration therapy should be guided according to the central venous pressure (CVP), left
ventricular end diastolic pressure (LVEDP), bioimpedance and urine volume. A prospective randomized double-blind
trial found that CVP-guided hydration therapy outperforms the standard hydration scheme for patients with coronary
angiography.*? In addition, similar guiding effects of LVEDP-guided hydration were observed in the POSEIDON trial.’
The evaluation of the bioimpedance vector level at admission contributes to adjustments of vascular content, and the
incidence of CA-AKI decreases after angiographic surgery.*> The RenalGuard system is a device that optimizes
intravenous hydration treatment by matching the fluid infusion volume with the patient’s urination volume, which can
enable the rapid discharge of CM by maintaining a high urination volume. Briguori et al** found that compared with
LVEDP-guided hydration therapy, RenalGuard-guided hydration therapy led to a decreased incidence of CA-AKI and
pulmonary edema (RR: 0.56, 95% CI: 0.39-0.79, P=0.036). However, the results of a prospective randomized controlled
noninferiority trial concluded that 8 out of 307 patients (2.6%) who did not receive hydration therapy developed AKI and
8 out of 296 patients (2.7%) who received hydration therapy developed CA-AKI; therefore, hydration therapy did not
reduce the incidence of CA-AKI (P=0.4710).*> Although this was a single-center study, it included a population from all
over the Netherlands; thus, the results are worthy of wide attention. Moreover, controversies remain regarding the type of
liquid used in hydration therapy. Currently, the oral administration of liquid alone is not recommended, and intravenous
rehydration is often required. For intravenous rehydration, 1.4% sodium bicarbonate and 0.9% normal saline are
commonly administered fluids. Previous studies with a small sample size have proposed that the intravenous application
of sodium bicarbonate is better than saline in reducing the incidence of CA-AKI.***” However, Weisbord et al** recently
conducted a multicenter study that included 5177 individuals in which the subjects were infused separately with 1.26%
sodium bicarbonate and 0.9% saline, and the results showed no difference in the incidence of CA-AKI between the two
groups and similar mortality and incidence of renal replacement therapy.

N-acetylcysteine (NAC) is a free radical scavenger containing a sulthydryl group that can promote glutathione
synthesis and regulate cell metabolism; thus, it possesses antioxidative stress and antitoxicity effects. In addition, NAC
can also promote the release of NO and reduce the production of angiotensin by inhibiting the activity of angiotensin-
converting enzymes (ACEs). Then, these substances act on the renal cortex and medulla microcirculation directly or
indirectly and ultimately attenuate the renal vasoconstriction caused by CM.*’ Therefore, whether NAC can prevent the
occurrence of CA-AKI has been a research hotspot. Xie et al’® found that acetylcysteine could significantly reduce the
incidence of AKI after angiography (OR: 0.78, 95% CI: 0.68-0.90, I’=37.3%). However, a prospective study showed that
the incidence of CIN did not differ between the NAC (1200 mg) group and the placebo group (P=0.81).' Recently,
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a large-scale randomized controlled study published in Lancet revealed that the application of N-acetylcysteine after
endovascular angiography did not reduce the mortality and incidence of CA-AKI compared with the placebo group.>
The different results of these studies may be related to the different CA-AKI definitions, various basic health conditions

1,2 recombinant

and baseline creatinine values of the study population. Other antioxidants, such as sildenafil and tadalafi
klotho®® and febuxostat,”* have been shown to reduce the risk of contrast medium-induced nephropathy in animal
experiments. It is necessary to conduct further clinical studies into the protective effect of these drugs on kidneys in the
future.

Statins also have anti-inflammatory effects by interfering with the production of active oxygen or scavenging free
radicals. Meanwhile, they can also activate endothelial progenitor cells to protect blood vessels.”> High-dose rosuvastatin
and atorvastatin can reduce the incidence of CA-AKI.>*>7 Since 2014, the European Society of Cardiology Guidelines on
Mpyocardial Revascularization has suggested that short-term and high-intensity treatment with statins should be applied to
patients with moderate to severe CKD in an attempt to reduce the risk of CI-AKI. Contrary to these findings, the decisive
benefits of statins have not been proven in some studies.”®° Due to a lack of numerous control data and the
heterogeneity of study populations, contradictory results on the effects of statins on CA-AKI have been reported, and
there is currently no consensus on the appropriate time or type of statin treatment.

Furthermore, vasodilators, such as adenosine receptor antagonists, asymmetric dimethylarginine and amlodipine, have
benefits in reducing the occurrence of CA-AKI, which is perhaps because they can alleviate CM-induced renal medulla
ischemia by mitigating renal vasoconstriction.’ In addition, the natural active ingredients in traditional Chinese
medicines have presented favorable effects on the prevention and treatment of CA-AKI in laboratory studies.®’
However, it is necessary to perform more clinical trials for verification. Because iodinated CM is water soluble and
distributed outside cells, renal replacement therapy can accelerate the clearance of CM and theoretically reduce the toxic
effect of CM. However, a meta-analysis that included 1010 individuals reported that renal replacement therapy has no

advantage in reducing CA-AKI®* which may be caused by complications during renal replacement therapy (such as
hypotension and inflammatory reaction). Currently, the prophylactic application of renal replacement therapy is not

recommended unless fluid overload occurs.®

Conclusion

Acute kidney injury caused by contrast medium has been overestimated, and its true incidence and severity are unknown.
At present, various measures for the treatment of acute kidney injury after contrast medium administration remain
controversial. CI-AKI is currently diagnosed by creatinine, which has low specificity. Most previous studies have
mistaken CA-AKI for CI-AKI, even when data on both CA-AKI patients and CA-AKI patients were included in the
same study. We believe that the current diagnosis of CI-AKI accounts for most of the controversy and has limited
meaningful progress. Scholars must accurately identify CI-AKI patients and come to a consensus on the definition of CI-
AKI as soon as possible. Meanwhile, the early identification of high-risk groups, selection of appropriate contrast agents
and doses, avoidance or reduction in the use of nephrotoxic drugs, strengthening of follow-up among high-risk groups,
and early identification of AKI are essential. Finally, it is necessary to further explore the pathophysiological mechanisms
of acute kidney injury caused by contrast medium and discover new measures to prevent and treat AKI based on this.
These objectives represent challenges and opportunities.
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