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INTRODUCTION

Contrast agents are routinely used to enhance the 
performance of various imaging modalities for diagnostic 
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Objective: To investigate molecular and functional consequences of additional exposures to iodine- or gadolinium-based 
contrast agents within 24 hours from the initial intravenous administration of iodine-based contrast agents through an 
animal study.
Materials and Methods: Fifty-six Sprague–Dawley male rats were equally divided into eight groups: negative control, positive 
control (PC) with single-dose administration of CT contrast agent, and additional administration of either CT or MR contrast agents 
2, 4, or 24 hours from initial CT contrast agent injection. A 12 µL/g of iodinated contrast agent or a 0.47 µL/g of gadolinium-
based contrast agent were injected into the tail vein. Serum levels of blood urea nitrogen, creatinine, cystatin C (Cys C), and 
malondialdehyde (MDA) were measured. mRNA and protein levels of kidney injury molecule-1 (KIM-1) and neutrophil gelatinase-
associated lipocalin (NGAL) were evaluated.
Results: Levels of serum creatinine (SCr) were significantly higher in repeated CT contrast agent injection groups than in 
PC (0.21 ± 0.02 mg/dL for PC; 0.40 ± 0.02, 0.34 ± 0.03, and 0.41 ± 0.10 mg/dL for 2-, 4-, and 24-hour interval groups, 
respectively; P < 0.001). There was no significant difference in the average Cys C and MDA levels between PC and repeated CT 
contrast agent injection groups (Cys C, P = 0.256–0.362; MDA, P > 0.99). Additional doses of MR contrast agent did not make 
significant changes compared to PC in SCr (P > 0.99), Cys C (P = 0.262), and MDA (P = 0.139–0.771) levels. mRNA and protein 
levels of KIM-1 and NGAL were not significantly different among additional CT or MR contrast agent groups (P > 0.05).
Conclusion: A sufficient time interval, probably more than 24 hours, between repeated contrast-enhanced CT examinations 
may be necessary to avoid deterioration in renal function. However, conducting contrast-enhanced MRI on the same day as 
contrast-enhanced CT may not induce clinically significant kidney injury.
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and interventional procedures in daily clinical practice. 
However, iodine-based CT contrast agents are nephrotoxic 
medications that can cause acute kidney injury (AKI) 
[1,2]. As the third most common cause of hospital-
acquired AKI, accounting for 10%–12% of cases, post-
contrast AKI (PC-AKI) is generally defined as an absolute 
increase in serum creatinine (SCr) of ≥ 0.3 mg/dL or a relative 
elevation of SCr by ≥ 50% from baseline within 48–72 hours 
from the injection of contrast agent in the absence of other 
causative factors of AKI [3-6]. Previous studies have shown 
that PC-AKI is associated with a prolonged hospital stay, 
increased hospital-acquired complications, and increased 
morbidity and mortality in both inpatient and outpatient 
settings [7-10]. 

Various patient- and procedure-related risk factors, 
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a repeat contrast agent administration for more than 24 
hours from the prior injection, nor do they suggest a specific 
time interval between repeated contrast-enhanced CT 
examinations because the supporting evidence is inadequate 
to decide on specific guidelines [4]. As shown in these 
guidelines, the evidence to support a particular time interval 
between repeated exposures to iodine- and gadolinium-
based contrast agents is insufficient. 

Therefore, the purpose of this study was to investigate 
the molecular and functional consequences of additional 
injections of iodine- or gadolinium-based contrast agents 
within 24 hours from the initial administration of iodine-
based contrast agents, through an animal study.

MATERIALS AND METHODS

Animal Experiments
This animal study was approved by the Institutional 

Animal Care and Use Committee (IACUC No. 2019-0283) and 
was conducted in accordance with the ARRIVE guidelines 
and all other relevant guidelines and regulations. A total 
of 56 Sprague–Dawley male rats weighing 200–220 g were 
used in this study. The rats were housed in an animal 
laboratory and maintained in a sterile 12-hour light and 
12-hour dark experimental animal environment with 50%–

including pre-existing renal insufficiency, diabetes mellitus, 
and large doses of contrast agents, are related to PC-AKI 
[6]. Although repeated exposure to contrast agents within 
a short period is one of the well-established risk factors 
for PC-AKI, repeat contrast-enhanced CT examinations or 
contrast-enhanced MRI following contrast-enhanced CT 
examinations within 48–72 hours is occasionally performed 
in outpatient settings as well as in emergencies for both 
diagnostic and therapeutic purposes [6,11-13]. Considering 
these clinical situations where repeated exposure to contrast 
agents is inevitable, several guidelines have suggested 
the minimum interval between two contrast-enhanced 
examinations. The European Society of Urogenital Radiology 
(ESUR) guidelines recommend a 4-hour interval between 
administrations of iodine-based CT and gadolinium-based 
MR contrast agents for patients with normal or moderately 
reduced renal function (glomerular filtration rate [GFR] 
> 30 mL/min/1.73 m2) [3]. For patients with severely 
reduced renal function, a 7-day interval between injections 
of iodine-based and gadolinium-based contrast agents is 
recommended [3]. The rationale for this recommendation 
is that 75% of injected iodine- and gadolinium-based 
contrast agents are excreted after 4 hours [3]. On the other 
hand, the American College of Radiology Committee on 
Drugs and Contrast Media does not recommend withholding 

Fig. 1. Illustration of the experimental procedure. The rats were divided into eight groups. The NC and PC groups were given saline and a 
single dose of CT contrast agent, respectively. Time intervals between the injections of contrast agents were 2, 4, and 24 hours (referred 
to as CCT_2 hr, CCT_4 hr, and CCT_24 hr for repeated administrations of CT contrast agents and referred to as CMR_2 hr, CMR_4 hr, and CMR_24 
hr for additional administration of MR contrast agent after the single-dose of CT contrast agent). NC = negative control, PC = positive 
control
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100% humidity at 22°C ± 2°C before the experiments. The 
experimental procedure is illustrated in Figure 1. The rats 
were equally divided into eight groups: a negative control 
group with saline injection (the same volume as single 
dose of CT contrast agent); a positive control group with 
single-dose administration of CT contrast agent; repeated 
administration of CT contrast agent with 2, 4, or 24 hours 
between the injections (referred to as CCT_2 hr, CCT_4 hr, and 
CCT_24 hr, respectively); and additional administration of 
MR contrast agent 2, 4, or 24 hours after the single-dose 
administration of CT contrast agents (referred to as CMR_2 
hr, CMR_4 hr, and CMR_24 hr, respectively). We administered 
a 12 µL/g of iodinated contrast agent (Iopamidol, Pamiray 
300; Dongkuk Pharmaceutical, Seoul, Korea) or a 0.47 µL/g 
of gadolinium-based contrast agent (Gadobutrol, Gadovist; 
Bayer Healthcare, Berlin, Germany) into the tail vein. After 
24 hours from the last administration of contrast agent or 
saline, rats were sacrificed using inhalation anesthesia with 
5% isoflurane in a mixture of 0.7 L/min nitrous oxide and 
0.3 L/min oxygen. Serum was drawn, and kidney tissues 
were resected for analysis. 

Serum Collection and Renal Function Assessment
Blood samples were collected without anticoagulants, 

using a 26-gauge syringe needle through a cardiac puncture 
into the right atrium. The blood was transferred into a serum-
separating tube and centrifuged at 13000 rpm for 20 min at 
room temperature. The serum was used in an enzyme-linked 
immunosorbent assay (ELISA) and malondialdehyde (MDA) 
assay. In addition, the serum levels of creatinine, blood urea 
nitrogen (BUN), and cystatin C (Cys C) were measured using 
a Cobas C502 autoanalyzer (Roche, Mannheim, Germany). 

Kidney Histopathology
Kidney tissue was fixed with 10% neutral-buffered 

formalin, embedded in paraffin, and sectioned into 4-μm 
slices. The paraffin-embedded tissues were deparaffinized 
by xylene and rehydrated in increasing concentrations of 
ethanol solutions (70%, 90%, 95%, and 100%). Then, the 
samples were stained with hematoxylin and eosin (H&E) 
using the Leica Autostainer (Leica, Wetzlar, Germany). The 
stained slides were observed under an inverted microscope 
(IX71, Olympus, Tokyo, Japan). 

RNA Extraction and Real-Time PCR
Total RNA was extracted from the kidney tissue using a 

commercial kit according to the manufacturer’s instructions 

(K-3140, Bioneer Corporation, Daejeon, Korea). To obtain 
cDNA, 1 μg of the total RNA was reverse transcribed using 
amifiRivert cDNA synthesis (GenDEPOT, Baker, TX, USA) 
according to the manufacturer’s instructions. The mRNA 
levels of kidney injury molecule-1 (KIM-1) and neutrophil 
gelatinase-associated lipocalin (NGAL) were assessed with 
the SYBR-Green reagent (GenDEPOT) using the ABI7500 
real-time polymerase chain reaction (PCR) system (Applied 
Biosystem, Foster City, CA, USA) and normalized to β-actin. 
Gene expression was quantified using β-actin as the internal 
loading control. The relative mRNA expression of target 
genes was calculated based on the 2-ΔΔCt method. To reduce 
intrinsic errors in real-time PCR, such as pipetting errors, 
the experiments were conducted with duplicated samples. 
The primer sequences are shown in Table 1.

Enzyme-Linked Immunosorbent Assay
Rat serum KIM-1 and NGAL levels were analyzed using the 

Rat KIM-1 (ab223858, Abcam, Cambridge, MA, USA) and Rat 
NGAL ELISA kits (ab207958, Abcam), respectively, according 
to the manufacturer’s instructions. The absorbance levels 
of the concentration were analyzed at 450 nm using a 
microplate reader (Molecular Devices, Sunnyvale, CA, USA). 

Oxidative Stress Quantification using MDA
Oxidative stress was determined by measuring the 

formation of MDA, a product of membrane lipid peroxidation, 
using 2-thiobarbituric acid-reactive substances. MDA 
concentration was measured as MDA equivalents using 
rat serum and with a commercial kit (Cat #10009055, 
Cayman Chemical, Ann Arbor, MI, USA) according to the 
manufacturer’s instructions. 

Statistical Analysis
One-way analysis of variance was used to evaluate and 

compare the levels of kidney function and kidney injury 
markers among the negative control, positive control, and 
experimental groups. The results were represented as the 
mean ± standard deviation. For multiple comparisons, P-values 

Table 1. Primer sequence for quantitative real-time polymerase 
chain reaction for the in vivo experiments

Gene Forward sequence (5’-3’) Reverse sequence (5’-3’)
β-actin tggcacccagcacaatgaa ctaagtcatagtccgcctagaagca
Kim-1 aacgcagcgattgtgcatcc gtacactcaccatggtaacc
NGAL gatgaactgaaggagcgattc tcggtgggaacagagaaaac

Kim-1 = kidney injury molecule-1, NGAL = neutrophil gelatinase-
associated lipocalin
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were adjusted using the Bonferroni correction. All statistical 
analyses were performed using GraphPad Prism 9.3.0 software 
(GraphPad, San Diego, CA, USA). A P-value less than 0.05 was 
considered statistically significant.

RESULTS

Positive Control 
Compared to the negative control with saline injection 

(SCr, 0.16 ± 0.02 mg/dL; BUN, 9.43 ± 0.98 mg/dL; Cys C, 
0.40 mg/L; MDA, 0.77 ± 0.47 μM), the positive control 
with a single dose of CT contrast agent did not show a 

significantly altered kidney function (SCr, 0.21 ± 0.02 mg/dL; 
BUN, 9.86 ± 1.22 mg/dL) and kidney injury markers (Cys C, 
0.43 ± 0.05 mg/L; MDA, 1.80 ± 0.74 μM) (Supplementary 
Tables 1, 2, Fig. 2). Similarly, mRNA and the protein levels of 
KIM-1 and NGAL were not significantly different between the 
negative and positive control groups (Supplementary Tables 
1, 2, Fig. 3). 

Repetitive Exposure to CT Contrast Agents
Additional doses of CT contrast agent resulted in 

significant increases in BUN and SCr levels (CCT_2 hr: 14.0 ± 
2.45 mg/dL and 0.40 ± 0.02 mg/dL, respectively; CCT_4 hr: 

Fig. 2. Renal function and oxidative stress markers after repeated CT contrast agent administration. A-D: Comparison of serum levels 
of creatinine (A), BUN (B), cystatin C (C), and MDA (D). Results are presented as the mean ± standard deviation. The repeated 
administration of CT contrast agent resulted in significant increases in serum creatinine and BUN levels, except for the BUN level in 
CCT_4 hr. Cystatin C and MDA levels showed no significant difference between the PC and additional contrast exposure groups. Statistical 
significance (PC vs. CCT_2, 4, and 24 hr). *P < 0.001. BUN = blood urea nitrogen, MDA = malondialdehyde, CCT_2, 4, and 24 hr = an 
additional dose of CT contrast agent within 2, 4, or 24 hours after the single-dose administration of CT contrast agent, PC = positive 
control, NC = negative control, n.s. = no significance
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10.0 ± 1.41 mg/dL and 0.34 ± 0.03 mg/dL, respectively; 
CCT_24 hr: 13.9 ± 1.35 mg/dL and 0.41 ± 0.10 mg/dL, 
respectively; P-values [vs. positive control], > 0.99 for BUN 
level of CCT_4 hr; < 0.001 for other cases; Fig. 2, Supplementary 
Table 1), except for the BUN level in CCT_4 hr. In contrast 
to the SCr and BUN, the concentrations of kidney injury 
markers were not significantly different in all experimental 
CT contrast agent groups compared to those of the positive 
control group (Figs. 2, 3, Supplementary Table 1). There 
were also no significant histologic changes on H&E staining 
(Supplementary Fig. 1). 

Additional Exposure to MR Contrast Agent after CT 
Contrast Agent

The average values of SCr and BUN with an additional 
dose of MR contrast agent after a single dose of CT contrast 
agent were not significantly different from those after one 
dose of CT contrast agent (P > 0.05) (Fig. 4, Supplementary 
Table 2). Similarly, Cys C and MDA levels and both mRNA 
and protein levels of KIM-1 and NGAL were not significantly 
altered in the additional MR contrast agent injection groups 
(P > 0.05) (Figs. 4, 5, Supplementary Table 2). 
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Fig. 3. Renal injury markers after repeated CT contrast agent administration. A-D: Real-time polymerase chain reaction was used to 
measure the mRNA expression of KIM-1 and NGAL (A, B). An ELISA was used to quantify protein levels of KIM-1 and NGAL (C, D). 
Regardless of time intervals, the repeated exposure to the CT contrast agent did not affect both mRNA and protein levels of KIM-1 
and NGAL. Results are presented as the mean ± standard deviation. KIM-1 = kidney injury molecule-1, NGAL = neutrophil gelatinase-
associated lipocalin, ELISA = enzyme-linked immunosorbent assay, NC = negative control, PC = positive control, CCT_2, 4, and 24 hr = 
an additional dose of CT contrast agent within 2, 4, or 24 hours after the single-dose administration of CT contrast agent, n.s. = no 
significance
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DISCUSSION

Despite the widespread use of imaging modalities, 
evidence to establish the optimal time interval between 
multiple exposures to iodine- and gadolinium-based 
contrast agents is still scarce. This study found that 
the administration of an MR contrast agent within 24 
hours after the injection of a CT contrast agent did not 
significantly affect renal function and renal injury markers 
in rats. However, the repeated administration of a CT 
contrast agent within short time periods significantly 
increased the SCr levels, although the levels of other renal 
injury markers, including Cys C, KIM-1, and NGAL, were 

not significantly different between rats with a single and 
repeated administration of a CT contrast agent. 

The half-lives of iodine- and gadolinium-based contrast 
agents differ according to the types of contrast agent, 
injected dose, and patient’s renal function, but the elimination 
half-lives of both CT and MR contrast agents are usually 1–2 
hours [14-17]. Intravenously injected CT contrast agents 
are eliminated exclusively through glomerular filtration, and 
in the case of healthy individuals, approximately 83% of 
the contrast dose is detected in urine within 3 hours of its 
administration [17]. Based on this pharmacokinetics, the 
ESUR guidelines recommend an interval of at least 4 hours 
between administrations of iodine-based and gadolinium-
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Fig. 4. Renal function and oxidative stress markers after the additional administration of MR contrast agents following the single-dose 
administration of CT contrast agents. A-D: Serum creatinine (A), BUN (B), cystatin C (C), and MDA (D) levels were not significantly 
different between the PC and contrast exposure groups. Results are presented as the mean ± standard deviation. BUN = blood urea 
nitrogen, MDA = malondialdehyde, PC = positive control, NC = negative control, CMR_2, 4, and 24 hr = an additional dose of MR contrast 
agent within 2, 4, or 24 hours after the single-dose administration of CT contrast agent, n.s. = no significance
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based contrast agents to reduce potential nephrotoxicity in 
patients with normal or moderately reduced renal function 
(GFR > 30 mL/min/1.73 m2) [3]. However, our results on the 
additional MR contrast agent injections after the CT contrast 
agent administration showed that renal function (as indicated 
by SCr and BUN levels) was not affected. In addition, renal 
injury markers did not increase even with a 2-hour interval 
between the injections. These findings may support 
performing contrast-enhanced CT and MRI on the same day 
without limitations on the time interval between them. 

For repeated administration of iodine-based contrast 
agents on the same day, the ESUR also recommends 

the same interval of at least 4 hours between two CT 
examinations in patients with normal or moderately 
reduced renal function [3]. The current study found 
significantly increased SCr levels after administration of the 
second CT contrast agent up to 24 hours within the first 
administration. Hence, it would likely be better to maintain 
the interval between contrast-enhanced CT examinations 
as long as possible. If a repeated contrast-enhanced CT 
examination within a short period is inevitable, such as in 
an emergency, other preventive methods, such as hydration, 
should be considered to prevent PC-AKI.

In addition to SCr, Cys C, KIM-1, and NGAL are recently 
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Fig. 5. Renal injury markers after the additional administration of MR contrast agents following the single-dose administration of CT 
contrast agents. A-D: The mRNA expression levels of KIM-1 and NGAL were measured using the real-time polymerase chain reaction 
(A, B), and the protein levels of KIM-1 and NGAL were quantified using the ELISA (C, D). Additional injection of MR contrast agent 
did not significantly affect both mRNA and protein levels of KIM-1 and NGAL. Results are presented as the mean ± standard deviation. 
KIM-1 = kidney injury molecule-1, NGAL = neutrophil gelatinase-associated lipocalin, ELISA = enzyme-linked immunosorbent assay, NC = 
negative control, PC = positive control, CMR_2, 4, and 24 hr = an additional dose of MR contrast agent within 2, 4, or 24 hours after the 
single-dose administration of CT contrast agent, n.s. = no significance
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developed indicators of renal function that can be used 
for early detection of PC-AKI, and they have shown good 
predictive value [18-21]. In our study, additional doses of 
CT contrast agent within short time intervals increased 
SCr in rats, whereas there were no significant differences 
in KIM-1 and NGAL levels throughout the different time 
intervals. This discrepancy may be because increased 
SCr represents a loss of kidney function, while increased 
expressions of KIM-1 and NGAL suggest kidney injury [22-24]. 
When the recent definition of AKI is applied, small changes 
in renal function (i.e., decreased GFR) without tissue injury 
can be diagnosed as AKI [23,24]. The decrease in renal 
function without tissue injury after two administrations 
of CT contrast agent with a short time interval might be 
because the animals used in this study did not have chronic 
renal disease or risk factors for kidney disease. Another 
possible explanation for the discrepancy might be that the 
rats were sacrificed, and their serum and renal tissues were 
obtained 24 hours after the last dose of CT contrast agent. 
SCr changes in patients with PC-AKI are usually observed 
24–48 hours after the contrast exposure, while significant 
elevations in NGAL and serum Cys C are observed after 2 and 
8 hours, respectively [5,25]. The levels of Cys C, KIM-1, and 
NGAL in this study remained unchanged, and this could 
be because, given the minimal renal tissue injury, they 
increased early and had already returned to baseline when 
the serum samples were obtained. Regarding BUN levels, 
significant increases were observed after the additional 
doses of CT contrast agent, excluding the BUN level in 
CCT_4 hr. This variation in study results may be due to the 
limited sample size. Unlike repeated exposure to CT contrast 
agents, additional dose of MR contrast agent after the 
administration of CT contrast agent did not affect SCr or the 
other renal injury markers. 

There are limitations to this study. First, the number of 
rats in each group was small. Second, direct translation of 
our study results to human subjects and clinical situations 
may be premature because of an inherent limitation of 
almost every animal study: rat models may not perfectly 
reflect human responses. Despite these limitations, our 
study provides instrumental evidence to discuss and re-
define the time intervals between repeated contrast-
enhanced examinations. Third, based on routinely adopted 
experimental protocols, we sacrificed the rats 24 hours 
after the last administration of a contrast agent. However, 
since the diagnostic criteria of PC-AKI is an increase in 
SCr within 48–72 hours from the injection of contrast 

agents, future studies with a time interval of 48 or 72 
hours between contrast agent injection and serum and 
renal tissue acquisitions are necessary to investigate the 
discrepancy between levels of SCr and other renal injury 
markers. Furthermore, the Korean Clinical Practice Guidelines 
for adverse reactions to intravenous iodinated and MRI-
gadolinium contrast agents [26] recommend withholding 
MR contrast agent administration in patients with severely 
reduced renal function (GFR < 30 mL/min/1.73 m2). However, 
in this study, we did not analyze risk factors for AKI or 
pre-existing renal dysfunction and conducted experiments 
with male rats with normal renal function. Therefore, 
further studies using animals with renal dysfunction or 
risk factors for AKI are necessary to generalize our study 
results. Additionally, even though the change in SCr is 
usually observed later than the incidence of AKI [27], the 
assessment of SCr before conducting contrast-enhanced MRI 
on the same day as contrast-enhanced CT may be necessary 
to prevent PC-AKI. As such, future studies are needed to 
investigate the practicality of SCr evaluation within the 
short interval between multiple exposures to iodine- and 
gadolinium-based contrast agents.

In conclusion, performing contrast-enhanced MRI on 
the same day as contrast-enhanced CT may not induce 
clinically significant deterioration of renal function. However, 
repeated contrast-enhanced CT examinations within a short 
time period may result in significant deterioration of renal 
function, and thus, a sufficient time interval, probably more 
than 24 hours, may be needed. 
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