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Abstract

Background/Objectives: Considering the excretion pathways and gadolinium concentrations of
gadolinium-based contrast agents (GBCAs), our institution has developed a tailored administration
protocol for patients with renal impairment to facilitate more rapid elimination and minimal
retention of gadolinium. This study aims to evaluate the 8-year clinical outcomes and safety of this
institutional protocol. Methods: This single-center retrospective study included patients with renal
impairment who underwent GBCA-enhanced MRI between January 2015 and December 2022. The
protocol recommended specific GBCAs and adjusted doses based on chronic kidney disease (CKD)
stage and serum bilirubin levels: gadoxetate disodium was used for normal serum bilirubin level due
to its dual excretion pathway, while macrocyclic agents were used for those with elevated serum
bilirubin levels. During the follow-up period, occurrence of nephrogenic systemic fibrosis (NSF) and
evidence of gadolinium deposition in brain tissues were evaluated. Results: A total of 288 patients
(age, 64.6 +11.7 years; male, 64.9%) underwent 716 GBCA-enhanced MRI examinations in accordance
with the institutional protocol. The cohort included 62 patients with CKD stage 4 and 131 patients
with CKD stage 5 or undergoing hemodialysis. In patients with CKD stage 4 and 5 and those
undergoing hemodialysis, 597 examinations were performed using gadoxetate disodium, and 119
used macrocyclic agents. No cases of NSF or gadolinium deposition in brain tissues were identified
over mean follow-up intervals of 27.5 and 27.8 months, respectively. Conclusions: The tailored
GBCA administration protocol, considering the excretion pathways and gadolinium concentrations,
appears to be safe with respect to NSF and gadolinium deposition in brain tissues for patients with
renal impairment.

Keywords: contrast media; gadolinium-based contrast agent; nephrogenic systemic fibrosis; safety

1. Introduction

Although gadolinium-based contrast agents (GBCAs) have been widely used in contrast-
enhanced MRI examinations, safety concerns—particularly related to nephrogenic systemic fibrosis
(NSF)-have been raised regarding their use in patients with renal impairment [1]. Various GBCAs
differ in chelate stability, molecular structure, and physicochemical properties, which affect
gadolinium retention and excretion from the body [2]. Current clinical practice and international
guidelines preferentially recommend macrocyclic GBCAs due to their higher kinetic stability and low
risk of NSF [3]. Although gadoxetate disodium, a more recently introduced linear ionic GBCA, is
classified as a group III (likely very low risk but insufficient confirmatory evidence) by the American
College of Radiology (ACR), several recent studies have reported that gadoxetate disodium is safe
for NSF in patients with renal impairment [4-6].

If gadolinium is not adequately excreted and consequently retained in the body, it can
accumulate in skin tissue, which has been associated with NSF, as well as deposition in brain tissues
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manifesting as T1 hyperintensity in the globus pallidus and dentate nucleus. In patients with renal
impairment, prolonged gadolinium retention may increase the likelihood of dissociation of free Gd3+
from its chelate, which may increase the risk of NSF and brain tissue deposition [7]. Therefore, it is
important to rapidly eliminate gadolinium from the body and minimize its retention in these patients.

Most GBCAs are eliminated through renal excretion via glomerular filtration, but some GBCAs
have a dual excretion pathway in which they are also excreted through the hepatobiliary system [3].
Gadoxetate disodium is a hepatocyte-specific GBCA, approximately 50% of which is taken up by
functioning hepatocytes and excreted into bile [3,8]. Previous experimental and clinical studies have
demonstrated that these dual excretion pathways may facilitate compensatory elimination in the
setting of renal dysfunction, potentially reducing gadolinium retention in patients with impaired
renal function [9-11]. Additionally, because the gadolinium concentration of gadoxetate disodium is
lower (0.25 M) than that of other GBCAs (0.5 or 1.0 M), the total molar dose of gadolinium
administered to the patient is lower when the same volume is injected.

Our institution developed a tailored GBCA administration protocol that considers excretion
pathways and gadolinium concentrations for patients with renal impairment. The institutional
protocol was designed to prioritize the use of gadoxetate disodium, a GBCA with dual excretion
pathway and lower gadolinium concentration, for more efficient excretion in patients with renal
impairment and normal serum bilirubin levels.

The purpose of this study was to evaluate the long-term safety and clinical outcomes of this
institutional protocol. We investigated whether this tailored approach, implemented over an 8-year
period, effectively prevents the occurrence of NSF and gadolinium deposition in brain tissue in
patients with renal impairment.

2. Materials and Methods

2.1. Patients

This retrospective study was approved by our institutional review board, and the requirement
for informed consent was waived. Since 2015, all GBCA-enhanced MRI examinations at our
institution have been performed in accordance with a tailored GBCA administration protocol
developed for patients with renal impairment or undergoing hemodialysis. Patients with elevated
serum creatinine or undergoing hemodialysis who were referred for GBCA-enhanced MRI were
consecutively recruited from January 2015 to December 2022 (Figure 1).
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313 patients with elevated serum creatinine level or undergoing hemodialysis
who were referred for GBCA-enhanced MRI from January 2015 to December 2022

Exclusion of patients who
underwent alternative
study (nonenhanced MRI
or ultrasonography) (n = 25)

<4 4

CKD stage 3 CKD stage 4 CKD stage 5 Hemodialysis
(€GFR 30-59 mUmin/1.73m?) (€GFR 15-29 mLmin/1.73m?) (eGFR <15 mUmin/1.73m?)
n=95 n=62 n=31 n=100
307 exams 157 exams 59 exams 193 exams

Figure 1. Flow diagram of the study population.

The institutional protocol recommended specific GBCAs at an adjusted dose based on the
chronic kidney disease (CKD) stage and serum bilirubin levels. For patients with CKD stage 3, full-
dose GBCAs were administered as in patients with normal renal function. For patients with CKD
stage 4, a full dose of gadoxetate disodium was recommended in patients with normal serum
bilirubin levels, whereas a half-dose of gadoterate meglumine or gadobutrol was administered in
patients with elevated serum bilirubin levels. For patients with CKD stage 5 or undergoing
hemodialysis, a half-dose of gadoxetate disodium was recommended in patients with normal serum
bilirubin levels, while a quarter-dose of gadoterate meglumine or gadobutrol was used in those with
elevated serum bilirubin levels (Figure 2). Because gadoxetate disodium has a lower molar
concentration (0.25 M) than macrocyclic GBCAs, including gadoterate meglumine (0.5 M) and
gadobutrol (1.0 M), a relatively higher volumetric dose of gadoxetate disodium was administered in
patients with normal bilirubin levels; however, the total administered gadolinium dose remained
lower (Figures 2 and 3).
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Figure 2. A tailored gadolinium-based contrast agent (GBCA) protocol considering excretion pathways and
gadolinium concentrations in patients with renal impairment. The institutional protocol recommends specific
GBCAs at an adjusted dose based on chronic kidney disease (CKD) stage and serum bilirubin levels.
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Figure 3. Excretion pathway and gadolinium dose of gadolinium-based contrast agents (GBCAs). GBCAs have

different excretion pathways and gadolinium concentrations.

All patients underwent serum creatinine and bilirubin testing within three days prior to MRI
examination. The estimated glomerular filtration rate (eGFR) was calculated using the Modification
of Diet in Renal Disease study equation using the serum creatinine level [12]. CKD stages were
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defined as follows: stage 1, eGFR >90 mL/min/1.73m?2; stage 2, eGFR 60-89 mL/min/1.73m2; stage 3,
eGFR 30-59 mL/min/1.73m2; stage 4, eGFR 15-29 mL/min/1.73m2; and stage 5, eGFR <15
mL/min/1.73 m2. Because eGFR is not a reliable indicator of renal function in patients undergoing
hemodialysis, eGFR was not used for staging in these patients. The follow-up period was determined
as the interval between the date of the GBCA-enhanced MRI examination and the date of the last
outpatient visit or hospitalization.

2.2. Clinical Outcomes

To identify NSF cases, we conducted a comprehensive review of the patients” electronic medical
records. The diagnosis of NSF was based on the clinicopathological scoring system outlined by
Girardi et al. [13]. Patients were considered positive for NSF only if evaluated by a board-certified
dermatologist and confirmed by deep skin biopsy. Cases of NSF mentioned only as a differential
diagnosis or probable diagnosis without histological confirmation were excluded.

Gadolinium deposition in brain tissues was evaluated in patients who (1) underwent brain MRI
examinations both before and after GBCA-enhanced MRI or (2) underwent brain MRI as the initial
GBCA-enhanced study and had subsequent follow-up brain MRIs. T1 hyperintensity in the dentate
nucleus and globus pallidus was evaluated on pre-contrast images. Because T1 hyperintensity in
these regions may be observed in various other clinical conditions [7], cases in which only post-GBCA
brain MRI was available or gadolinium deposition could not be reliably identified were excluded
from the brain deposition analysis.

2.3. Statistical Analysis

Continuous variables are presented as mean + standard deviation with range, and categorical
variables are presented as frequency and percentage. The risk of NSF in patients with renal
impairment was calculated per patient and examination, with the upper bound of 95% confidence
interval (CI) determined using the Wilson score without continuity correction [14].

3. Results

3.1. Patients

A total of 313 patients were referred for GBCA-enhanced MRI examinations. Among them, 288
patients underwent 716 GBCA-enhanced MRI examinations in accordance with our institutional
protocol, while 25 patients underwent alternative imaging studies, including nonenhanced MRI or
ultrasonography (Figure 1). The mean age of the 288 patients at the time of GBCA-enhanced MRI was
64.6 +11.7 years (range, 29-93 years), and 187 (64.9%) were men. Baseline demographic characteristics
of the patients are summarized in Table 1. The cohort included 95 patients with CKD stage 3, 62 with
CKD stage 4, 31 with CKD stage 5, and 100 patients undergoing hemodialysis (Figure 1). Among the
288 patients, 149 (51.7%) patients underwent more than one GBCA-enhanced MRI examination in
accordance with the tailored GBCA administration protocol during the study period (Table 2). Sixty
patients (20.8%) had undergone GBCA-enhanced MRI examinations prior to the implementation of
this protocol. During the study period, the mean cumulative gadolinium dose was 0.070 + 0.093
mmol/kg (range, 0.0125-0.9 mmol/kg) for the entire cohort and 0.025 + 0.023 mmol/kg (range, 0.0125—
0.1625 mmol/kg) specifically for patients with CKD5 or undergoing hemodialysis.

Table 1. Baseline patient characteristics.

Patients Male, n (%) Mean age (years) |Mean follow-up (months)
CKD stage 3 (n = 95) 73 (76.8) 66.7 +11.4 26.2 +30.8
CKD stage 4 (n = 62) 41 (66.1) 68.0+11.0 34.7+31.3
CKD stage 5 (n =31) 15 (48.4) 62.0+12.1 27.8+ 374
Hemodialysis (n = 100) 58 (58.0) 63.2+12.0 24.1+28.8
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Overall (n = 288) \

187 (64.9)

64.6 +11.7

27.5+31.0

* Note. — Continuous data (age and follow-up period) are presented as mean + standard

deviation and categorical data are presented as numbers (%). CKD = chronic kidney

disease.

Table 2. Distribution of repeated GBCA-enhanced MRI examinations according to renal function.

. No. of GBCA-enhanced MRI examinations
Renal function
1 exam 2 exams 3 exams >4 exams
CKD stage 3 (n=95) 30 22 10 33
CKD stage 4 (n = 62) 32 11 9 10
CKD stage 5 (n =31) 19 6 2 4
Hemodialysis (n = 100) 55 25 10 10

* Note. — GBCA = gadolinium-based contrast agent, CKD = chronic kidney disease.

In patients with CKD stage 4, 152 full-dose gadoxetate disodium-enhanced MRI examinations
and 5 half-dose gadoterate meglumine or gadobutrol-enhanced MRI examinations were performed.
In patients with CKD stage 5 or those undergoing hemodialysis, 242 half-dose gadoxetate disodium-
enhanced MRI examinations and 10 quarter-dose gadoterate meglumine or gadobutrol-enhanced
MRI examinations were performed. Table 3 summarizes the distribution of GBCAs with adjusted
doses based on renal function and serum bilirubin levels across different anatomical regions.

Table 3. Distribution of GBCAs with adjusted doses based on renal function and serum bilirubin levels across

anatomical regions.

Renal function CKD stage 4 CKD stage 5 or hemodialysis
Serum bilirubin levels Normalt Elevated? Normal$ Elevated/
Abdomen 88 2 66 5
Neuro (Brain/Spine) 46 1 109 4
MSK, Others (Chest, Breast) 18 2 66 1
Total 152 5 241 10

* Note. — Data are the number of GBCA-enhanced MRI examinations. CKD = chronic kidney disease, GBCA =
gadolinium-based contrast agent, MSK = musculoskeletal. *Full dose gadoxetate disodium was administered.
tHalf-dose macrocyclic agent (either gadoterate meglumine or gadobutrol) was administered. SHalf-dose
gadoxetate disodium was administered. /Quarter-dose macrocyclic agent (either gadoterate meglumine or

gadobutrol) was administered.

The mean follow-up period for all GBCA-enhanced MRI examinations was 27.5 + 31.0 months
(range, 0-120 months).

3.2. Nephrogenic Systemic Fibrosis (NSF)

No cases of NSF were identified among patients with renal impairment who underwent MRI
following our institutional protocol. Consequently, the overall risk of NSF in this population was 0%
(95% CI, 0%—-1.32 %). Among patients with CKD stages 4, 5, and undergoing hemodialysis, the upper
bound of 95% CI was 1.95 % per patient (n=193) and 0.93 % per examination (n = 409).

3.3. Gadolinium Deposition in Brain Tissue

Assessment of gadolinium deposition in brain tissue was performed in 26 patients (15 with CKD
stage 5 or undergoing hemodialysis, 4 with CKD stage 4, and 7 with CKD stage 3) who had available
pre- and post-GBCA brain MRI or follow-up imaging. These patients underwent an average of 3.9 +
1.8 GBCA-enhanced MRI examinations, and the mean interval between the GBCA-enhanced MRI
and the follow-up brain MRI was 27.8 + 17.1 months (range, 12—-61 months). No cases demonstrated
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new T1 hyperintensity in the globus pallidus or dentate nucleus on follow-up brain MRI compared
with baseline examinations.

4. Discussion

The present study evaluated the long-term clinical safety of a tailored GBCA administration
protocol that considers excretion pathways and gadolinium concentrations in patients with renal
impairment. Over an 8-year period, no cases of NSF were identified among 288 patients with renal
impairment, including 131 patients with CKD stage 5 or undergoing hemodialysis. In addition, no
evidence of gadolinium deposition in brain tissues was observed during a mean follow-up of 27.8
months.

GBCAs are administered in a chelated form to reduce the toxicity of free gadolinium ions [15].
The stability of the chelate and pharmacokinetic properties influences gadolinium retention and
elimination. In patients with normal renal function, most administered gadolinium is rapidly
eliminated. However, in patients with renal impairment, reduced clearance may result in prolonged
retention and increased susceptibility to tissue deposition [16,17]. Therefore, strategies that facilitate
alternative excretion pathways and minimize total gadolinium exposure are particularly important
in this patient population. Our GBCA administration protocol was designed to address these
concerns by tailoring GBCA and dosing based on renal function and serum bilirubin levels.

Although most GBCAs are eliminated through renal excretion, certain agents, including
gadoxetate disodium and gadobenate dimeglumine, exhibit an additional hepatobiliary excretion
pathway [8]. The physiological significance of this alternative pathway becomes particularly evident
when renal function is compromised. Experimental studies using animal models with impaired renal
or hepatic function have demonstrated compensatory excretion of these agents through alternative
pathways, resulting in more rapid elimination compared with purely renally excreted GBCAs.
Miihler et al. reported that in animals with renal vessel ligation, gadoxetate disodium showed
significantly greater elimination and lower retention 8 hours after injection compared with
gadopentetate dimeglumine (1.3% vs. 96.3% retention) [9]. Similarly, Kirchin et al. confirmed that
biliary excretion increases proportionally when renal pathways are occluded [10]. Complementing
these experimental observations, a clinical pharmacokinetic study by Gschwend et al. have shown
that hepatobiliary excretion of gadoxetate disodium may partially compensate for impaired renal
clearance in patients with mild to moderate renal impairment [11]. Collectively, based on these
findings, we developed our institutional protocol to prioritize these dual excretion pathway agents
according to the serum bilirubin levels in patients with renal impairment. By strategically utilizing
the hepatobiliary excretion pathway, this tailored GBCA administration protocol aims to facilitate
gadolinium elimination and minimize systemic retention in patients with renal impairment.

Although gadoxetate disodium is categorized as a group III agent (likely very low risk but with
limited confirmatory evidence) by the ACR and as an intermediate-risk agent by the European
Society of Urogenital Radiology (ESUR), clinical evidence regarding its safety in patients with renal
impairment is steadily accumulating [4-6,18-22]. Lauenstein et al. found no NSF cases in a
prospective study of 278 patients with moderate-to-severe renal impairment [18], and Starekova et
al. demonstrated similar safety outcomes even with double-dose administrations in 183 patients with
severe renal impairment [4]. The absence of NSF observed in the present study is consistent with
these previous findings and further supports the accumulating data on the safety of gadoxetate
disodium in patients with renal impairment. The present study differs from previous studies in that
it evaluated a tailored GBCA administration protocol considering excretion pathways and
gadolinium concentrations.

Another safety concern associated with GBCA administration is gadolinium deposition in brain
tissues. Since the initial report by Kanda et al. [23], several studies have demonstrated an association
between repeated GBCA administration and increased T1 hyperintensity in the dentate nucleus and
globus pallidus. These findings have been consistently reported; however, their clinical significance
remains unclear, and no clear neurological and cognitive sequelae have been identified to date [7].
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There have been several limitations in this study. First, this study was a retrospective study, with
no direct comparison with a control group receiving GBCAs without dose adjustment. However,
when our institutional protocol was developed 10 years ago, it would have raised ethical concerns,
given limited safety evidence at the time. In addition, the primary aim of this study was not
comparative efficacy but the evaluation of long-term safety outcomes following implementation of a
tailored GBCA administration protocol in the actual clinical setting. Second, the number of patients
included the assessment of gadolinium deposition in brain tissue was relatively small. Although a
substantial number of patients with renal impairment underwent brain MRI, this study analyzed
only patients who had available brain MRI examinations both before and after GBCA exposure in
accordance with our institutional protocol. This strict inclusion criteria were necessary to ensure clear
longitudinal comparisons and to exclude pre-existing T1 hyperintensities that may also occur in
various other clinical conditions. Third, although gadoxetate disodium is primarily indicated as a
hepatobiliary-specific agent, its clinical utility was extended to non-hepatobiliary imaging—including
brain and musculoskeletal MRI-within our institutional protocol to prioritize patient safety. In our
study, both the image quality and contrast enhancement of these areas were clinically acceptable and
sufficient for reliable radiological interpretation. Meanwhile, the clinical feasibility of adjusted GBCA
dose in patients with renal impairment has been demonstrated in previous studies [21,24]. Notably,
previous studies have shown that reduced amount of dual excretion contrast agents, including half-
dose of gadoxetate disodium and quarter dose of gadobenate dimeglumine, can be used in patients
with renal impairment without compromising diagnostic image quality [21,24]. Finally, delayed
onset of NSF has been reported 10 years after GBCA exposure [25,26], so cases NSF with delayed
onset may have been missed; however, such occurrences considered very rare, and the relatively long
follow-up period of this study provides relatively high confidence in safety.

5. Conclusions

In conclusion, this study demonstrated that a tailored GBCA administration protocol can be
associated with favorable long-term safety outcomes in patients with renal impairment. Over an 8-
year period, no cases of NSF and evidence of gadolinium deposition in brain tissues were observed.
Therefore, our institutional GBCA administration protocol, which strategically considers excretion
pathways and gadolinium concentrations to facilitate rapid elimination and minimize retention of
gadolinium, may contribute to safer clinical management of patients with renal impairment.
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The following abbreviations are used in this manuscript:

GBCA Gadolinium-based contrast agent
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NSF Nephrogenic systemic fibrosis

ACR American college of radiology

CKD Chronic kidney disease

eGFR Estimated glomerular filtration rate

CI Confidence interval

ESUR European Society of Urogenital Radiology
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