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Quantitative Analysis of Gadolinium Deposits in Liver Tissue of
Patients After Single or Multiple Gadolinium-based Contrast
Agent Application

Christian Bayer] MD, Mehrgan Shahryari MD, Rolf Reiter, MD, Vanessa Profs, MSc,
Kai Lehmann, MD, Anja A. Kiihl PhD, Dorit Becker, Andreas Schulz,
Carmen Infante-Duarte, PhD, Matthias Taupitz, MD, Dominik Geisel MD,
Heiko Tzschiitzsch, PhD, Jessica Saatz, PhD, Heike Traub, PhD, and
Patrick Asbach, MD

Objectives: Gadolinium-based contrast agents (GBCAs) are widely used
in magnetic resonance imaging. Concerns exist regarding gadolinium
deposition and its potential histopathologic tissue alterations, especially
after repeated administrations of linear, less stable GBCAs. This study
aimed to quantify gadolinium mass fractions in liver specimens of sub-
jects exposed to GBCAs in correlation with histopathologic features.

Materials and Methods: In this Institutional Review Board-approved
study, mass fractions of gadolinium in human liver specimens w(Gd)
from 25 subjects who underwent liver tumor resection surgery and had
received GBCA (1 to 9 times over 4 y), were quantitatively analyzed
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using inductively coupled plasma-mass spectrometry (ICP-MS). Histo-
morphology was assessed based on the nonalcoholic fatty liver disease
activity score (NAS). Linear regression analyses were performed with o
(Gd), time and dosage metrics, and histopathologic parameters.
Results: The median interval between last GBCA administration and
surgery (T) was 14 days (range: 1 to 69 d). Gadolinium was detected in all
liver samples (o(Gd), median: 0.348 ug/g; range: 0.120 to 0.874 pg/g). No
significant correlation was found between w(Gd) and histologic scores,
including inflammation and fibrosis. A strong negative correlation was
found between o(Gd) and In(T) (P < 0.001). A positive correlation
existed between o(Gd) and the number (P = 0.010) but not the cumu-
lative dose of previous GBCA administrations (P = 0.205).
Conclusions: Our results suggest that after intravenous administration of
GBCA, a small fraction of gadolinium is retained in the liver over a time
period of at least several weeks. A relationship was observed between
Gadolinium retention and the number of GBCA administrations, but not
with the cumulative dose and the degree of fatty liver disease.

Key Words: gadolinium, magnetic resonance imaging, contrast agent,
extracellular matrix, inductively coupled plasma-mass spectrometry

(Invest Radiol 2026;61:549-558)

INTRODUCTION

Gadolinium-based contrast agents (GBCA) are widely used
in clinical routine for contrast-enhanced magnetic resonance
imaging (MRI) to detect a broad spectrum of pathologies,
primarily through the mechanism of shortening the 1H NMR T1
relaxation time.! Their use over many decades is supported by
their excellent safety profile with only very few adverse events.2-3
However, both animal and human studies have investigated
deposits of gadolinium (Gd) in various body tissues, including
brain and bone, following single or repeated intravenous
injection of GBCAs.4"17 In general, GBCAs can be categorized
into nonspecific extracellular and hepatocyte-specific agents,
respectively. Furthermore, GBCAs can be separated into 2
classes based on their molecular structure as linear or macro-
cyclic, respectively. So-called linear GBCA are based on linear,
open chain Gd-containing complexes with low to medium kinetic
stability, whereas so-called macrocyclic GBCA are based on
macrocyclic Gd-containing complexes with high kinetic
stability.!8 Linear GBCAs have been associated with increased
Gd deposition compared with macrocyclic GBCA.!11-17 White
et all® analyzed, for instance, Gd retention in bone tissue of
subjects undergoing hip replacement surgery after administration
of GBCA using inductively coupled plasma-mass spectrometry
(ICP-MS). This revealed an approximately 4-fold higher Gd
deposition of a linear contrast agent compared with a macro-
cyclic one. 16
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Animal models have suggested that inflammatory processes
may contribute to increased Gd retention. In a murine model of
multiple sclerosis, repeated injections of linear Gd-DTPA led to
Gd retention in both healthy and inflamed brain tissues, although
higher levels were found in the inflamed tissue.!® In the same
model, it was reported that Gd retention in inflamed brains
persisted for linear contrast agents over 40 days, while effective
clearance of macrocyclic agents was observed during the same
period.20

As most human studies have focused on the brain, using
either ICP-MS310.21-23 or T1-weighted imaging,%12.15 data on
Gd deposition in the adult liver and its potential effects remain
scarce. The study by Maximova et al® in pediatric subjects
reported on a positive correlation between Gd concentration in
liver biopsy samples, total GBCA dose, and liver iron concen-
tration with iron overload, possibly due to transmetallation. A
more recent animal study by Wei et al?3> demonstrated that
fibrotic liver tissue retains significantly more Gd than nonfibrotic
controls, indicating that altered liver architecture may promote
gadolinium deposition. However, there is a lack of in vivo studies
examining the deposition of Gd in human liver tissue after a
single or repeated intravenous injection of GBCA—particularly
regarding the influence of inflammation. The most common fatty
liver disease spectrum would be of particular interest, that is,
metabolic  dysfunction-associated steatotic liver disease
(MASLD) and metabolic dysfunction-associated steatohepatitis
(MASH) with focus on correlation of Gd deposition with tissue
composition, including steatosis, inflammation, and fibrosis.

Therefore, the primary hypothesis of this study is that Gd
deposition occurs in the liver following intravenous application
of GBCAs. The secondary hypotheses are that Gd deposition in
the liver (1) is higher in subjects with liver inflammation, (2) is
higher after application of linear, hepatocyte-specific Gd-com-
plexes as compared with macrocyclic Gd-complexes, and (3)
increases with higher cumulative GBCA dosage and is time
dependent.

MATERIALS AND METHODS

Subjects

This study protocol is compliant with the Declaration of
Helsinki and was approved by the local Institutional Review
Board (EA2/179/17). All subjects gave their informed written
consent before surgery in a prospective setting. Inclusion criteria
were clinical indication for liver tumor resection surgery,
minimum age of 18 years, and willingness to participate in
the study.

Between December 2019 and November 2021, 25 subjects
underwent liver surgery with resection of tumors of different
entities. Subjects underwent resection of hepatic lesions either as
hemihepatectomy (n = 3), segment resection (n = 8), atypical
segment resection (n = 4), or combined procedures (n = 10)
with the diagnosis of hepatocellular carcinoma (n = 1),
metastasis (n = 20), cholangiocarcinoma (n = 2), cyst (n =
1), or hepatic adenoma (n = 1).

The median age of subjects (n = 25, 14 women) was
65 years (range: 35 to 81 y). Median body weight was 77 kg
(range: 54 to 115 kg), median height was 171 cm (range: 155 to
190 ¢cm), and median body mass index (BMI) was 25.2 kg/m?
(range: 18.9 to 40.4 kg/m?).

As part of routine preoperative diagnostics, creatinine,
glomerular filtration rate (GFR), alanine aminotransferase
(GPT), aspartate aminotransferase (GOT), alkaline phosphatase
(AP), gamma-glutamyltransferase (y-GT), and bilirubin were
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measured in 24 subjects, while albumin levels were available for
23 subjects.

In-vivo MRI

Before surgery, all subjects underwent clinically indicated
MRI examinations with intravenous injection of GBCA with
varying time intervals (T in days) between MRI and surgery.
Contrast agent applications were either performed at the local
hospital or in an outside facility. Three subjects received GBCA
exclusively at outside facilities. In the case of externally acquired
examinations, the data on the type of contrast agent injected and
the corresponding dose were collected either from the medical
reports or the DICOM data of the corresponding MRI scans.
The total count of the number of applications is abbreviated
with N.

Five different GBCAs were administered: macrocylic gado-
terate meglumine (Gd-DOTA, Dotarem, Clariscan, Cyclolux),
gadobutrol (Gd-DO3A-butrol, Gadovist), and hepatocyte-specific
linear gadoxetate disodium (Gd-EOB-DTPA, Primovist). Seven
subjects received only hepatocyte-specific gadoxetate disodium, 3
subjects only macrocyclic GBCAs, while 15 subjects received both
macrocyclic GBCAs and gadoxetate disodium. The administered
gadolinium dose was converted into millimoles (mmol) using the
manufacturer-specific concentration data: Primovist 0.25 mmol/
mL, Gadovist 1.0 mmol/mL, Dotarem 0.5 mmol/mL, Cyclolux
0.5 mmol/mL, and Clariscan 0.5 mmol/mL. The cumulative dose
(Deum) represents the sum of the individual doses in mmol per
subject. The last administered dose before surgery is abbreviated as
Dyast. This data collection was performed retrospectively.

Tissue Samples

Immediately after surgery, the liver resection specimens
were examined by a local pathologist as standard procedure for
providing tumor-free tissue for subsequent analysis. One part of
each specimen was weighted (mass between 0.81 and 1.43 g) and
then fixed in 10% formalin (SAV Liquid Production, Flintsbach
a. Inn) for subsequent ICP-MS analysis. The ratio of formalin to
tissue was approximately 1:1. The other part of the specimen was
fixed in formalin, embedded in paraffin, and paraffin sections
were stained with haematoxylin and eosin (H&E) and Sirius red
according to standard routine protocols for histologic analysis by
another histopathologist (A.A.K., with more than 17 years of
experience). These specimens underwent standardized histopa-
thologic scoring of 14 features of NAFLD based on Kleiner
et al,24 comprising steatosis [grade of steatosis (0 to 3), location
of steatosis (0 to 3), microvesicular steatosis (0 to 1)], fibrosis
stage (0 to 4), inflammation [lobular inflammation (0 to 3),
microgranulomas (0 to 1), large lipogranulomas (0 to 1), portal
inflammation (0 to 1)], liver cell injury [ballooning (0 to 2),
acidophil bodies (0 to 1), pigmented macrophages (0 to 1),
megamitochondria (0 to 1)], and other findings [Mallory’s
hyaline (0 to 1), and glycogenated nuclei (0 to 1)]. The NAFLD
activity score (NAS) is defined as the unweighted sum (0 to 8) of
the scores for steatosis (0 to 3), lobular inflammation (0 to 3), and
ballooning (0 to 2).24 In addition, a standardized scoring of the
content of collagen I and III, ranging from physiological (1) to
elevated without fibrosis (2) and with fibrosis (3), was performed.
The distribution of all criteria of histopathologic scoring
including collagen I and III is shown in Table 1.

In addition, 4 samples were also subject to laser ablation
ICP-MS (LA-ICP-MYS) to investigate the spatial distribution of
Gd within liver tissue. Two subjects without relevant inflam-
mation and fibrosis, and 2 subjects with inflammation
and fibrosis, were selected (Supplemental Table 3, Supplemen-
tal Digital Content 1, http:/links.lww.com/RLI/B79, samples

Copyright © 2025 The Author(s). Published by Wolters Kluwer Health, Inc.
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marked with an asterisk). For this purpose, formalin-
fixed and paraffin-embedded specimens were cut into sections
of 4 um.

TABLE 1. Patient Characteristics and Histology

n =25
Age, y, median (range) 65 (35-81)
Women, n (%) 14 (56)

Weight, kg, median (range)
Height, cm, median (range)
BMI, kg/m, median (range)

77.0 (54.0-115.0)
171.0 (155.0-190.0)
25.2 (18.9-40.4)

Histopathologic features n (%)
Steatosis
Grade 0 10 (40.0)
1 9 (36.0)
2 4 (16.0)
3 2 (8.0)
Location 0 13 (52.0)
1 1(4.0)
2 10 (40.0)
3 1 (4.0
Microvesicular steatosis 0 18 (72.0)
1 7 (28.0)
Fibrosis
Stage 0 11 (44)
1 11 (44)
2 3(12)
3 0
4 0
Inflammation
Lobular inflammation 0 13 (52)
1 11 (44)
2 1 4)
3 0
Microgranulomas 0 22 (88)
1 3(12)
Large lipogranulomas 0 21 (84)
1 4 (16)
Portal inflammation 0 10 (40)
1 15 (60)
Liver cell injury
Ballooning 0 11 (44)
1 9 (36)
2 5(20)
Acidophil bodies 0 25 (100)
1 0
Pigmented macrophages 0 25 (100)
1 0
Megamitochondria 0 25 (100)
1 0
Other findings
Mallory hyaline 0 25 (100)
1 0
Glycogenated nuclei 0 17 (68)
1 8 (32)
NAS 0 2(8)
1 9 (36)
2 5 (20)
3 4 (16)
4 2(8)
5 2 (8)
6 14
Collagen I 1 12 (48)
2 11 (44)
3 2(8)
Collagen IIT 1 12 (48)
2 9 (36)
3 4 (16)

Steatosis: grade 0: <5%, 1: 5%-33%, 2: >33%-66%, 3: >66%. Location 0:
zone 3, 1: zone 1, 2: azonal, 3: panacinar.

Fibrosis: 0: none, 1: perisinusoidal or periportal, 2: perisinusoidal and portal/
periportal, 3: bridging fibrosis, 4: cirrhosis.

Inflammation: lobular inflammation 0: no foci, 1: 2 foci per 200x field, 2: 2-4
foci per 200x field, 3: 4 foci per 200x field.

BMI indicates body mass index; NAS, NAFLD activity score.

Copyright © 2025 The Author(s). Published by Wolters Kluwer Health, Inc.

Sample Digestion and Inductively Coupled Plasma-
Mass Spectrometry Measurements

Formalin-fixed specimens were transported to the Federal
Institute for Materials Research and Testing (BAM). Specimens
were removed from the formalin solution and digested with
concentrated nitric acid for 2 hours at 300°C and high pressure
(100 bar) using a high-pressure asher (HPA-S, Anton Paar). To
ensure that no Gd was washed out by formalin fixation, 500 pL
each of the formalin solutions in which tissue samples were
stored and 500 pL of fresh formalin were also digested with nitric
acid. To verify the accuracy of the developed analytical method,
pork liver (from a local supermarket) spiked with diluted
gadoxetate disodium solution, pork liver (without added
GBCA), and diluted gadoxetate disodium solution were digested,
and then the recovery rates were determined. An ICP sector-field
mass spectrometer (Element 2, Thermo Fisher Scientific)
equipped with a cyclonic spray chamber and a MicroMist
nebulizer was used for the subsequent element analysis. The
determined element mass fractions (o) in tissue samples are given
in ug/g. Additional details on sample preparation and measure-
ment are given in the supplementary material section (Supple-
mental Digital Content 1, http://links.lww.com/RLI/B79).

Laser Ablation-Inductively Coupled Plasma-Mass
Spectrometry

To visualize the elemental distribution by LA-ICP-MS, a
NWR213 laser ablation system (Elemental Scientific Lasers) was
coupled to an ICP sector field mass spectrometer (Element XR,
Thermo Fisher Scientific). The operating parameters are
summarized in Supplemental Tables 1 and 2 (Supplemental
Digital Content 1, http:/links.lww.com/RLI/B79). Gd was
quantified in tissue thin sections using agarose gels spiked with
Gd at different concentration levels following Stirk and
Wennrich.25 Additional details are given in the supplementary
material section (Supplemental Digital Content 1, http://links.
lww.com/RLI/B79).

Statistical Analysis

Descriptive statistics of the subjects’ demographics and
mass fractions of elements were conducted. The Wilcoxon rank-
sum test was performed for o(Gd) and D, between men and
women, respectively. To evaluate associations between wo(Gd)
and BMI, renal and hepatobiliary parameters, the Spearman
correlation coefficient was applied.

T was log-transformed using the natural logarithm and is
subsequently referred to as “In(T).” To investigate the factors
contributing to Gd deposition in the sample, linear regression
analyses were performed with o(Gd) as the dependent variable
and N, In(T), and D.,,,, as independent variables. Because of the
different pharmacokinetic properties of extracellular GBCAs and
the hepatocyte-specific gadoxetate disodium, we performed
separate regression analyses for subjects with exclusive exposure
to hepatocyte-specific gadoxetate disodium and for those who
received a combination of hepatocyte-specific and macrocyclic
GBCAs. However, only very few patients had exclusively
received extracellular GBCAs, which precluded a meaningful
regression in this subgroup. Therefore, as an exploratory
approach, we performed a combined regression analysis includ-
ing all patients. For each patient, we summed the cumulative
doses and number of applications separately for extracellular
GBCAs (Dcum_macros Nmacro) and for gadoxetate disodium
(Deum_tivers Niiver)- These variables, together with In(T), were
used as independent variables. A stepwise regression using
backward elimination was conducted to determine the best-
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fitting model, utilizing an F-test between models with the
ANOVA function in R.

To investigate the association between Gd deposition and
histologic parameters, linear regression analyses were performed
between o(Gd) and the item groups steatosis, fibrosis, liver
inflammation, liver cell injury, and other findings. Univariate linear
regression analysis was performed to assess the association between
®(Gd) and NAFLD activity score. For interpretability, unstandar-
dized coefficients () were used throughout the regression analyses.

Furthermore, we calculated a rough estimate of what
percentage of the dose in the whole liver. For each subject, Dy,
and D, (in mmol) were converted to grams using the atomic
mass of Gd (157.25 g/mol). A volumetry of the liver of each
subject was performed using Visage (Visage Client Software
version 7.1.19). Volumes in milliliters were converted to mass by
assuming a density of 1.05 g/mL.26 Total hepatic Gd content was
then estimated by multiplying o(Gd) with the calculated liver
mass. Finally, this value was expressed as a percentage of the
injected Gd mass to provide an estimate of the fraction of the
administered dose retained in the liver.

Statistical analysis was performed using SPSS 29.0.0.0
(IBM) and R version 4.4.0 (R-Foundation).

RESULTS

Mass Fractions of Gadolinium

To verify the accuracy of the analytical method, pork liver
spiked with gadoxetate disodium solution, pork liver without
GBCA, and 2 diluted gadoxetate disodium solutions were first
analyzed. The recoveries for Gd in the gadoxetate disodium
solutions were 101.6% and 93.2%, respectively. The recovery for
Gd in the pork liver spiked with gadoxetate disodium was
101.7% and thus in the same range. The Gd mass fraction in the
pork liver (without GBCA spiking) is below the limit of
quantification (LOQ) of 0.009 pg/g.

After validation, all 25 human samples were investigated.
ICP-MS detected Gd in all liver samples, with o(Gd) ranging
from 0.120 pg/g to 0.874 pg/g with a median of 0.348 pg/g. The
individual Gd mass fractions per subject are given in Supple-
mental Table 3 (Supplemental Digital Content 1, http://links.
Iww.com/RLI/B79).

The Gd concentrations in the formalin solutions used for
tissue fixation were with one exception below the LOQ.
However, 0.05 ug/g Gd was found in a formalin solution, most
likely due to some small tissue residues (<1 mm). It can
therefore be assumed that the fixation does not lead to a
significant change in the Gd mass fractions in the liver tissue.

Subjects

There was no significant difference in w(Gd) and Dy,
between women and men (P = 0.324 and P = 0.100). The
gender-related distribution of w(Gd) is shown in Figure 1.

Mean interval between laboratory testing and surgery was
7.1 days (range: 1 to 35 d). We did not find any correlation
between o(Gd) and renal and hepatobiliary function. Full results
are shown in Supplemental Table 4 (Supplemental Digital
Content 1, http:/links.lww.com/RLI/B79). We observed a
negative trend between @(Gd) and BMI (p = -0.382, P = 0.059).

Contrast Agent Application(s) and Gadolinium Mass
Fractions
Subjects received GBCA between 1 (n = 4) and 9 times (n

= 1). Deum ranged from 2.0 mmol to 37.5 mmol (median:
21.0 mmol).

552 | www.investigativeradiology.com

The timespan between the most recent contrast agent
application and surgery was between 1 and 69 days (median:
14 d) with the application of gadoxetate disodium (n = 20),
gadobutrol (n = 2), and gadoterate meglumine (n = 3). Figure 2
shows a box plot of the distribution of ®(Gd) depending on the
last applied contrast agent; Figure 3 shows a scatter plot of ®
(Gd) versus Dy .

Linear regression analysis showed N and In(T) as significant
predictors for Gd concentrations in liver tissue (P = 0.010, and
P < 0.001), while D, was not significant (P = 0.205). Figures
4, 5, and 6 show the correlation between w(Gd) with D¢y, In(T),
and N, respectively.

Seven subjects exclusively received gadoxetate disodium.
Subanalysis of this group revealed similar results: In(T) was a
significant predictor of o(Gd) (P = 0.013), including D, after
backward elimination (P = 0.006; In(T) P = 0.004). Full results
are shown in Table 2. For subjects, who received a combination
of hepatocyte-specific and macrocylic GBCAs, only In(T) was
negatively correlated with o(Gd) (P = 0.023). Most of our
subjects (n = 20) received gadoxetate disodium as last contrast
agent before surgical resection, and only few macrocyclic Gd-
DO3A-butrol (n = 2) and Gd-DOTA (n = 3), respectively.

Exploratory analysis of all subjects including cumulative
doses and number of applications of each contrast agent class
(macrocyclic and gadoxetate disodium), as well as In(T), revealed
no conclusive result (Nyacro: f = 1.721, P = 0.025; Deym_macro:
f = -1.513, P = 0.045), except for In(T) (P < 0.001). Full
analysis is shown in Table 3.

Subjects retained a mean of 608.34 pg (range: 203,49 to
1368,29 pg) of Gd in the whole liver. When related to Dy, and
Deums, this corresponds to a mean retention of 0.149% (range:
0.014% to 0.348%) and 0.043% (range: 0.005% to 0.165%),
respectively.

However, reviewing individual cases showed remarkable
results: The sample of the subject with the longest interval
between the last GBCA administration and surgery of 69 days
(subject 18) showed moderately high w(Gd) of 0.273 pg/g while
receiving 7 administrations of GBCAs, 6 of which were
gadoxetate disodium, with D, of 25.00 mmol; histologic
analysis revealed mild signs of inflammation (lobular inflamma-
tion, large lipogranulomas, portal inflammation). The sample of
the subject with the second longest interval (43 d) showed a
relatively low o(Gd) of 0.154 pg/g after a total of 5 GBCA
administrations without gadoxetate disodium with D, of
34.50 mmol; no signs of inflammation in histologic analysis
were revealed. Both samples did not show any signs of fibrosis
(stage 0).

To highlight cases with repeated administrations of
gadoxetate disodium: o(Gd) in a subject who received 6
administrations (T = 22 d) was 0.511 pg/g, whereas in the
subject with the highest number of 9 administrations (T = 25 d),
it was 0.375 ug/g.

Gadolinium Deposition and Fatty Liver Disease

Linear regression analysis between o(Gd) and histologic
items, separately analyzed among item groups, revealed a trend
toward correlation with the factor ballooning, which is a
component of liver cell injury after backward elimination (f =
-0.099, P = 0.060). No significant correlations were observed
between o(Gd) and item groups liver inflammation, steatosis, or
fibrosis, as well as correlations between w(Gd) and each item
separately (Supplemental Table 5, Supplemental Digital Content
1, http://links.lww.com/RLI/B79). A significant negative corre-
lation was shown between ®(Gd) and NAS (B = -0.050; P =
0.046).

Copyright © 2025 The Author(s). Published by Wolters Kluwer Health, Inc.
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Mass fraction of Gadolinium (w(Gd), pg/g)

: +

Male

Female

Gender

FIGURE 1. Boxplot of gadolinium mass fractions in liver specimens among male (n = 11) and female (n = 14) patients (P = 0.324); the boxes

represent the interquartile range and the median.

Laser Ablation-Inductively Coupled Plasma—Mass
Spectrometry

LA-ICP-MS was applied to study the Gd distribution in
tissue sections. For this purpose, 2 specimens without relevant
inflammation and fibrosis, and 2 specimens with histologically
proven inflammation and fibrosis, were selected (Supplemental
Table 3, Supplemental Digital Content 1, http:/links.lww.com/
RLI/B79, samples marked with an asterisk). Figure 7 visualizes
the quantitative Gd distribution in a specimen with mild steatosis
(grade 1) and without signs of inflammation or fibrosis (Fig. 7B)
and a specimen with moderate fibrosis (grade 2) as well as portal
inflammation (grade 1) and ballooning (grade 2; Fig. 7G). In
addition, the elemental maps for P (Figs. 7C, F) are shown as the
intensity distributions to visualize the tissue structure.

The Gd content in the tissue thin section shown in
Figure 7E is markedly higher than in thin section 7B, which
corresponds with the ICP-MS results for these samples (subject

Mass fraction of Gadolinium (w(Gd), pg/g)

T

no. 5: 0.514 pg/g Gd, subject no. 1: 0.120 ug/g Gd, Supplemental
Table 3, Supplemental Digital Content 1, http://links.lww.com/
RLI/B79).

Gd appears largely homogenously distributed in all speci-
mens with different levels of Gd contents per subject, as shown in
Figures 7B, E. However, closer examination of the Gd map as
given in Figure 7E with a different scaling (Supplemental Fig. 1,
Supplemental Digital Content 1, http://links.lww.com/RLI/B79)
shows that the Gd mass fraction is only between about 0.5 and
1.5 fg in the upper right area of the examined tissue section. This
could be related to different factors, such as possible leaching by
the formalin solution, which can occur at the surface of the
specimen before sectioning or variability of the thickness or
composition of the liver tissue (eg, lower cell density), which is
reflected in lower intensities in the P distribution (Fig. 7F). P
distribution can be used as a marker for cell density, as P is
particularly present in nuclear DNA.

0

— ==

Gadoxetate disodium (n=20) Gadobutrol (n=2) Gadoterate meglumine (n=3)

Last applied contrast agent

FIGURE 2. Boxplot of gadolinium mass fractions in liver specimen separated by type of last injected gadolinium-based contrast agent; the boxes

represent the interquartile range and the median.
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FIGURE 3. Scatter plot of the dose of last gadolinium-based contrast agent application versus mass fraction of gadolinium in liver specimen

(different symbols represent the different types of contrast agents).

DISCUSSION

We determined Gd mass fractions by ICP-MS in liver
samples of 25 subjects who had received GBCAs during MR
imaging at least once before surgery and found Gd deposition in
liver tissue of all subjects.

A negative correlation was observed between the time since
last GBCA administration and Gd mass fraction in all subjects
and in subgroups of subjects, who only received gadoxetate

disodium or a combination of both macrocyclic and hepatocyte-
specific GBCAs, with a relatively large observation window of up
to 69 days. Notably, some subjects with the longest intervals still
showed high Gd mass fractions. This is unexpected, considering
that gadoxetate disodium has a plasma half-life of ~56 minutes
with even longer half-time of extracellular contrast agents, such
as Gd-DO3A-butrol with ~109 minutes in individuals with
normal hepatorenal function.2”-28 However, around 50% of
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FIGURE 4. Scatter plot of the cumulative dose of gadolinium-based contrast agent application versus mass fraction of gadolinium in liver specimen.
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TABLE 2. Linear Regression Analysis: Correlation Between Gadolinium
Mass Fraction and Number of Applications of Gadolinium-based
Contrast Agent (GBCA, N), Timespan in Days Between GBCA
Application and Surgery (T), and Cumulative Dose of GBCA Per
Individual (Dcym) for All Subjects and for Subgroups Who Received
Either Only Linear, Hepatocyte-specific Gadoxetate Disodium or a
Combination of Gadoxetate Disodium and Macrocyclic GBCAs

Standardized

n SE Coefficients f Significance P
N
All 25 0.022 0.715 0.010*
Hepatocyte- 7 0.241 -2.729 0.635
specific
Mixed 15 0.046 0.504 0.231
Dcum
All 25 0.004 —-0.307 0.205
Hepatocyte- 7 0.103 3.806 0.518
specific
Mixed 15 0.009 —0.343 0.362
In(T)
All 25 0.026 -0.713 <0.001*
Hepatocyte- 7 0.026 —-1.165 0.013*
specific
Mixed 15 0.039 —0.726 0.023*
*P <0.05

gadoxetate disodium is excreted through the hepatobiliary
pathway,2%-30 which may contribute to our findings, especially
after repeated applications of gadoxetate disodium. These results
may therefore indicate at least prolonged excretion of Gd, or
suggest that a fraction of Gd remains bound in liver tissue, but
definitive proof of permanent retention is lacking. However,
when related to the administered dose, a rough estimate of the
percentage of Gd deposition revealed that only a small fraction
was retained in the liver.

The deposition of Gd in tissues may occur through a process
called transmetallation, where Gd ions, originally complexed
within chelating agents for chemically stable and safe admin-
istration, are replaced by other metal ions present in the
biological environment, for example, zinc, leading to the release
and retention of free Gd in tissues.3!-33 Regarding the brain,
where a higher permeability of the blood-brain barrier in
inflamed tissue facilitates GBCA penetration, alterations of the
extracellular matrix caused by neuroinflammation, particularly
in the composition of glycosaminoglycans (GAG), may trigger
dechelation and thus the retention of Gd in a process termed
transchelation.34-35 Similar mechanisms involving matrix-bound
Gd may also contribute to persistent Gd retention in the liver.
However, former studies also revealed that also intact Gd

TABLE 3. Linear Regression Analysis: Correlation Between Gadolinium
Mass Fraction and Number of Applications of Gadolinium-based
Contrast Agent (GBCA, N) and the Cumulative Dose (D.um), Based on
the Class of Agent

SE Standardized Coefficients f§

Significance P

Nivver 0.164 —0.544 0.754

Ninacro 0.093 1.721 0.025%

Deum tiver  0.070 1.015 0.560

Deum macro 0.012 -1.513 0.045*

In(T) 0.025 -0.751 <0.001*
*P <0.05

Copyright © 2025 The Author(s). Published by Wolters Kluwer Health, Inc.

chelates can be present in tissue for a longer period, e.g. in the
skin and brain.36.37

A significant positive correlation was observed between Gd
mass fractions and the total number of GBCA administrations,
and with cumulative dose in the subgroup where only
hepatocyte-specific gadoxetate disodium was injected. A closer
look at 2 individual cases with the longest intervals between
GBCA application and surgery showed higher Gd amounts after
repeated administration of gadoxetate disodium, compared with
a subject that did not receive gadoxetate disodium. It is
noteworthy that the first subject showed mild signs of hepatic
inflammation, whereas the second subject did not exhibit liver
inflammation.

However, we did not observe any association between Gd
mass fractions in liver samples and histologic scores of
(inflammatory) fatty liver disease. There was only a non-
significant trend suggesting that increased ballooning was
associated with lower Gd mass fractions, which could be due
to displacement of healthy liver tissue by fat vacuoles. This is
probably reflected in the negative significant correlation
between Gd mass fraction and NAS as the unweighted sum
of steatosis, lobular inflammation, and ballooning. Thus, we
could not confirm that inflammation- or fibrosis-related
alterations may promote Gd deposition, as seen in prior brain
and liver studies.?3:34 This could be attributed to the relatively
mild to moderate signs of inflammation or fibrosis shown in
our study.

Despite possible Gd retention in the liver following
application of GBCAs, the use in clinical practice for liver
imaging remains crucial, especially of gadoxetate disodium,38:3
even as concerns about deposits led to regulatory restrictions on
some linear GBCAs. The European Medical Agency restricted
the use of linear GBCAs with gadoxetate disodium remaining
approved.?0 In line with the quantifiable retentions of Gd, there
are also reports of “symptoms associated with gadolinium
exposure” (SAGE) after GBCA administration with higher
prevalence after injection of linear compared with macrocyclic
GBCAs.#! Although the recommended dose of gadoxetate
disodium is very low with 0.025 mmol/kg, the aim in clinical
practice still needs to be a dose reduction without compromising
diagnostic quality. Lately, the new nonionic macrocyclic GBCA
Gadopiclenol with high stability and nearly twice-as-high
relaxivity in vitro was proven safe in a phase 3 study by Kuhl
and colleagues, enabling a reduction in the required dose with
0.05 mmol/kg of gadopiclenol, showing comparable results to
0.1 mmol/kg of gadobutrol at diagnostics with a similar safety
profile.42:43

This study has certain limitations. In general, our cohort is
relatively small with 25 subjects. Most of our subjects received
both classes of GBCA (hepatocyte-specific and macrocyclic),
with only a small subset exposed to exclusively one class. Two
subjects received GBCAs on 2 consecutive days: Subject 17
(Supplemental Table 3, Supplemental Digital Content 1, http://
links.lww.com/RLI/B79) because the initial scan was incom-
plete, requiring repetition (Gd-DTPA, twice) and subject 23 for
evaluation of different anatomic regions (macrocyclic GBCA
and Gd-DTPA). Cumulative effects from exposure to both
classes of GBCA cannot be ruled out. However, we also
performed subanalysis restricted to subjects who had exclu-
sively received hepatocyte-specific GBCA. Histologic analysis
revealed fibrosis stages of <3 and only low to moderate grades
of inflammation in 3 of 4 subscores (lobular inflammation,
microgranulomas, large lipogranulomas), with 24 of 25 subjects
showing <2 lobular foci per 200x field of vision. Furthermore,
histologic analysis was performed on samples adjacent to those
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FIGURE 5. Scatter plot of the timespan (logarithm scale) between the last application of gadolinium-based contrast agent versus mass fraction of
gadolinium in liver specimen (different symbols represent the different types of contrast agents).

examined by ICP-MS. Since the total sample size is less than primary or additional intake of Gd through environmental
~8 cm?, we do not expect significant differences in histologic factors (such as nutrition) cannot be completely excluded, it is
properties or Gd deposition, respectively. The cohort is lacking improbable that environmental Gd will lead to the high content

a control group that has not received GBCA. Therefore, there observed in liver tissue samples. Also, the etiology of fatty liver
is no definite proof that the Gd in liver tissue originates from disease in our cohort cannot be defined [eg, metabolic
GBCA, however, case reports from postmortem analysis on dysfunction-associated steatotic liver disease (MASLD)] since

brain tissue report that no Gd was found in a series of subjects the subjects were enrolled based on focal liver lesions, still
without previous administration of GBCA.2! Although a coexisting MASLD is likely.
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FIGURE 7. LA-ICP-MS analysis of 2 specimens (microscopic images A and D) showing (B) low Gd contents (in fg/pixel) with mild steatosis (grade 1)
and no signs of inflammation or fibrosis, and (E) higher Gd contents with moderate fibrosis (grade 2), portal inflammation (grade 1), and ballooning
(grade 2). The elemental maps for P (C and F) show the intensity distribution (in cps) within the tissue sections. Scale bar 2 mm, respectively.

CONCLUSION

This study provides evidence for Gadolinium deposition in
liver tissue in subjects who have received GBCAs. As GBCAs
remain valuable in liver imaging, our findings nevertheless
support their selected use, particularly in patients requiring
repeat examinations. Further investigations are needed to
understand the mechanisms underlying Gd deposition in liver
tissue, and ongoing efforts to optimize contrast agents are crucial
to maximizing diagnostic benefits while minimizing potential
risks.
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