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Objectives: Gadolinium-based contrast agents (GBCAs) are routinely 
used to enhance magnetic resonance (MR) imaging. In recent years, 
GBCA residues were detected in multiple organs, with the kidney as the 
primary organ of excretion showing the highest concentrations. This 
study aimed to map the intricate spatial distribution of GBCA residues 
in rat kidneys at an early and a late time point.
Materials and Methods: Rats received one of 6 marketed GBCAs [3 
macrocyclic, 3 linear; cumulative dose 4.8 mmol gadolinium (Gd)/kg] or 
saline and were sacrificed at day 5 or week 14 post administration (n = 5 
per GBCA and time point). In whole renal tissue slices, the distribution 
of elemental Gd was determined by laser ablation–inductively coupled 
plasma–mass spectrometry and the distribution of intact GBCA chelates 
by matrix-assisted laser desorption ionization–mass spectrometry 
imaging. In ex vivo kidneys, MR relaxometry was used to assess MR- 
detectable GBCA residues.
Results: At day 5, Gd was predominantly localized in the renal cortex 
across all GBCAs, with 10- to 100-fold lower medullary levels. Dis
tribution patterns corresponded well with those of exemplary intact 
GBCA chelates. At week 14, Gd levels had decreased by 1 to 2 orders of 
magnitude. Distribution patterns from linear GBCAs showed Gd 
remaining predominantly in the cortex, while Gd from macrocyclic 
GBCAs was similar in cortex and medulla. Several GBCAs exhibited a 
prominent Gd presence at the transition zone between outer and inner 
medulla. Intact chelate was only detectable for the exemplary macro
cyclic GBCA, with a spatial distribution pattern matching that of ele
mental Gd. MR relaxometry detected GBCA residues within ex vivo 
kidneys but also in the surrounding water-based fixative. This indicated 
the presence and washout of intact GBCAs, which was greater for 
macrocyclic versus linear GBCAs.
Conclusions: This study provides the first comprehensive spatially 
resolved characterization of renal GBCA residues at an early and a late 
time point. GBCA residues exhibited specific intrarenal distribution 
patterns and distinct changes in these patterns over the course of their 

elimination. Our findings of specific retention patterns suggest that renal 
microanatomy and local physicochemical conditions play critical roles 
in GBCA retention. These insights provide a foundation for future 
investigations into retention mechanisms and potential long-term tissue 
effects.
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G adolinium-based contrast agents (GBCAs) are of proven 
value for clinical magnetic resonance imaging (MRI).1,2

These agents are based on the paramagnetic ion gadolinium 
(Gd3+), which in its free ionic form is toxic and is therefore 
complexed with organic ligands to render it safe for clinical 
application. Depending on the structure of the ligand, GBCAs 
are classified as either linear or macrocyclic compounds.3
Although they are among the safest classes of drugs, some safety 
concerns have emerged over time related primarily to a potential 
release of Gd from the chelate.1,2,4,5

In 2006, cases of nephrogenic systemic fibrosis were diagnosed 
in patients with end-stage renal disease who had been administered 
linear GBCA.6–8 In 2014, increased signal intensity was observed on 
native T1-weighted magnetic resonance (MR) images of the central 
nervous system in patients with normal kidney function who, months 
to years prior, had received repeated administrations of linear 
GBCA.9,10 Ensuing research detected Gd in the brain as well as other 
tissues and revealed a class-dependent effect of Gd retention.11–16

The higher retention of Gd from linear GBCAs has been linked to 
the differences in complex stability between the two classes, with the 
macrocyclic GBCAs being more stable.17–20 In 2017, these findings 
led the European Medicines Agency to restrict or suspend the use of 
multipurpose linear GBCAs, while macrocyclic GBCAs remained 
approved.21

With many studies focusing on Gd presence in the nervous 
system, bone, and skin, other organs remain underexplored. 
Following administration, GBCAs distribute rapidly in the 
extracellular space and are almost exclusively excreted through 
the kidneys, with ∼90% elimination within 24 h.22 GBCAs are 
freely filtered in the glomeruli. Since there is no specific pathway 
(“transporter”) for their reabsorption in the tubules, they are 
concentrated in the tubular fluid, due to tubular water 
reabsorption.22 As a consequence, GBCA concentration in the 
final urine will on average be about 100-fold higher than in the 
blood plasma.23 Interestingly, the amounts of urinary GBCA 
excreted by patients have enabled GBCA residue detection in 
urban water systems and surface waters downstream from urban 
areas,24–26 serving as anthropogenic markers of health care 
infrastructure.
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As the primary organ of excretion, it may not surprise 
that, following administration of high doses of GBCA in rats, 
high residual Gd concentrations have been detected in the 
kidney. Studies analyzing homogenized rat organs by induc
tively coupled plasma–mass spectrometry (ICP-MS) found 
residual Gd concentrations in the kidney 100- to 1000-fold 
higher than in any other investigated organ.27–32 The decrease 
in renal Gd over time, resulting from continued elimination, 
has been reported to be more thorough following macrocyclic 
GBCAs,29 resulting in higher renal Gd levels following the 
linear agents.29,31

More recent studies employed laser ablation (LA) coupled 
with ICP-MS to examine the spatial distribution of Gd in renal 
tissue slices. One study analyzed a total of 4 kidneys of rats 
receiving one linear or one macrocyclic GBCA at 3 and 
12 months after the last administration.33 Another study ana
lyzed Gd concentrations in a total of 8 rat kidneys 52 days after 
administration of high doses of 3 macrocyclic or 1 linear 
GBCA.27 Both studies observed differences between the renal 
cortex and the medulla; however, these observations were 
inconsistent. Besides the differences in the GBCA doses applied, 
this may rely on different time points after GBCA admin
istration, showing snapshots of momentary Gd distribution in a 
process of continued elimination.

The primary aim of the present study was to provide a 
quantitative analysis of the intricate spatial distribution of Gd 
within the kidney by means of LA-ICP-MS. Previous studies 
investigating renal Gd distribution have typically examined a 
limited number of GBCAs with small sample sizes and/or 
focused on later time points after administration. We therefore 
measured Gd in renal tissue slices obtained from a larger cohort 
of rats receiving one of 3 macrocyclic GBCAs or one of 3 linear 
GBCAs at both an early and a late time point after GBCA 
administration. To objectively allocate Gd to the layers of the 
kidney, we implemented a new automated model of sub- 
segmentation.

The chemical forms in which Gd is retained in the body remain 
the subject of ongoing research. Gd may reside as the intact GBCA 
chelate or, following dissociation, bound to endogenous ligands in 
either water-soluble or insoluble forms, which can be further differ
entiated between larger macromolecular or smaller species.34,35

Whereas several approaches for Gd speciation have been applied to 
analyze Gd residues in the brain,36–39 data on renal Gd remain 
limited. Initial studies have employed chromatographic separation or 
EPR spectroscopy to differentiate between Gd species. The results 
revealed that multiple macrocyclic GBCAs were largely retained as 
soluble intact chelates, while linear GBCAs showed predominantly 
insoluble Gd species.27,33

To gain further insight into the Gd species in the kidney, 
the present study approached speciation using 2 comple
mentary modalities. As different Gd species exhibit distinct 
magnetic relaxation properties,27,39,40 we first analyzed ex vivo 
kidneys by MRI. Second, we investigated the spatial dis
tribution of intact complexes of the administered GBCAs 
using matrix-assisted laser desorption/ionization mass spec
trometry imaging (MALDI-MSI). Together with the mapping 
of elemental Gd, these complementary methods provide a 
comprehensive view of the localization and chemical nature of 
renal GBCA residues. By elucidating the temporal and spatial 
details of both elemental Gd and intact GBCA retention 
across different agents, this study aimed to take a step toward 
linking GBCA residues to specific renal structures and to 
contribute to a better understanding of the underlying 
retention and elimination processes.

MATERIALS AND METHODS

Animals and treatment
A total of 70 male Han-Wistar rats (Crl:WI; body mass: 250 to 
300 g) were obtained from Charles River Laboratories (Sulzfeld, 
Germany). All investigations were approved by the local Animal 
Welfare authority in accordance with the German Animal 
Protection Law, and the experiments were carried out in 
accordance with the approved guidelines. The animals were 
kept under standard laboratory conditions, and food and water 
were provided ad libitum.

In this exploratory study, rats were randomly assigned to 7 
groups (n = 10 per group) and administered either a macro
cyclic GBCA [Gadobutrol (Gadovist; Bayer AG, Leverkusen, 
Germany), Gadoterate (Dotarem; Guerbet, Villepinte, France), 
or Gadoteridol (ProHance; Bracco, Milan, Italy)], a linear 
GBCA [Gadobenate (MultiHance; Bracco, Milan, Italy), 
Gadodiamide (Omniscan; GE Healthcare, Chicago, IL), or 
Gadopentetate (Magnevist; Bayer AG, Leverkusen, Germany)], 
or isotonic saline (control; B. Braun, Melsungen, Germany). 
Each animal received 8 intravenous injections of 0.6 mmol Gd/ 
kg body weight (equivalent to the human standard dose nor
malized to body surface area41) over 2 weeks (4 consecutive days 
per week), corresponding to a cumulative dose of 4.8 mmol Gd/ 
kg, or volume-matched saline solution. After a resting period of 
either 5 days or 14 weeks, 5 rats per group were euthanized by 
exsanguination under 1.5% isoflurane anesthesia (Baxter, 
Unterschleißheim, Germany) and kidneys were harvested. Left 
kidneys were fixed in 4% paraformaldehyde (PFA; VWR, 
Darmstadt, Germany) and stored at room temperature. Right 
kidneys were embedded in Tissue-Tek OCT compound (Sakura 
Finetek, Alphen aan den Rijn, Netherlands), snap-frozen in 
isopentane with dry ice, and stored at −20 °C until further 
preparation.

Laser Ablation–Inductively Coupled Plasma–Mass 
Spectrometry
To prepare samples for LA-ICP-MS, frozen kidneys were 
subject to cryosectioning in coronal orientation (CM1950, 
Leica Biosystems GmbH, Nussloch, Germany). Tissue slices of 
10 µm thickness from the central plane were collected on glass 
slides and briefly dried at 37 °C. The remainder of the kidneys 
was stored at −20 °C. In the kidney slices, the spatial 
distributions of the element Gd were determined using a LA 
system (NWR 213; New Wave Research, Fremont, CA) 
coupled to an ICP-MS (iCAP RQ ICP-MS, Thermo Fisher 
Scientific, Bremen, Germany). LA was performed as previ
ously described in detail.42 Briefly, continuous-line ablation 
mode was employed, and the laser energy was optimized daily 
to attain ∼3 J/cm2, which led to complete local ablation of the 
sample material. The ablation spot size was 40×40 µm with no 
distance between lines. The laser frequency was 50 Hz and the 
scan speed 400 µm/s, which resulted in a pixel dimension of 
20×40 µm. The ablated tissue material was transferred to the 
ICP-MS by a constant flow of helium (900 mL/min), and the 
isotope 158Gd was measured. Gelatin standards with defined 
Gd concentrations (0.0, 1.1, 21.7, 53.9 and 0.0, 60.9, 526.6, 
5343.5 nmol/g) were used as previously described to construct 
calibration curves and limits of detection (LOD).42 Images 
visualizing the spatial distribution of Gd within the kidney 
slices were generated using the software ImaJar 3.63b, 
generously provided by R. Schmid and U. Karst (University 
of Münster, Germany).
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Mapping of Renal Gadolinium Concentration
To separate kidney tissue from background, we applied the 
automated bean shape model for renal segmentation43 (Fig. 1A). 
This facilitated the calculation of the mean Gd concentration 
across all pixels of each individual kidney slice (hereinafter 
referred to as Gd content). For the quantification of the 
intrarenal spatial distribution of Gd, sub-segmentation of the 
kidney is required. The kidney consists of 3 anatomic layers: the 
cortex, the outer medulla, and the inner medulla. Because the 
rather broad transition zones between these 3 renal layers 
contain histologic structures of both adjacent anatomic layers in 
immediate proximity, the transition zones are often excluded in 
renal sub-segmentation models, particularly for analysis of 
MRI.44,45 This approach turned out unsuitable for our present 
data, since we observed particular Gd distribution patterns 
including these transition zones. We, therefore, developed a 
multilayered sub-segmentation defining single-pixel-width con
centric layers starting at the renal capsule and progressing 
inward toward the inner medulla (Fig. 1B). We excluded the 
renal pelvis and the papilla from this sub-segmentation in the 
form of a parabolic cutout. To normalize kidney sizes varying 
between 137 and 174 pixel-wide layers, the number of layers was 
interpolated to 150 standardized layers. From these 150 layers, 
mean Gd concentrations per layer were calculated and 
individual depth profiles of Gd concentrations were generated. 
From these data, descriptive statistics (mean ± SD) per GBCA 
group of the individual depth profiles were calculated. Finally, 
distinguishing between concentric layers corresponding to either 
the renal cortex or the medulla, layers with the highest average 
Gd concentration were identified for each GBCA.

Ex Vivo Magnetic Resonance T1 Relaxometry
From the kidneys that had been immersed in 4% PFA, 2 per 
group and time point were randomly selected for MR T1 
relaxometry. The kidneys harvested 5 days after the last GBCA 
administration had been stored in PFA for 18 weeks before the 
kidneys and some of the surrounding fixative were transferred to 
5 mL Eppendorf cups for MR analysis. For MRI data 
acquisition, the cups were placed in a 2-channel volumetric 
transceiver RF coil on a 9.4 T animal MR scanner (BioSpec, 

Bruker BioSpin, Ettlingen, Germany). T1 mapping was 
performed with a rapid acquisition with refocused echoes 
(RARE) technique: echo time (TE) = 9.87 ms, repetition time 
(TR) array = 100, 170, 250, 336, 435, 550, 685, 848, 1060, 1353, 
1843 and 3750 ms, RARE factor = 2, slice thickness = 0.4 mm, 
field of view (FOV) = 24 × 24 mm, matrix = 480×480, 
resolution 50×50 μm, number of averages = 9 and total 
acquisition time = 9 hours 48 minutes 41 seconds for each T1 
map. Quantitative visualization, segmentation, and validation 
were performed using in-house developed software based on 
MATLAB and ImageJ.

Matrix-assisted Laser Desorption Ionization–Mass 
Spectrometry Imaging
For MALDI-MSI analysis, we selected gadobutrol and gado
diamide as examples for macrocyclic and linear GBCAs, 
respectively. We used the remaining kidney tissues from LA- 
ICP-MS analysis. With an offset from the central plane slices 
used for the LA-ICP-MS measurements, coronal tissue slices of 
10 µm were collected from these samples and mounted on 
conductive indium-tin-oxide–coated slides (Bruker Daltonics, 
Bremen, Germany) and stored at −80 °C. For MALDI-MSI 
analysis, slides were thawed inside a desiccator and subjected to 
a chloroform wash: 2×30 second horizontally under gentle 
shaking inside a glass Petri dish. An internal standard for 
quantification (holmium butrol, 0.75 µg/mL) in 80% acetonitrile 
and a 1,5-diaminonaphthalene matrix (10 mg/mL) in 70% 
acetonitrile were applied to kidney slices consecutively using an 
HTX M5 automated sprayer (HTX Technologies, Chapel Hill, 
NC) at concentrations of 19 pg/mm2 and 2.6 µg/mm2, 
respectively. MALDI-MSI was performed with a scimaX 7T 
FT-ICR (Bruker Daltonics, Bremen, Germany) using a step size 
of 40 µm, the medium focus setting with 35% laser power, and 
200 shots at 800 Hz with a mass resolution of ∼200k (full width 
at half maximum) at a mass-to-charge ratio (m/z) of 400. Data 
were recorded from m/z 150 to 900 with continuous accumu
lation of selected ions (m/z 600 ± 50) with internal mass 
calibration. LOD and calibration curves for quantification were 
constructed from spiked naive rat kidney homogenate46

(Supplemental Digital Content Fig. 1, Supplemental Digital 
Content 1, https://links.lww.com/RLI/B145). Ion images were 
normalized to the internal standard for quantification or the 
total ion count (SCiLS Lab Pro MVS 2025b, Bruker Daltonics, 
Bremen, Germany). Subsequently, tissue slices directly adjacent 
to those analyzed by MALDI-MSI were analyzed for their 
elemental Gd distribution by LA-ICP-MS.

High-performance Liquid Chromatography Analysis
A high-performance liquid chromatography (HPLC) system 
(Agilent 1290 Infinity II, Waldbrunn, Germany) with a column 
(Thermo Hypercarb 100×3.0 mm 5 µm, Thermo Scientific, 
Dreieich, Germany) was connected to an ICP-MS (Agilent 7900, 
Waldbrunn, Germany) and employed as previously 
described19,47 to explore Gd species present in the PFA 
supernatant of submerged rat kidneys from random exemplary 
samples of the gadobutrol and gadopentetate groups. 10 to 20 
μL aliquots of the PFA, as well as dilutions ranging from 1:2 to 
1:10, were analyzed and compared with 10 µM solutions of the 
respective GBCA. The signal intensities of the 158Gd isotope 
were recorded and displayed as chromatograms.

Statistical Analysis
Descriptive statistics and statistical analyses were performed and 
graphs generated using GraphPad Prism 10 (Version 10.6.1, 
GraphPad Software LLC., Boston, MA).

FIGURE 1. Illustration of the renal segmentation used to calculate the 
Gd content (A) and of the sub-segmentation with pixel-wide layers 
used to generate Gd depth profiles (B). Gd, gadolinium.
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RESULTS

Mapping of Gadolinium by Laser Ablation–Inductively 
Coupled Plasma–Mass Spectrometry
A total of 68 rat kidneys were successfully sectioned and 
analyzed to map residues of the administered GBCAs. Spatial 
maps of renal Gd distribution generated from LA-ICP-MS data 
obtained from kidneys harvested 5 days after the last GBCA 
administration showed that Gd was predominantly localized in 
the renal cortex, with 10- to 100-fold lower medullary levels 
across all administered GBCAs (Fig. 2A). No obvious differ
ences in the distribution patterns and concentration ranges were 
observed within and between the classes of macrocyclic and 
linear GBCAs.

Gd presence after an additional 13 weeks of excretion, that 
is, at week 14 p.i., showed cortical Gd levels about 2 orders of 
magnitude lower and medullary concentrations about one order 
of magnitude lower compared with the early time point (day 5 p. 
i.). Among all 6 GBCAs, gadodiamide stood out with the most 
residual Gd while gadoteridol showed the least. Moreover, dis
tinct changes in the spatial distribution patterns of Gd (Fig. 2B) 
were observed. With the exception of gadobenate, all GBCAs 
showed a layered Gd distribution differing from that observed 
at day 5 p.i.: elevated Gd levels in the cortex, minimal levels in 
the transition zone from cortex to outer medulla, increasing 
levels in the outer medulla reaching highest levels in the tran
sition zone between outer and inner medulla, and declining 
levels in the inner medulla. This distribution pattern showed a 
prominent arc of Gd presence at the transition zone between 
outer and inner medulla, following a concentric ellipsoidal 
pattern similar to the renal capsule. Following gadobenate, Gd 
remained predominantly in the cortex with only sparse medul
lary presence.

Descriptive statistics for the Gd content (the mean con
centrations across all pixels per slide) are illustrated in Figure 3. 
At day 5, the Gd content ranges were comparable among the 
GBCAs (group median ranging from 918 to 2361 nmol/g) with 
the exception of gadobenate (median: 751 nmol/g). At week 14, 
no substantial differences were observed among the GBCA 
groups (group median ranging from 1.2 to 13.3 nmol/g), with the 
exception of gadodiamide (median: 83 nmol/g). Within each 
GBCA group, remaining Gd concentrations at week 14 were 
significantly lower than at day 5 (P < 0.05 for all GBCA 
groups). A considerable interindividual variability was observed 
within most of the groups at both time points. We therefore 
elected not to apply statistical tests to assess possible differences 
among the groups. In contrast to the other GBCAs that are 
excreted almost completely through the kidneys, gadobenate is, 
in addition, excreted through the liver to an extent of around 
50% in rats.48 Considering the heterogeneity within the 2 classes 
of GBCAs, including the dual elimination route of gadobenate 
and differences in their ionic character, we also refrained from 
statistical testing for possible differences between the two 
classes. In kidney tissue from rats receiving saline solution, Gd 
was below the LOD (LOD ≤ 1.1 nmol/g).

The spatially resolved Gd concentration data were applied 
to generate depth profiles of renal Gd, representing the different 
Gd distribution patterns (Fig. 4), and to determine the Gd 
concentrations in those concentric layers in which peak con
centrations within the cortex and the medulla were measured 
(Table 1). For all administered GBCAs, the quantitative depth 
profiles at day 5 showed high Gd concentrations in the cortex 
with a steep decline at the corticomedullary transition zone and 
10- to 100-fold lower concentrations throughout the medulla, 
with the highest concentrations in the transition zone between 
the outer and inner medulla. Within the cortex, peak 

FIGURE 2. Quantitative Gd distribution obtained by LA-ICP-MS: representative examples for each GBCA at day 5 (A) and week 14 (B); resolution 
40×40 µm. Each map represents the sample with median Gd concentration across all pixels per slice for the respective GBCA group. Color scales 
indicate Gd concentrations, ranging up to 4000 nmol/g (A) and 50 nmol/g (B). GBCA, gadolinium-based contrast agent; Gd, gadolinium; LA-ICP- 
MS, laser ablation–inductively coupled plasma–mass spectrometry.
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concentrations were always detected in the third or fourth out
ermost layer of the 150 concentric layers generated, which 
located them close to the renal capsule. Medullary peak con
centrations were detected between layers 108 and 116, corre
sponding to the transition zone between the outer and the inner 
medulla. For all GBCAs, peak concentrations were higher in 
cortical than medullary layers.

Comparison of the quantitative depth profiles of Gd at week 14 
versus day 5 confirmed the changes in the distribution pattern shown 
by the Gd maps (Fig. 4; Table 1). For most GBCAs, the depth 
profiles revealed elevated Gd concentration in the cortex, a decline to 
minimal levels in the corticomedullary transition zone, a second 
elevation within and around the transition zone between the outer 
and inner medulla reaching levels comparable to the cortex, and a 
gradual decline in the inner medulla. One kidney in the gadodiamide 
group showed 3- to 4-fold higher cortical Gd concentrations than the 
other 4 kidneys of this group resulting in a large SD in this group, 
however, even in the other 4 gadodiamide kidneys, cortical Gd 
concentrations were higher than in all kidneys of the other GBCA 

groups. Cortical peak concentrations were mostly determined at 
concentric layers 5 to 7, close to the renal capsule, except for gado
teridol, which exhibited a broader plateau spanning layers 10 to 25, 
corresponding to most of the cortical area. Medullary peak con
centrations were measured at layers 103 to 111, corresponding to the 
transition zone between outer and inner medulla. Notably, these 
medullary peaks were substantially more pronounced than at 5 days, 
consistent with the concentric ellipsoidal arc pattern observed in the 
Gd distribution maps from several GBCAs (Fig. 2B). While linear 
GBCAs showed highest peak concentrations in cortical layers, 
macrocyclic GBCAs in general displayed highest peak concen
trations in medullary layers at this time point.

Assessment of Gadolinium-based Contrast Agent 
Residues by Magnetic Resonance Relaxometry
For ex vivo MRI analyses, kidneys were immersed and stored in 
a 4% PFA solution. In kidneys obtained 5 days after the last 
administration of GBCAs (n = 2 per group) or saline (control), 
T1 relaxation times were determined by parametric T1 mapping 

FIGURE 3. Gd concentration across all pixels per kidney slice for each GBCA at day 5 and at week 14 p.i. Data are presented as individual values 
with group median on a logarithmic scale. Because of its additional hepatobiliary elimination, individual values for gadobenate are illustrated as 
circles, instead of dots. GBCA, gadolinium-based contrast agent; Gd, gadolinium.

FIGURE 4. Depth profiles of Gd concentration derived from concentric sub-segmentation of LA-ICP-MS data for each GBCA at day 5 (A) and at 
week 14 p.i. (B). Data are presented as group means ± SD. Color-coded labels along the x-axis indicate the approximate location of the cortical 
and medullary regions. The y-axis for week 14 includes a break, with the upper range displaying a larger Gd concentration range. GBCA, 
gadolinium-based contrast agent; Gd, gadolinium; LA-ICP-MS, laser ablation–inductively coupled plasma–mass spectrometry.
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(Fig. 5, Supplemental Digital Content Table 1, Supplemental 
Digital Content 3, https://links.lww.com/RLI/B147). The aver
age T1 relaxation times of the saline control kidneys amounted 
to 451 ms in the cortex, 707 ms in the outer medulla, and 1152 
ms in the inner medulla. T1 shortening was found in the kidneys 
of all GBCA groups: For all linear GBCA kidneys, T1 ranged 
from 251 to 281 ms, from 354 to 579 ms, and from 491 to 721 
ms; for all macrocyclic GBCA kidneys, T1 ranged from 385 to 
417 ms, from 604 to 648 ms, and from 864 to 928 ms, in the 
cortex, outer medulla, and inner medulla, respectively. However, 
next to T1 shortening in the tissue of kidneys of all GBCA 
groups, we also observed T1 shortening in the surrounding PFA 
(Fig. 5), indicating substantial washout from the renal tissue. An 
exploratory analysis of the surrounding PFA from kidneys 
following macrocyclic gadobutrol and linear gadopentetate by 
HPLC detected Gd almost exclusively in the form of the intact 
GBCAs (Fig. 5). LA-ICP-MS of exemplary PFA-fixed kidneys 
further supported this by revealing significantly less Gd than in 
the native, snap-frozen contralateral kidneys (Supplemental 
Digital Content Fig. 2, Supplemental Digital Content 2, https:// 
links.lww.com/RLI/B146).

Mapping of Intact Gadolinium-based Contrast 
Agents by Matrix-assisted Laser Desorption 
Ionization–Mass Spectrometry Imaging
In contrast to LA-ICP-MS, MALDI-MSI detects the intact 
chelate. Signal intensities in MALDI-MSI are strongly depend
ent on the ionizability of the analyte as well as suppression 
effects exerted by the sample. Consequently, a MALDI-MSI 
method needs to be established for each GBCA individually. 
The distribution of intact chelates was only determined for the 
macrocyclic gadobutrol (LOD = 1.0 nmol/g) and the linear 
gadodiamide (LOD = 9.4 nmol/g) by MALDI-MSI. At day 5, 
most of the intact gadobutrol was detected in the renal cortex 
(Fig. 6A, left). At week 14, intact gadobutrol was detected 
mostly in the medulla and sparsely in the cortex (Fig. 6B, left). 
Direct comparison with elemental Gd as measured by LA-ICP- 
MS revealed almost identical distribution patterns (Figs. 6A, B,
right). For the linear gadodiamide, at day 5, most of the intact 
chelate was located at the cortex (Fig. 6C, left), which agreed 
with the distribution pattern of elemental Gd (Fig. 6C, right). At 
week 14, however, MALDI-MSI could not detect intact chelate 
of gadodiamide.

TABLE 1. Peak Gd Concentrations in Cortical and Medullary Regions at 5 Days and 14 Weeks p.i. Values Represent Highest Group Mean ± SD 
Among the 150 Concentric Layers

Group

Peak Gd (nmol/g) at 5 d p.i. Peak Gd (nmol/g) at 14 wk p.i.

Medullary Cortical Medullary Cortical

Macrocyclic
Gadobutrol 119.6 ± 46.5 2538.0 ± 1163.4 12.4 ± 11.5 11.3 ± 14.8
Gadoterate 82.6 ± 9.8 1865.0 ± 705.8 16.0 ± 10.6 5.9 ± 4.8
Gadoteridol 92.1 ± 34.4 1076.4 ± 469.9 2.0 ± 0.0 1.4 ± 0.6

Linear
Gadodiamide 115.7 ± 28.5 1862.9 ± 938.8 16.9 ± 11.3 127.9 ± 101.5
Gadopentetate 87.6 ± 19.1 1042.7 ± 350.9 13.0 ± 1.1 17.9 ± 5.3
Gadobenate 34.2 ± 8.7 828.22 ± 205.0 1.8 ± 0.5 11.3 ± 3.6

Gd, gadolinium.

FIGURE 5. T1 maps of PFA-immersed kidneys obtained by MR scanning (A): representative examples of ex vivo kidneys from control, macrocyclic 
GBCA, and linear GBCA groups at day 5 p.i.; resolution 50×50 µm. The color scale indicates T1 relaxation ranging up to 2400 ms. Chromatograms 
from HPLC analysis (B) of the representative PFA supernatant (dotted lines) and the respective GBCA standard (solid lines): the signal intensity for 
Gd in AU is plotted vs. retention time in seconds. AU, arbitrary units; GBCA, gadolinium-based contrast agent; Gd, gadolinium; HPLC, high- 
performance liquid chromatography; MR, magnetic resonance; PFA, paraformaldehyde.
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DISCUSSION
In this study, we systematically investigated the spatial 
distribution of residues from multiple macrocyclic and linear 
GBCAs in the rat kidney. Our analysis consisted of 3 modalities. 
The distribution of elemental Gd was examined and quantified 
using LA-ICP-MS. MR-detectable GBCA residues were 
assessed by MR relaxometry. For gadobutrol and gadodiamide, 
the distribution of intact GBCA chelates was determined by 
MALDI-MSI. All 3 modalities analyzed whole kidney tissue 
slices or intact kidneys, providing an advantage over homogen
ized kidney tissue. Our results revealed nonhomogeneous 
distribution patterns, which changed differently for linear versus 
macrocyclic GBCAs over the course of their elimination from 
day 5 to week 14. We corroborated earlier observations, 
revealed distinct spatial and temporal distribution patterns not 
previously described, and proposed how particularities of 
intrarenal architecture and physicochemical conditions may 
influence GBCA retention in the kidney.

The present study is the first to analyze residual renal Gd 
content from multiple linear and macrocyclic GBCAs at a time 
point as early as day 5 post administration. We observed similar 
renal Gd content across the GBCAs with the exception of 
gadobenate, which showed the lowest median Gd content, most 
likely due to its additional hepatobiliary excretion route (around 
50% in rats48). The overall magnitude of Gd retention at day 5 
was comparable to findings reported from homogenized kidney 
tissue at day 7 following GBCA administration.28,29,31,32 One of 
these studies reported a 2- to 4-fold higher renal Gd content for 
linear versus macrocyclic GBCAs.31 Because the cumulative 
GBCA dose applied in this previous report was about 10-fold 
higher than in the present study, it is conceivable that class- 
based differences at early time points may only emerge at higher 
cumulative doses.

Major elimination of GBCA residues took place between 
day 5 and week 14 in all GBCA groups. The present data on Gd 
content at week 14 are in line with reports from homogenized or 
partially dissected kidneys at comparable time points.27–29 The 
vast majority of earlier in vivo studies on GBCA residues in 
various organs focused on the comparison between macrocyclic 
and linear GBCAs, rather than within the two classes, and 
typically reported significantly lower residues following macro
cyclic than linear GBCAs.27,30,31,39,49 The present data on 
GBCA residues in the kidney are less clear-cut. First, the 
gadodiamide group showed a Gd content about one order of 
magnitude higher than the other linear GBCAs, indicating 
heterogeneity within this class. This is in line with a report on 
the in vitro stability of GBCA chelates in human blood serum.19

This study found the release rate of Gd from its chelate for the 
nonionic linear gadodiamide about 10-fold higher than for the 
ionic linear agents gadobenate and gadopentetate. These results, 
in conjunction with those of the present in vivo study, indicate 
that the ionic character may play a role in Gd retention within 
the class of linear GBCAs. Second, the renal Gd content of the 
other 5 GBCA groups, that is, the 3 macrocyclic and the 2 
remaining linear GBCAs, showed no substantial differences. 
This does not agree with the human serum study, in which 
macrocyclic GBCAs showed no detectable release of Gd, in 
contrast to the linear agents.19 However, the GBCA residues 
found following in vivo administration are not limited to 
released Gd, but are known to occur in the form of intact 
GBCAs as well.35,50 Moreover, human serum is devoid of cells 

FIGURE 6. Distributions of intact GBCA chelates obtained by MALDI-MSI 
(left 3) together with the distribution of Gd obtained by LA-ICP-MS (right 
3) within the same kidneys: gadobutrol at day 5 p.i. (A) and at week 14 p. 
i. (B), gadodiamide at day 5 p.i. (C); resolution 40×40 µm. Color scales of 
MALDI-MSI images are not directly indicative of concentration but signify 
the relative presence of gadobutrol and gadodiamide, identified by their 
mass-to-charge ratio m/z: gadobutrol = [M-H]- m/z 604.12592, gado-
diamide = [M-H-H2O]- m/z 555.08439. Color scales of LA-ICP-MS images 
indicate Gd concentrations. GBCA, gadolinium-based contrast agent; Gd, 
gadolinium; LA-ICP-MS, laser ablation–inductively coupled plasma–mass 
spectrometry; MALDI-MSI, matrix-assisted laser desorption ionization– 
mass spectrometry imaging.
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and extracellular matrix, which potentially play a key role in 
GBCA retention in vivo, particularly in the kidney with its 
unique microanatomy and physicochemical environment.

The interindividual variability within almost all GBCA 
groups at both time points appeared unusually large when 
compared with various structural and functional parameters 
documented for the kidney of healthy rats in the literature. 
However, similar data on interindividual variability of renal Gd 
concentrations have been reported in previous rat studies.27,31,32

Given the high standardization regarding the rat models and 
analytic procedures within each of these studies, the reason 
behind this variability remains elusive. Because of the high 
variability and because of heterogeneity within classes, such as 
the differences in ionic character and the dual elimination route 
of gadobenate, we elected not to compare the 6 groups or the 2 
classes of GBCAs using a statistical approach.

Our data on spatial distribution of Gd provided more 
detailed insights into renal Gd presence and may help to identify 
histologic structures and mechanisms of renal retention. At day 
5, we observed similar distribution patterns for all investigated 
GBCAs: the vast majority of Gd resided in the renal cortex. All 
groups showed peak Gd concentrations in the cortex 1 to 2 
orders of magnitude greater than in the medulla. This difference 
between cortex and medulla appears to remain for around 2 
more weeks, as shown in a report from partially dissected kid
neys at day 17 following GBCA administration.27

At week 14, cortical Gd concentrations were about 2 orders 
of magnitude lower and medullary concentrations about one 
order of magnitude lower compared with day 5. While this 
differential elimination was observed for all GBCAs, it was most 
pronounced for macrocyclic agents, resulting in higher medul
lary than cortical Gd concentrations in this GBCA class. 
Notably, cortical Gd from gadodiamide was eliminated less than 
from all other GBCAs. Our data on spatial distribution are in 
line with a previously reported observation for gadobutrol and 
gadodiamide at week 12 following GBCA administration,33

including the minimal Gd concentration around the cortico
medullary transition zone as well as the arc of increased Gd 
concentration at the transition zone of the outer medulla to the 
inner medulla. We determined similar patterns following gado
terate, gadoteridol, and gadopentetate, which had not pre
viously been studied. Intriguingly, in-depth inspections of the 
data obtained at day 5 revealed a similar concentric ellipsoidal 
pattern of elevated Gd in the transition zone between inner and 
outer medulla.

The reason behind the spatial Gd distribution pattern 
within the kidney and the changes of this distribution over time 
observed in the present study is unclear. Following their glo
merular filtration, GBCAs are concentrated in the tubular fluid 
along the tubules, such that in the fluid within the final segment 
of the nephron, the collecting duct in the deepest layers of the 
inner medulla, GBCA concentrations will be about 100-fold 
higher than in the blood plasma. However, the relatively short 
plasma half-life of GBCAs22 in conjunction with the spatial 
distribution of the residues observed 5 days after their last 
administration—with the deepest layers of the inner medulla 
among the renal regions with the lowest Gd concentrations— 
rules out that, at this time point and beyond, the tubular fluid 
still contains residues in substantial concentrations. Within the 
given time frame, GBCAs must have already been virtually 
completely flushed out of the nephron with the final urine. Thus, 
the high concentrations of renal Gd and its spatial distribution 
observed here must rely on other distinctive features of the 
kidney. These include the particular vascular architecture of the 

distinct renal layers, the structurally and functionally highly 
differentiated nephron segments that are formative for these 
layers, and the particular physicochemical conditions within the 
renal tissue and its differences among the layers.

Based upon an anecdotal report indicating that Gd may be 
prominently retained in the wall of intrarenal blood vessels, 
particularly in their middle coat (tunica media),51 which is 
thickest in arteries,52 Bücker et al33 postulated that the major 
portion of the retained Gd would reside in the walls of intrarenal 
arteries. By means of LA-ICP-MS, these authors located the 
majority of residual Gd in rat kidneys 12 weeks post-GBCA 
within and around the transition zone between the outer and 
inner medulla. While this distribution pattern agrees well with 
the pattern we observed 14 weeks post-GBCA, the architecture 
of intrarenal arteries contradicts the authors’ assumption. The 
density of arteries in the medullary tissue is rather low, with only 
6 to 10 interlobar arteries traversing the rat medulla.53–55 The 
highest density of arteries is found first within the cortico
medullary transition zone containing the arcuate arteries, and 
second within the cortex, particularly in its deeper portions, that 
contain the interlobular arteries.53,55,56 At day 5 post-GBCA, we 
measured the vast majority of Gd in the renal cortex. Intrigu
ingly, Gd concentrations were not consistent across the whole 
cortex: they were highest close to the renal capsule and declined 
steadily throughout the cortex, with the lowest values in its 
deepest portions. This is inverse to the gradient in density of 
cortical arteries,53,55 which further contradicts the notion that 
major portions of the retained Gd reside in the walls of intra
renal arteries.

The most probable structures responsible for the distinct 
intrarenal distribution pattern at day 5 are tubular epithelial 
cells. Several studies found GBCA residues in vacuoles in the 
epithelium of the proximal tubule.57–60 Our finding that the 
highest Gd concentrations within the cortex were located close 
to the renal capsule probably relies on the fact that this is the 
area with the highest density of proximal tubules.53,54 As shown 
for a variety of other substances including, but not limited to, 
iodinated x-ray contrast agents and dextran, these vacuoles are 
formed by endocytic uptake and can fuse with lysosomes, which 
is followed by their slow reduction over days to weeks.60,61 This 
process of transient storage has not been associated with 
impairment of tubular function.57,60–63 The transient character 
of this storage has also been shown for GBCAs,57,58,60 which 
explains the 10- to 100-fold lower cortical Gd presence at week 
14 as compared with day 5.

The reason behind the localized Gd presence within and 
adjacent to the transition zone between the outer and inner 
medulla that we observed at week 14 and even at day 5 and that 
Bücker et al33 also observed at week 12 is unclear. With regard 
to histologic structures that may host substantial amounts of 
residual Gd in this area, arterial walls can be ruled out due to 
their low density. The tubular epithelial cells of the nephron 
segments located in this area, that is, thin descending and thin 
ascending limbs of the loop of Henle, small portions of the 
deepest thick ascending limbs of Henle’s loop, and collecting 
ducts, do not form vacuoles by endocytic uptake of exogenous 
substances.57–62

We hypothesize that the elevated Gd concentrations in this 
area may result from the unique combination of phys
icochemical conditions in medullary tissue. Firstly, the medul
lary segments of the nephron generate high osmolalities within 
the interstitium of the medulla: the osmolality rises steadily from 
the corticomedullary border to the deepest layers of the inner 
medulla. Approximately half of the increase in osmolality is 
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generated in the outer medulla that concentrates NaCl; the inner 
medulla generates the second half of the osmolality increase by 
concentrating urea.23 Secondly, owing to the particular micro
vascular architecture, tissue partial pressure of oxygen (pO2) and 
pH decline while pCO2 increases steadily from the cortico
medullary border to the deepest layers of the inner 
medulla.23,56,64 As a result, the tissue in the transition zone 
between the outer and inner medulla is exposed to a combina
tion of high NaCl concentration, high osmolality and high 
pCO2, alongside low pO2 and low pH. We speculate that this 
unique combination may favor retention of GBCA residues. 
Within the inner medulla, the physicochemical conditions 
change substantially as compared with the outer medulla, with 
the only exception of the NaCl concentration: the concentration 
of urea is much higher, and the osmolality and pCO2 become 
even higher and pO2 and pH even lower than in the outer 
medulla.23,56 It is conceivable that this unique combination does 
not favor retention of GBCA residues.

While these hypotheses are consistent with our observa
tions, they remain to be confirmed through complementary 
approaches. Histologic studies may confirm the proximal 
tubules involved in transient cortical retention, and in vitro 
studies replicating the characteristic medullary physicochemical 
conditions may uncover retention mechanisms at the transition 
zone from outer to inner medulla.

In an attempt to further assess Gd presence, kidneys fixed 
and stored in PFA solution were analyzed by MR relaxometry. 
Surprisingly, the results from LA-ICP-MS did not align with the 
results from MRI, as MR relaxometry indicated comparable T1 

shortening across all renal layers. This discrepancy most prob
ably originated from the difference in sample preparation. Dif
ferent from snap-freezing native kidneys as used for LA-ICP- 
MS, preparation with PFA allowed substantial washout of the 
GBCA residues, as indicated by the T1 shortening in the sur
rounding PFA solution of GBCA kidneys but not of control 
kidneys. Therefore, sample preparation must prevent washout 
of these highly hydrophilic substances to preserve the presence 
and spatial distribution of GBCA residues. Since kidneys from 
week 14 p.i. had also been fixed and stored in PFA, we did not 
perform MR relaxometry of these kidneys. Notably, HPLC of 
the PFA supernatant detected the washed-out Gd almost 
exclusively in the form of the intact chelates, which is in line with 
their hydrophilic nature. The stronger T1 shortening in PFA 
solution following macrocyclic GBCAs suggested a greater 
presence of the intact chelates than following linear GBCAs. 
The LA-ICP-MS analysis of exemplary PFA-fixed kidneys 
indicated lower Gd concentrations following macrocyclic 
GBCAs compared with linear GBCAs. A possible reason behind 
these findings is that the linear GBCAs—due to their lower 
stability—are stored in a water-insoluble species to a greater 
extent than macrocyclic agents.

By means of MALDI-MSI, the spatial distribution of 
intact GBCA was determined for gadobutrol and gadodiamide 
as examples of macrocyclic and linear GBCAs. LA-ICP-MS 
analysis of the adjacent tissue slices allowed direct comparison 
of the distribution patterns of intact GBCA and elemental Gd. 
For the macrocyclic gadobutrol, the distribution pattern of 
intact GBCA closely resembled that of elemental Gd at day 5 
post administration. In line with our observation of GBCA 
“washed out” by PFA solution, this indicates that, at this early 
time point, Gd from gadobutrol predominantly resided in the 
form of the intact GBCA. Even at week 14, the spatial dis
tribution of intact gadobutrol and elemental Gd was again 
found to be similar, with both showing highest levels in the 

medulla. This suggests that Gd still largely resided as the intact 
chelate. This observation is in line with a previous report sug
gesting that gadobutrol largely resides in its intact form in 
kidney tissue.33

The distribution pattern of the linear gadodiamide was 
similar to that of elemental Gd at day 5, suggesting that at this 
early time point, Gd from gadodiamide also predominantly 
resided in the form of the intact GBCA. At week 14, however, 
analysis of gadodiamide did not show any detectable intact 
chelate. Given the low LOD for the gadodiamide chelate relative 
to the high concentrations of elemental Gd, the majority of 
remaining Gd most probably does not reside in the form of the 
intact chelate at this time point. Earlier reports on renal Gd 
1 year after last administration of gadodiamide revealed vir
tually no more intact chelate but only elemental Gd.33,65

This study has several limitations. First, while the chosen 
time points of 5 days and 14 weeks post-GBCA provided 
insights into both early retention and long-term elimination, 
analysis at even earlier time points (eg, 24 to 72 h) may have 
captured additional details of the initial distribution of the 
rapidly cleared GBCAs. Second, the spatial resolution of our 
imaging modalities was sufficient to assign Gd and GBCAs to 
distinct portions of the renal layers, but it did not permit iden
tification of specific histologic structures such as the distinct 
segments of the nephron. Complementary histologic examina
tion would enable us to draw conclusions on involved retention 
mechanisms. Third, we observed substantial interindividual 
variability in Gd concentrations within GBCA groups. While 
such variation is not typical for renal parameters, it has been 
reported in previous studies of renal GBCA retention and may 
reflect biological heterogeneity in GBCA retention or elimi
nation. Finally, although we investigated several agents from 
both macrocyclic and linear GBCA classes, conclusions about 
other GBCAs of the 2 classes should be drawn with due caution.

Virtually all clinical and preclinical studies published so far 
demonstrated that renal GBCA residues do not perturb any of 
the various functions of the kidneys. Considering that admin
istration of GBCA serves diagnostic rather than therapeutic 
purposes, it nevertheless seems worthwhile to elucidate the dis
tinct mechanism(s) of renal GBCA/Gd retention and the factors 
that may favor or prevent it. As first steps, we propose histologic 
ex vivo studies to assess the role of GBCA/Gd endocytosis by 
cells of the proximal tubules, and in vitro studies modeling the 
specific physicochemical conditions in the renal medulla to 
uncover the mechanisms of GBCA/Gd retention in this layer.

In conclusion, this study provides the first comprehensive 
spatially resolved characterization of renal GBCA residues at an 
early and a late time point. We demonstrate that GBCA residues 
exhibit specific distribution patterns and distinct changes in 
these patterns over the course of their elimination. Our findings 
of specific retention patterns suggest that—beyond GBCA-spe
cific differences in the stability, osmolality, and ionic character 
of the chelates—the unique microanatomy and physicochemical 
conditions in the kidney play critical roles in renal GBCA 
retention. These insights provide a foundation for future 
investigations into retention mechanisms and potential long- 
term tissue effects.
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