ORIGINAL ARTICLE

Uptake of Gadolinium-Based Contrast Agents by Blood Cells
During Contrast-Enhanced MRI Examination
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S Objectives: Gadolinium-based contrast agents (GBCAs) are routinely used in mag-

“netic resonance imaging (MRI) examinations. However, there is limited knowledge

=about the interaction with and distribution of the drug in human cells. This lack of
%knowledge is surprising, given that the first interaction of the drug occurs with blood
§cells. Moreover, recent studies reported gadolinium (Gd) deposition within organs,
%such as the brain. Hence, this study is aiming to determine the uptake of GBCA in
Géblood cells of patients undergoing contrast-enhanced MRI (ce-MRI) examination.

SMaterials and Methods: Human blood was exposed to either gadoterate
gi‘)-meglmnine (Gd-DOTA) or Eu-DOTA in vitro or was collected from patients under-

o

§going ce-MRI with Gd-DOTA. Uptake of contrast agents (CAs) by blood cells was
Zquantified by Gd measurements using single-cell inductively coupled plasma mass
Dspectrometry (SC-ICP-MS) or, to confirm Gd-DOTA uptake, by a complementary
%method using Eu-DOTA by time-resolved fluorescence spectroscopy, respectively.
@ Results: Uptake of G&-DOTA or Eu-DOTA into white blood cells (WBCs) ex vivo
% Zwas detectable by SC-ICP-MS and time-resolved fluorescence spectroscopy. The
S g<.iintracellular concentrations were estimated to be in the range of 1-3 uM. However,
'r;r[no CA uptake into erythrocytes was detected with either method. In total, 42 pa-
<i Stients between 30 and 84 years old (24 men, 18 women) were enrolled. White blood
§ ceells' uptake of Gd was measured by SC-ICP-MS. Tsolated WBCs from patients
Q% J%who underwent ce-MRI examination showed substantial Gd uptake; however, the
studied patient group showed an inhomogeneous distribution of Gd uptake. Mea-
surements immediately after MRI examination indicated 21-444 attogram/WBC,
corresponding to an intracellular Gd concentration in the range from 0.2 to 5.5 pM.
Conclusions: This study confirms the ex vivo uptake of GBCA by WBCs and
provides the first evidence that GBCA is indeed taken up by WBCs in vivo by
patients undergoing ce-MRI examination. However, the observed Gd uptake in
WBCs does not follow a log-normal distribution commonly observed in the fields
of environmental studies, biology, and medicine. Whether cellular uptake of
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GBCA is linked to the observed deposition of Gd remains unclear. Therefore,
studying the interaction between GBCA and human cells may clarify crucial
questions about the effects of Gd on patients after MRI examinations.
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G adolinium-based contrast agents (GBCAs) are commonly used for

enhanced magnetic resonance imaging (MRI) examinations since
the late 1980s.! To date, millions of GBCA doses have been adminis-
tered worldwide and were well tolerated by the majority of patients.
However, in 2006, frequent and/or high-dose application of contrast
agents (CAs) in some patients with severe renal insufficiency led to a
rare systemic disease called nephrogenic systemic fibrosis (NSF).> Al-
though the precise pathogenesis of the observed fibrosis remains enig-
matic, deposits of gadolinium (Gd) in various tissues and organs have
been shown to be responsible for the clinical characteristics of this po-
tentially life-threatening disease.>* In addition to NSF, another severe
immune reaction of the immune-mediated inflammatory disease type
has manifested itself. It is referred to as Gd deposition disease and con-
sidered a type of Gd toxicity.>¢

As first described by Kanda et al” in 2014, Gd retention in organs
can be detected even in patients with intact renal function. The authors
observed Gd in cerebral areas (eg, nucleus dentatus and globus pallidus).”
This finding was also confirmed by several other research groups.® '#
Moreover, additional evidence emerged over the years that Gd can be found
in the brain and other regions of the body, such as neurons or the liver.'>'8
The chemical species of Gd retention remains unknown (ie, as intact
chelate, Gd bound to molecules within the organism or as both).'?

The key question regarding interaction of GBCA on a cellular
and molecular level was rarely studied, and current literature remains
controversial. If human cells take up GBCA was only sparsely inves-
tigated by a few studies to date. Gd** from both Gd-DOTA and
Gd-HPDO3A is taken up by rat glioma cells at minuscule levels.?’
Recently, a study concluded that GBCA is present in small amounts
in both erythrocytes and leukocytes.?! Under certain circumstances,
these intracellular GBCAs may interfere with cellular metabolism,
most probably because of the chemical similarity between Gd and
Ca ions. Toxic effects of GBCA were observed in human basal gan-
glia neurons. There, the CA impairs proper function of mitochondrial
respiratory function and cell viability.'>

As described previously, recent studies revealed Gd deposition in
the brain, thereby contradicting the assumption that GBCAs do not
cross the functional blood-brain barrier and is immediately excreted
from the CN'S via venous outflow.?**> These fundamental controversies
demonstrate that accumulation and deposition of Gd in tissues are—
although being of paramount interest—not yet fully understood.

The development and introduction of single-particle inductively
coupled plasma mass spectrometry (SP-ICP-MS) opened a new area of
research enabling rapid detection and analysis of metal-based particles
in a variety of matrices.”* A continuous development of this method
led to applications to cells, termed single-cell ICP-MS (SC-ICP-MS),
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thus allowing measurement of intracellular or cell-associated metal ions
also within cell organelles, such as the nuclei.>?® Based on previous
experience in SC-ICP-MS, we investigate the uptake of Gd-DOTA by
white blood cells (WBCs).

MATERIALS AND METHODS

umoqg

Materials and Chemicals

Commercialized form of Gd-DOTA (Guerbet, France) was ob-
ined from the Insel Hospital Pharmacy (Bern, Switzerland). Eu-DOTA
was purchased from Jena Bioscience (Jena, Germany). Adogen 464,
cetyltrimethylammonium chloride, Eu®" chloride hexahydrate, Ficoll
=PM70, Histopaque 1077, Gd*" chloride hexahydrate, sodium acetate, so-
-dium chloride, 2-thenoyltrifluoroacetone, and Tween 20 were obtained
#from Sigma-Aldrich (St Louis, MO). eBioscience 1-Step le/Lyse solu-
tion was obtained from Invitrogen (Carlsbad, CA). For ex vivo experi-
Sments, human blood was purchased from Swiss Transfusion SRC (Bem
Switzerland). For the in vivo experiments, blood samples and written in-
formed consent were obtained from patients who underwent GBCA en-
hanced MRI examination and participated in a study approved by the can-
tonal ethics committee of Bern (BASEC ID 2022-00872). All studies were
conducted in accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki) for experiments involving humans.
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Methods

x Vivo Experiments

Human blood was incubated at 37°C with either 2 mM Gd-DOTA
or 2 mM Eu-DOTA (final concentration in blood) under continuous
shaking for either 0, 15, 30, or 60 minutes. Subsequently, erythrocytes
were isolated either by centrifugation through a Ficoll solution (40 g
Ficoll PM70 and 180 mL 0.13 M phosphate buffer) or according to stan-
dard protocols using Histopaque 1077.%7 Purified WBCs were obtained
ith the Histopaque protocol or alternatively by lysis of erythrocytes with
eBioscience 1-Step Fix/Lyse solution and subsequent washing of WBCs
with phosphate buffered saline (PBS) according to the manufacturer's
©emanual. To determine the kinetics of Gd uptake by WBCs, the measured
Gd levels in WBCs at different time points since incubation start were
plotted, and the curves were calculated by nonlinear hyperbolic curve
fitting using GraphPad Prism software (La Jolla, CA).

To confirm the SC-ICP-MS data, an alternative method of the
metal detection was applied, namely, time-resolved fluorescence mea-
surement of the metal ion.?® For fluorescence measurement of Eu-DOTA,
blood from 3 volunteer donors was incubated for 0 or 60 minutes in
the presence of 2 mM Eu-DOTA. Erythrocytes and WBCs were iso-
lated and processed as described previously. Fifty microliters of packed
erythrocytes was diluted with 50 pL H,O and 100 pL. 6 M HCl and in-
cubated for 2 hours at 70°C to dissociate the Eu*" from the DOTA
macrocycle.?*>° Subsequently, this solution was transferred to a glass
fiber High-Speed Mini Plasmid Column (IBI Scientific, Dubuque,
IA) and spun for 30 seconds in a mini-centrifuge (Gilson GmCLab,
Middleton, WI) to remove precipitated proteins. The clear solution
was then used for Eu®" determination by time-resolved fluorescence.

Accordingly, pelleted WBCs were resuspended in 100 uL. 3 M
HC] solution at a concentration of approximately 2 x 10°to 5 x 10°
cells mL ™" and processed as described previously. Cell densities and di-
ameters were determined using Countess 3 FL. Automated Cell Counter
(Thermo Scientific, Waltham, MA) according to manufacturer instructions.

Eu®' contents were quantified by time-resolved fluorescence
measurements essentially as described by Degan et al.*! Calibration
standards were prepared from a 100 uM EuCl; solution as serial dilu-
tions in H,O. Samples (10 uL) were mixed with 1 mL enhancement so-
lution composed of 110.5 pM 2-thenoyltrifluoroacetone, 1.6 mM
Adogen 464, 0.1% Tween 20, 0.5 M NaCl, and 0.1 M Na-acetate,
pH 4.45. Time-resolved fluorescence spectroscopy (TRF) spectra be-
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tween 550 and 650 nm or emission at 618 nm were recorded on an
InfinitePro200 plate reader at an excitation wavelength of 358 nm with
a lag time of 400 microseconds and 400 microseconds integration time.
The data from i-Control software (Tecan, Ménnedorf, Switzerland)
were transferred to GraphPad Prism to depict the fluorescence spectra
and calculate the area under the curve. After building a linear calibra-
tion curve with the known concentration values, the cellular Eu®" con-
centration was determined by interpolation.

For SC-ICP-MS measurements, either pelleted erythrocytes or
WBCs from whole blood exposed to Gd-DOTA, as described previously,
were resuspended in PBS to a concentration of approximately 4 x 10° cells
mL ™", Immediately before measurement on a NexION 2000 ICP-MS in-
strument (PerkinElmer, Waltham, MA), the resuspended cells were diluted
1:4 in H,0, as described previously.?® Single-cell ICP-MS experiments
were performed using PerkinElmer's NexION 2000 ICP-MS, which
was set up with specific material for single-cell experiments as described
previously.2® The transport efficiency was calibrated with 50-nm gold
nanoparticles (NanoComposix, San Diego, CA) with a concentration of
10° particles/mL. The SC-ICP-MS instrument used for total Gd determi-
nation was optimized daily with a multi-element standard. The acquired
raw data were processed with Syngistix single-cell application software
module (PerkinElmer, Waltham, MA).

A positive control for SC-ICP-MS was generated by artificially
loading erythrocytes with Gd-DOTA.>* Briefly, erythrocytes were
washed 3 times with PBS; subsequently, 2.5 mL packed erythrocytes
were diluted with an equal volume of 10 mM Gd-DOTA in H,O and in-
cubated for 30 minutes on ice. Subsequently, 150 pL 2.5 M NaCl was
added to restore isotonic conditions. The resealed cells were incubated
at room temperature for 15 minutes and centrifuged for 20 minutes in a
benchtop microcentrifuge. Subsequently, 3.5 mL supernatant was re-
moved and replaced with 4 mL PBS, and resuspended and centrifuged
for a further 15 minutes. The supernatant was removed, and the pellet was
washed 3 more times with 4 mL PBS. The pelleted erythrocytes (0.5 mL)
were mixed with 0.5 mL PBS (denoted as Gd-loaded erythrocytes).

The same procedure was applied for the “negative” control in the
absence of Gd-DOTA, thus resulting in mock loaded erythrocytes. To
these cells, Gd-DOTA was added with a final concentration of 5 mM,
incubated for 30 minutes, centrifuged for 20 minutes, and subsequently
washed 4 times with PBS (mock loaded/Gd erythrocytes).

In Vivo Experiments

Patients undergoing MRI examination with Gd-DOTA were in-
cluded in the pilot study. Minors, adults incapable of judgment or con-
sent, pregnant or lactating women, or vulnerable people were excluded
from the study. Height, weight, and sex were used to estimate the blood
volume of each patient according to the Nadler formula.*® Finally,
based on the amount of Gd-DOTA administered, the GBCA concentra-
tion in the bloodstream was calculated.

For this study, 5 mL of blood was drawn after MRI examination.
Isolation of WBCs and determination of Gd uptake with SC-ICP-MS
were performed as described previously. Briefly, immediately after
MRI examination, 0.2 mL blood was diluted with Fix/Lysis buffer
(Invitrogen) and incubated for 30 minutes; WBCs were subsequently
purified by repetitive centrifugation and washing (sample t,). Exactly
60 minutes after the patient had received GBCA, a second sample of
0.2 mL of the previously drawn blood was treated with Fix/Lyse solu-
tion (sample tg). The sample was processed as described previously,
too. Subsequently, WBC counts, as well as cell diameter, were mea-
sured (Countess 3 FL), and the Gd content per cell was determined with
SC-ICP-MS (PerkinElmer). The collected data were stored in a Redcap
electronic case report form (including sex, age, weight, height, blood
group, date/time of administration of the CA, date/time of blood collec-
tion, amount of CA administered, CA name, average amount of Gd per
cell, and average cell diameter; see supporting information).

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 1. Determination of the Gd-DOTA uptake in blood cells ex vivo.
mM Gd-DOTA (**#*P < 0.0001). B, Erythrocytes artificially loaded with
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Statistics and Distribution Analysis

Statistical analyses were performed with unpaired 2-tailed ¢ test.
he fit of the distribution of Gd uptake in WBCs to a log-normal distri-
ution was tested with 4 different log-normality tests.>* In addition, fre-
uency distribution analyses were performed, and nonlinear regression
nalysis was applied on the results obtained. All operations were per-
formed in GraphPad Prism 8.0 software.
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RESULTS

Quantification of Gd-DOTA Uptake in Blood Cell Ex
Vivo Using SC-ICP-MS

When GBCA is administered to human patients at a concentra-
tion of 0.1 mmol kg ' bodyweight, the expected CA concentration in
the blood may reach approximately 2 mM. Therefore, a final concentration
of 2 mM Gd-DOTA or Eu-DOTA was used for the ex vivo experiments.

In a first step, human blood was incubated with Gd-DOTA for
1 hour. Subsequently, the amount of Gd in WBCs and erythrocytes
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A, Cellular amount of Gd in WBCs after 60 minutes incubation with
5 mM Gd-DOTA using hypotonic buffer (Gd loaded), mock loaded
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erythrocytes, or incubated with 2 mM Gd-DOTA (Gd exposed). Only erythrocytes artificially loaded with 5 mM Gd-DOTA showed clear uptake by

was determined by SC-ICP-MS. In WBCs of 2 voluntary donors, an av-
erage of 268 + 24 attogram (ag = 10™'® g) of Gd per cell was measured.
The cellular concentration was calculated according to the volume of
WBCs, which, for these 2 volunteers, was 570 femtoliter (fL = 107" 1i-
ter). Application of this volume resulted in an intracellular concentra-
tion of approximately 3 + 0.3 uM (Fig. 1A). No uptake was detected
in erythrocytes. Only erythrocytes artificially loaded with 5 mM
Gd-DOTA showed a prominent signal in SC-ICP-MS measurements.
The low amount of 7 ag in the mock loaded sample originated from in-
complete (<100%) resealing of erythrocytes (Fig. 1B).

Determination of Eu-DOTA Uptake in WBCs or
Erythrocytes Ex Vivo Assessed by TRF

To confirm Gd-DOTA uptake, quantification of GBCA uptake
was performed by a complementary method using TRFE. For this purpose,
Gd was replaced with europium (Eu) in the CA (Eu-DOTA). The
Eu-DOTA uptake by human WBC cells or erythrocytes after incubation
was calculated from the difference in Eu®" concentration between the
measurements after 0 and 60 minutes incubation time. Values from 3

ns
3x10-7
=
5
w 1.5x1074
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B 0 min 60 min

FIGURE 2. Eu-DOTA uptake was measured by TRF in erythrocytes and WBCs ex vivo. The graphs show the data of a representative experiment from the
blood of a single donor. A, An increase in Eu-DOTA uptake was detected in WBCs. The light green—shaded part represents the amount of Eu uptake by

the WBCs and is used to calculate the intracellular concentration (****P <
not significant).

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.

0.0001). B, No increase in Eu-DOTA was detected in erythrocytes (ns indicates
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& ZMaterials and Methods.
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NN
5 Zindependent experiments, representing 3 different donors and containing
N Zat least triplicate values, were used. To confirm a significant difference
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o

etween the means of each single experiment, an unpaired 2-tailed # test
as performed, resulting in a P value < 0.0001. The intracellular Eu®*
concentration could be calculated based on these differences, by consid-
ering the sample volumes, the average cell number used in the experi-
oments, and the mean cell diameter of the WBCs. The WBC diameter
was determined to be 10 pm on average, ranging between 9.8 and
10.1 um. With these parameters, the intracellular Eu>" concentrations were
estimated to be in the range of 1-3 uM (Fig. 2A). For the details of calcu-
lation of the representative example given in this figure, see Figure S1,
http:/links.Iww.com/RLI/A865. In the case of erythrocytes, no distinction
between the 0 and 60 minutes time points was observed; hence, no uptake
was detectable (Fig. 2B).
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Kinetics of Gd-DOTA Uptake in WBCs Ex Vivo,
Determined by SC-ICP-MS

Examination of ex vivo Gd-DOTA uptake in WBCs was assessed
from 2 donors over 1 hour. The ag/cell values were quantified for 2 donors.
For 1 donor, values of 126 + 36, 176 + 33, and 211 + 27 ag/cell were mea-
sured at 15, 30, and 60 minutes, respectively. For the other donor, values of
134 £ 2, 149 £ 9, and 196 + 9 ag/cell were determined at 15, 30, and
60 minutes, respectively (Fig. 3).

Uptake of Gd-DOTA in Patients Undergoing ce-MRI

The promising results from ex vivo studies led to the initiation of a
clinical pilot study on the uptake of GBCA in patients undergoing
contrast-enhanced MRI (ce-MRI) with Gd-DOTA. A total of 42 patients
between 30 and 84 years of age (24 men, 18 women) were enrolled in this
study. Details such as sex, age, height, weight, and amount of GBCA ad-
ministered were collected. Based on part of these data, the blood GBCA
level was estimated for each patient and resulted in a concentration of
1.5 mM in average (range, 1.2-1.9 mM). For details, see Figures S2—S8,
http:/links.Iww.com/RLI/A865, of supporting information. The mean time

4 | www.investigativeradiology.com

from GBCA injection to first fixation t, was 17 + 3 minutes (range,
10-25 minutes) among the 42 patients (Fig. S8, http://links.lww.com/
RLI/A865, of supporting information). Calculation of Gd uptake in WBCs
was determined in all patients by SC-ICP-MS. In 2 patients, uptake of Gd
could not be determined at time t,, because the values were below the de-
tection limit of 7 ag/cell. In the remaining 40 patients, values between 21
and 444 ag per WBC were measured. At tgy, 25-763 ag per WBC was
measured in all 42 patients (Fig. 4). For all patients, an increase in Gd con-
tent per cell was also observed between t, and ty (see Fig. S9, http:/links.
Iww.com/RLI/A865). Based on WBC diameter and the Gd content/cell, the
intracellular Gd concentration was calculated for each patient and time
point (t, and tg). The intracellular Gd concentration was 0.2-5.5 uM for
samples at t, and 0.4-9.7 uM for samples at tg, respectively. Hence, the
concentrations of intracellular Gd from patients' samples were within the
high nanomolar to low micromolar range. These data were further exam-
ined to assess a possible correlation between intracellular Gd levels and
the GBCA concentration in the blood; the exposure time; and the body
mass index, which reflects the patient's height and weight (Figs. S10-S12,
http:/links.lww.com/RLI/A865, of supporting information). However,
no correlations were found.

Distribution Analysis of Gd-DOTA in Patients
Undergoing ce-MRI

Gadolinium uptake in WBCs determined by SC-ICP-MS in 42
patient samples showed an inhomogeneous distribution. According to
the violin plot (Fig. 4), a log-normal distribution was not apparent.

600 -
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N
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& t0
FIGURE 4. The uptake of Gd in WBCs was determined in a total of 42
patients who underwent ce-MRI by SC-ICP-MS. In 40 patients, values
between 21 and 444 ag per WBC (first quartile = 36 ag, median = 47 ag,
third quartile = 84 ag) were measured at time t,. At time tgo, 25 to
763 ag (first quartile = 42 ag, median = 59 ag, third quartile = 115 ag)
were measured (pink circle = Q; blue circle = &) in 42 patients.

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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© Za log-normal distribution, as indicated in a quantile-quantile plot (Fig. 5).

ZThe plot of natural logarithm of cellular Gd concentration in patients'

+e

'WBCs against the cumulative frequency for the given data exhibited a bi-
odal character (Fig. 6A). Hence, frequency versus natural logarithm of
cellular Gd concentration in patients' WBCs also suggested a bimodal (2
patient populations) rather than a log-normal distribution (Fig. 6B).
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DISCUSSION

Our study indicates that GBCAs are taken up ex vivo by WBCs
and demonstrates for the first time in vivo the uptake of GBCAs in
WBCs isolated from patients investigated by ce-MRI. An intracellular

100+

50

cumulative frequency (%)

concentration of approximately 3 tM was detected ex vivo in WBCs
after 1 hour by SC-ICP-MS. These results were confirmed with an
orthogonal method, using Eu-DOTA and TRF measurements, which
revealed intracellular Eu concentrations in the same low micromolar
range as those determined with SC-ICP-MS. Ex vivo uptake studies in
WBCs after incubation with 2 mM Gd-DOTA followed a saturation
curve. More importantly, in erythrocytes, Gd was not detected by
SC-ICP-MS after intact erythrocytes were incubated with GBCA. The
detection limit of SC-ICP-MS was approximately 7 ag per cell, corre-
sponding to an approximately 0.5 uM intracellular concentration in
erythrocytes. However, when erythrocytes were permeabilized, then in-
cubated with GBCA, subsequently resealed, and finally washed, Gd
was clearly detectable. This is convincing evidence that the Gd detected
by SC-ICP-MS is within the cellular compartment.

In addition, the concentrations of intracellular Gd in WBCs of pa-
tients undergoing ce-MRI were analyzed. Gadolinium uptake in WBCs
was determined by SC-ICP-MS immediately after completion of MRI
and additionally exactly 1 hour after GBCA administration. Surprisingly,
a substantial amount of Gd was already detected in the t, samples. Only 2
patients showed no uptake of GBCA in WBCs immediately after MRI.
However, Gd was detectable at tg in all patient samples. The measured
intracellular concentration varied among patients from 0.2 to 9.7 uM.
Furthermore, the time from GBCA administration to first fixation of
the blood sample averaged 17 minutes, showing rapid uptake, as con-
firmed by the kinetics of the ex vivo studies.

The violin plot of Gd uptake showed a nonhomogeneous distri-
bution. This distribution would be expected to follow a log-normal
distribution, as widely observed in the fields of environmental studies,
biology, and medicine.>® However, data analysis with D'Agostino-Pear-
son, Anderson-Darling, Shapiro-Wilk, and Kolmogorov-Smirnov tests
argued against a log-normal distribution. Therefore, we propose that 2
populations exist: one in which WBCs take up Gd at higher concentra-
tion than the other. The putative appearance of these 2 groups was al-
ready visible at t, but became more prominent at ts. The existence of
the 2 groups was evident in the frequency distribution analysis. How-
ever, this hypothesis remains to be further investigated and confirmed.

The question of whether GBCAs are taken up by cells has
scarcely been investigated. In a recent study, significantly more Gd
was detected in WBCs after ex vivo incubation.?! Concentrations
10-40 times higher than observed in our experiments were reported.
Moreover, a prior study showed a linear uptake of the CA over 3 hours.
However, our study revealed that the intracellular Gd concentration
approached saturation after 1 hour.
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FIGURE 6. A, The natural logarithm of the cellular Gd concentration in the patient's WBCs determined after ce-MRI was plotted against the cumulative
frequency. For a log-normal distribution, this should result in a straight line. Red: quintiles 1-4, pink: quintile 5. B, Frequency versus the natural
logarithm of cellular Gd concentration patient's WBC. A log-normal distribution would result in a single red/blue line: curve fit for quantile 1-3 and

quantile 4 assuming a log-normal distribution.
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Notably, in the study by Di Gregorio et al,?! incubation was per-
formed at 5 mM GBCA rather than the 2 mM, which seems to be closer
to physiological range and used in the present study. The 2 mM concentra-
tion is slightly higher than the average blood concentration calculated from
the administered amount of GBCA and the estimated blood volume, calcu-
lated with the Nadler formula.*® In another study, the uptake of GBCA in
'WBCs was measured by high-resolution magic-angle spinning NMR spec-
troscopy at an incubation with 1-7.5 mM GBCA. Gadolinium-based con-
trast agent was detectable only in the extracellular space; hence, the authors
claimed that these complexes cannot cross cell membranes.*® In summary,
SGd was detected in WBCs in our study as well as in the study by Di
=Gregorio et al*! in contrast to the study by Calabi et al.>® However, consis-
Ztent with Calabi et al,*® no Gd was detected in the erythrocytes.

Thus, our results only partially recapitulate the previously pub-
ghshed At present, we have no provable explanation for this discrepancy
=and any attempt to do so would be purely speculative. However, it could
abe speculated, although unlikely, that the net charge of CAs may have
Zan influence on the cellular uptake.

The importance of GBCAs uptake in WBCs should not be
zunderestimated. Intracellular Gd in WBCs has the potential to be dis-
<tributed throughout the human body. Circulating neutrophils have a
gshort life span of approximately 24 hours and die by constitutive apo-

Sptosis and are eliminated by macrophages in the liver, spleen and bone
«Q

<marrow, where high Gd concentrations are also found.*”*° Further-
<more, during the inflammatory response, WBCs cross the endothelial

=y

Scell layer at the site of inflammation, allowing the WBCs to eventually

Zenter the tissue.*"*? Hence, our findings show that the pharmacology of

%GBCAS is fundamental to our understanding of the basic ADME (ab-
Zsorption, distribution, metabolism, and excretion) properties and the
~implications of these CAs in patients.

The limitations of the present study are the restricted number of
atients and reliance on ex vivo data. The ex vivo data, which were sim-
ilar for both donors, may just be coincidence and therefore does not
allow for any conclusions at this point. Furthermore, the range of intra-
cellular Gd concentrations may increase if larger numbers of patients
are analyzed. The patient number studied to date is too small to allow
any conclusions to be drawn or to propose any forward-looking hypotheses
based on statistical analysis of the data. In addition, the uptake was deter-
mined with TRF or SC-ICP-MS. Both methods only detect the metal itself
and do not distinguish whether the complex is still intact or whether the Gd
or Eu is eventually present in a fiee or altered form. Clarifying this should
be addressed by future studies and is important, especially in view of pos-
sible toxic effects of Gd. However, so far, macrocyclic GBCAs were de-
scribed to be stable under these conditions.*'**

In conclusion, this pilot study clearly demonstrates that isolated
WBCs from patients undergoing ce-MRI examination showed substan-
tial uptake of Gd. The 42 patients exhibited an inhomogeneous
distribution of Gd uptake. Furthermore, descriptive analysis suggested
a bimodal (2 patient populations) rather than a log-normal distribution.
Any attempt to explain this pattern of intracellular Gd in patient WBCs
would be premature and requires further investigation.

Therefore, another prospective study with substantially more pa-
tients should be performed to confirm the bimodal or log-normal distri-
bution. Furthermore, an additional study could identify patient-specific
cohorts that influence contrast media uptake and ultimately contribute
to the understanding of Gd deposition in organs. Finally, these results
have implications in the understanding of the biological distribution
of CAs, and on the cellular mechanism of action. Ultimately, quantifi-
cation of cellular uptake of CA might be useful for predicting the safety
of newly developed GBCAs.**+%
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