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Abstract

A novel analytical method to detect the retention of gadolinium from contrast
agents for magnetic resonance imaging (MRI) in tissue samples of patients is
presented. It is based on laser ablation - inductively coupled plasma - triple
quadrupole - mass spectrometry (LA-ICP-MS/MS). Both Gd and P were
monitored with a mass shift of +16, corresponding to mono-oxygenated species,
as well as Zn, Ca, and Fe on-mass. This method resulted in a significantly
reduced background and improved limits of detection not only for phosphorus,
but also for gadolinium. These improvements were essential to perform elemental
bioimaging with improved resolution of 5 um x 5 ym, allowing the detection of
small Gd deposits in fibrotic skin and brain tumour tissue with diameters of
approximately 50 um. Detailed analyses of these regions revealed that most Gd

was accompanied with P and Ca, indicating co-precipitation.
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Introduction

The deposition of Gd originating from Gd-based contrast agents (GBCAs) in
biological tissue has caused major concerns in the past decade. Grobner et al.
first identified that Gd may be retained inside the body and may lead to a
potentially fatal disease known as nephrogenic systemic fibrosis (NSF) [1]. NSF
was first observed in patients with impaired renal function [2,3]. It took a further
six years for the correlation of the development of NSF with the administration of
GBCAs for magnetic resonance imaging (MRI) examinations conducted several
years before [4]. Pathologies such as diffuse ulcerative calcific atherosclerosis,
patchy myocardial necrosis, fibrosis and necrotic skin were also identified in
patients with MRI history without renal dysfunction [5]. Kasahara et al. reported
that Gd can be found in the dentate nucleus of MRI patients with a history of brain
irradiation [6]. Xia et al. also identified Gd deposits in brain tumour samples
obtained from five MRI patients without renal dysfunction by energy dispersive X-
ray spectroscopy (SEM/EDS), and demonstrated that the deposits also contained
Ca and P [7], Ever since a FDA safety announcement in 2015 [8], the retention
of Gd has attracted more concerns and triggered further investigations which

were reviewed recently [9].

The development of NSF appears to be highly dependent on the type of the
GBCA administered as different forms have disparate retention of Gd in the brain
and other organs. Nevertheless, Gd retention in NSF and brain tissues has been
reported for all categories (ionic/non-ionic, linear/macrocyclic) of GBCAs. Non-
ionic, linear GBCAs have been identified as the most problematic [10—13]. Birka
et al. were able to show the presence of intact GBCAs in NSF skin biopsies of a
patient by hydrophilic interaction liquid chromatography (HILIC) coupled to ICP-
MS, as well as confirm the deposition and accumulation of Gd with Ca and P of
in NSF tissues by laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) [14]. These results were subsequently confirmed by Roberts et
al. [15].
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Recently, Fingerhut et al. demonstrated the retention of Gd in specific brain
regions of humans treated with GBCAs and located Gd in distinct cell types within
these regions [16,17]. The pathogenesis of NSF as well as the mechanism of
retention of Gd in specific brain regions such as the dentate nucleus still is largely
unknown. Although GBCAs are considered to be thermodynamically stable and
kinetically inert, it is hypothesised that Gd is released and precipitates, possibly
together with calcium as (mixed) phosphate. Transmetallation reactions are
suspected to play a crucial role for the release of Gd [5,18], as well as metabolism
and elimination of GBCAs, which is compromised in patients with renal
dysfunction [19]. The formation of small deposits of Gd and coprecipitation with
Ca and P within various organs has been observed with imaging techniques such
as element specific transmission electron microscopy (TEM), scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM/EDX), secondary ion
mass spectrometry (SIMS), synchrotron X-ray fluorescence (SXRF) and
extended X-ray absorption fine structure (EXAFS) spectroscopy [7,19-27].
However, the relationship of these deposits and the pathogenesis of NSF has not
been fully explored. One hypothesis is that circulating fibrocytes respond to the

deposits to initiate fibrosis.[28]

Accordingly, the investigation of the mechanism of NSF progression in relation to
Gd deposits with diameters of approximately 50 um requires a method that is
capable of quantitative imaging with high spatial resolution and low limits of
detection. Triple quadrupole technology for ICP-MS enhances the analysis of
many elements by performing tandem mass spectrometry and was first
hyphenated to a LA system in 2016 for elemental bioimaging [29]. Tandem mass
spectrometry for ICP-MS has enhanced detection capabilities for many elements
to improve detection limits and remove potential interferences. One approach to
avoid spectral interferences is by shifting the analytes’ mass with favoured
chemical reactions in the collision/reaction cell by adding a dedicated reaction
gas. The selection of the reaction gas, the reaction conditions and the impact on

the analysis must be evaluated carefully. Bolea-Fernandez et al. and Balcaen et
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al reviewed the theoretical background and recent applications, methods, theory

and instrumentation [30,31].

In this work, we present a new method for the investigation of Gd deposition in a
NSF skin sample as well as in a cancerous brain sample of a MRT patient by LA-
tandem ICP-MS. The limits of detection (LOD) for trace elements believed to play
a key role in NSF, such as Gd, P, Ca, Fe and Zn, were compared against single
quadrupole LA-ICP-MS to demonstrate the advantages of the LA-ICP-MS/MS

method.

1.1 Experimental

1.1.1 Sample Preparation

For elemental bioimaging (EBI), NSF samples were obtained from the “Johannes
Wesling Klinikum” (hospital) in Minden in April 2013 and originate from a 25-year-
old female patient. A biopsy of an affected skin area was taken and immediately
frozen to -20 °C. The patient showed typical NSF symptoms including swollen
and sclerotic skin. The clinical history included a kidney transplantation and on-
going impaired renal function requiring regular dialysis. The patient underwent
MRI examinations with the linear GBCA gadopentetate (Gd-DTPA, Bayer Vital
(Leverkusen, Germany)) in 2002, and with the macrocyclic GBCA gadoteridol
(Gd-HP-DO3A, Bracco Imaging, 0.5 M (Konstanz, Germany)) in 2005. The first
symptoms appeared two years prior to the skin biopsy. For analysis, the skin
sample was cut axially to 20 ym thickness using a cryotome (CryoStat™ NX70,
Thermo Fisher Scientific) at -30 °C and placed onto glass slides. For a
histological grading, a sequential slide was stained with hematoxylin and eosin

(H&E) to visualise tissue structures.

Brain tumour samples were obtained from the archives of the Institute of
Neuropathology, University Hospital Munster and originated from a female 77

years old patient who was suffering from a glioblastoma, IDH wild type (grade IV
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WHO). She underwent an MRI examination with 20 mL of Gd-HP-DOS3A.
Samples were collected eleven days after the MRI examination during a biopsy
and immediately frozen to -20 °C, cut to a thickness of 20 ym and mounted onto

glass slides.

For both patients, it should be noted that it cannot be excluded that they received
Gd-based contrast agents prior to the treatment period which is documented
above. Therefore, the Gd deposition detected in this work cannot be
unambiguously traced back to the contrast agents, which are known to have been

delivered.

1.1.2 Calibration strategy

Quantification of Gd and the determination of LODs of the elements of interest
were performed by in-house prepared matrix-matched standards consisting of
homogenised lamb brain spiked with respective elements and mounted in thin
tissue sections with a thickness of 20 um on glass slides. A detailed procedure
for the fabrication, storage, quality control as well as the data analysis was
already reported earlier by Hare et al. [32]. The matrix-matched standards were
counter-quantified after digestion with 1 mL 30-32% H202 and 4 mL 70% HNOs3
(Seastar Baseline, Choice Analytical, Galveston, USA) using conventional liquid
sample introduction with a 7500cx ICP-MS system (Agilent Technologies,
Mulgrave, Victoria, Australia), shown in Table 1. The accuracy of the approach

was validated using a BCR185R bovine liver reference standard.

Table 1. Concentration levels of P, Ca, Fe, Zn and Gd present in the (matrix-matched)
standards used for the generation of calibration curves and the subsequent
determination of LODs. *In case of P, diluted standard solutions instead of spiked matrix

samples were used for calibration.

Level P*[ng/g]  Calug/lg] Felug/lg]  Znlpg/g]  Gd[pg/d]
1 0 37.7 15.3 11.3 0.00
2 0.001 43.0 16.5 11.4 0.21
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3 0.01 48.7 19.0 14.9 2.21
1 64.1 37.5 24.0 10.6
10 86.4 59.8 36.1 211

1.1.3 Instrumentation and Tune Development

For EBI, elements of interest were analysed with individual integration times on
a 8800 series ICP-MS/MS system (Agilent Technologies, Mulgrave, Victoria,
Australia) coupled to a New Wave Research NWR193 laser ablation unit
(Kennelec Scientific, Mitcham, Victoria, Australia). (3'P/3'P'60O: 50 ms, 4*Ca:
40 ms, ¥Fe: 35 ms, 84Zn: 35 ms, '%8Gd/'%8Gd'®0, 47 ms). The single quadrupole
(SQ) tune was developed according to Lear et al..[33] The laser scan speed and
the spot size of the ArF excimer laser emitting nanosecond laser pulses at
193 nm were adapted to generate squared pixels. For preliminary scans and
comparison of LA-ICP-MS/MS against the LA-ICP-SQ-MS tunes, 50 um laser
beam spot size and 200 um/s scan speed were chosen. For the high-resolution
images, the parameters were adjusted to 5 um and 20 uym/s, respectively. The
sensitivity of the ICP-MS system was monitored on a daily basis and optimised
with a tune solution containing ’Li, 8Y and 2%5TI. A low oxide formation was
guaranteed by monitoring the ThO/Th ratio (<0.3 %) and the P/A factor was
adjusted before each measurement. For the MS/MS tune development, the
ICP-MS/MS system was equipped with a MicroMist concentric nebuliser
(Elemental Scientific, Omaha, NE, USA) and a Scott-type double-pass spray
chamber (Glass Expansion, West Melbourne, Victoria, Australia). Using this
liquid sample introduction system arrangement, plasma independent parameters
were optimised to achieve lower LODs. Finally, dry plasma conditions were
adapted for the operation of LA-ICP-MS. The initial tuning was performed by
ablation of a NIST 612 “Trace Element in Glass” certified reference material
(CRM), whereas the fine tuning was performed by monitoring the m/z of interest
during the ablation of matrix-matched standards. The optimised tune parameters
were: cell entrance, -75 V; OctP RF, 180 V; OctP bias, -5 V; deflect, 5 V; energy
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discrimination, -8 V; Oz cell gas flow, 0.32 mL/min; waiting time offset, 8 ms. To
avoid long settling times caused by multiple filling and evacuation of the
collision/reaction cell, all elements of interest were analysed with oxygen present
as reaction gas. However, only P and Gd were monitored with a + 16 amu mass
shift. In SQ mode, the first quadrupole was used as a band-pass filter and the
ICP-MS/MS system provided the best figures of merit for all analytes when
operating the collision/reaction cell with H2 gas flow of 3 mL/min [33]. To compare
the figures of merit of both tunes, LODs were calculated based on the 3o criterion
by ablating line scans on matrix-matched tissue sections with a laser spot size of
50 um and a scan speed of 200 pm/s. The standard deviation was derived from
the shutter blank and the respective sensitivities from five-point calibration
curves. In the case of P, the natural background and the variations in matrix-
matched tissue derived from living organisms were too high for the estimation of
the benefits of ICP-MS/MS over ICP-SQ-MS. Therefore, generation of a
calibration curve for the determination of the LODs was conducted with diluted
standard solutions on a liquid sample introduction system as described previously
to demonstrate the advantages of the MS/MS tune. Quantification of high
resolution data obtained using a laser beam spot size of 5 um was solely
conducted for Gd. A calibration curve was generated considering the standard
deviations of each calibration point. The deviations were weighted according to
equation 1. The deviation of 0 cps at a Gd concentration of 0 ug/g was weighted
with 1.

0= = (1)

Where, w is the weighting factor and ¢ is the standard deviation. The ICP-MS/MS
system was operated with MassHunter software (Agilent Technologies). The LA
unit was operated with ActiveView software (Electro Scientific Industries,
Portland, Oregon, USA). The analytical figures of merit were processed using
Origin software version 9 (OriginLab Corporation, Northhampton, MA, USA).
Element images were generated using Masslmager 3.17 software, an in-house

developed program for image visualisation.
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1.2 Results and Discussion

1.2.1 Tune Development for EBI

On-mass or mass-shift MS/MS detection requires consideration of the reaction
enthalpies. Both P and Gd have negative reaction enthalpies with O2 and were
amenable for mass-shift monitoring at +16 amu. The remaining target elements
Ca, Fe and Zn were monitored on-mass. Oxygen acted here as both reaction and
collision gas. For the oxophilic elements P and Gd, mass shifting and tandem
mass spectrometry resulted in a reduced background and therefore overall
improved signal to noise ratios. The elements Ca, Zn and Fe showed improved
figures of merit when analysed on-mass due to the collisional elimination of
polyatomic interferents. The benefits of such detection modes for the elements
were demonstrated via comparison of LODs against a standard ICP-SQ-MS
method. The LODs were estimated by construction of calibration curves by LA
line scans (50 um spot size) of the matrix matched standards and application of
the 3o criterion or by estimation of the minimal detectable concentration (Figure
1). In case of P, the determination of the LODs was performed via liquid standards
as the matrix matched tissue standards had high backgrounds and variable

content.
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Figure 1. Comparison of LODs obtained by (LA-)ICP-MS/MS and (LA-)ICP-SQ-MS. *In
case of P, LODs were determined using a calibration curve obtained from diluted
standards introduced via a liquid sample introduction system whereas the LODs of Gd,
Fe, Ca and Zn originate from the dry plasma MS/MS tune performed in line-by-line scans
on matrix-matched standards by LA-ICP-MS/MS.

Due to highly abundant isobaric polyatomic interferents in the low mass range,
the MS/MS tune for P resulted in a crucial improvement of 16.2-fold lower LODs.
In case of Gd, the MS/MS tune eliminated the background to O cps, precluding
the calculation of the LOD with the 3o criterion. Instead, we used the lowest
concentration (1.1 ng/g) that provided the least measurable signal (21 counts/s).
This value was a 5.5-fold improvement compared against the ICP-SQ mode. For
Fe, Ca and Zn, the ICP-MS/MS improvement factors were 28.3, 31.8, and 3.6,

respectively.

These improved LODs of the ICP-MS/MS were essential to successfully image,
characterise and quantify the Gd deposits at higher resolutions of 5 um. The
LODs for Gd obtained by the 5 ym LA-ICP-MS/MS tune was 48 ng/g.

10
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1.2.2 NSF skin samples

The large dimensions of the sample (approximately 3 cm x 0.8 cm) spanning
various anatomical structures required a low resolution preliminary scan (pixel
dimensions: 50 ym x 50 ym) to disclose regions of interest with dense
distributions of Gd deposits. Figure 2 shows the quantitative distribution of Gd in

the NSF skin sample and the corresponding microscopic image.

Although there were hot spots of Gd deposits located throughout the sample
(Figure 2), there were three areas of obvious accumulation, labelled (a), (b) and
(c). Region of interest (a) had the most dense distribution of pixels with
concentrations calculated via extrapolation to exceed 100 ug/g. Regions (b) and
(c) consisted of a blood vessel and connective tissue, respectively, and had
concentrations also exceeding 100 ug/g. Area (a) was targeted for further

investigation with a higher resolution of 5 um.

11
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Figure 2. Comparison of the elemental Gd distribution and the corresponding
microscopic image. Left: Quantitative Gd distribution obtained by LA-ICP-MS/MS with a
spatial resolution of 50 um. Three regions of interest are designated. Region (a) showed
a distribution of hot spots in the sub cutis with concentrations exceeding 100 ug/g, (b)
contains a blood vessel and (¢) exhibits connective tissue in the deeper skin. Right:
Corresponding microscopic image.

Various layers of the skin within the region of interest were identified by a
haematoxylin and eosin (H&E) stain of a consecutive section, which is shown in
Figure 3. The epidermis is visible at (d), and fibrotic tissue at location (e) can be
seen intermingled with fatty tissue areas (f). These histological findings are

similar to those as described by Schad et al..[21]

12
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Figure 3. H&E stained NSF skin of a consecutive tissue section (corresponding to region
of interest (a), shown in Figure 2). Different anatomical areas can be seen: epidermis
(d), fatty tissue (f) and fibrotic tissue (e).

A high-resolution (5 ym x 5 ym) LA-ICP-MS image of Gd, P, Ca, Fe and Zn, and
a light photomicrograph of area (a) are shown in Figure 4. The improved
resolution revealed hotspots of all target elements within small deposits of
approximately 50 um in the fibrotic tissue. The elemental distribution of Gd, P, Ca
and Zn correlated in location and shape clearly demonstrating the abundance of
insoluble phosphate species. Correlations with Fe were not observed. These
observations were consistent with other investigations by SIMS [22], SXRF and
EXAFS [20]. Smaller deposits were reported by Thakral et al. using TEM [19].

13
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Figure 4. A light microscopic image of NSF skin tissue (area a, Figure 3) and the
elemental distributions of Gd, P, Ca and Zn. Except for Fe, all elements show strong
correlations.

Figure 5 presents a zoom view of area (a) to further visualise the composition of
the deposits. Most of the Gd throughout the specimen was located within the
deposits with the highest concentrations in the centre exceeding 100 pg/g. An
overlay of Gd (green) and P (red) clearly shows co-localisation within the
deposits. Similar correlations were found in accumulations for Ca and Zn. The
most likely explanation for this distribution is the co-precipitation of Gd with
calcium and zinc phosphate, when the concentration of the circulating free Gd
and phosphate ions exceeds the solubility limits of Gd-phosphate (pKsp = 25.39).
Only the core of the deposits is made of Gd whereas the shell seems to have an
increasing fraction of P. This indicates that the Gd phosphate deposits may

function as nucleation centre favouring the subsequent growth.

14
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Figure 5. The Gd distribution in NSF skin tissue is shown and correlated to the distribution
of P. Left: Zoomed views of the Gd distribution. The deposits contained most of the Gd
found in the tissue sample. The centre of the deposits exhibited highest concentrations
exceeding 100 ug/g. Right: Overlay of the 3'P distribution (red) and the Gd distribution
(green). Correlations are shown in yellow, showing smaller areas of Gd within P areas.

1.2.3 Brain Tumour Samples

Gd deposition in the brain was investigated in a brain biopsy originating from a
patient with a glioblastoma tumour (IDH wildtype, grade IV WHO). Progression of
glioblastoma is known to increase the permeability of the blood brain barrier due
to localised damage. It was suspected that this patient’s tumour burden would
lead to detectable deposits of Gd following administration of Gd-HP-DO3A.
Figure 6 shows a 5 um x 5 uym resolution image of the elemental distribution of
the target elements in the brain tumour tissue. Like the deposits found in NSF
skin tissue, the diameter was in the same range of approximately 50 um x 50 pm
or below. Correlations and co-localisation of Gd with P, Ca, Zn, as well as Fe

were clearly evident. However, the Gd concentration in the tumour sample was a

15
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factor of 25-100 times lower than in the skin biopsies. The concentration of Gd in
the deposits exceeded 1 ug/g in some instances, whilst other accumulations had

lower concentrations between 0.2 ug/g and 0.6 ug/g.
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Figure 6. Elemental distribution of Gd, P, Ca, Zn and Fe in a brain tissue section. The
Gd distribution was calibrated using matrix-matched tissue standards.

These results are in agreement with findings from Xia et al., who reported Gd
deposits smaller than 50 uym inside brain tumours using SEM/EDX, and similar
correlations with other elements.[7] Smaller deposits were reported in diseased

brain tissue by McDonald et al..[23]

Figure 7 presents a zoom view of the quantitative Gd distribution as well as an
overlay of the P distribution and the Gd distribution. Both distributions correlated
in terms of shape, dimensions and locations. These findings support preceding
studies that reported the formation of insoluble deposits containing P, Ca, Fe and
Zn. While such deposits in the brain seem to have very similar elemental

composition as those observed in the skin of NSF patients, the observed

16
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Gd concentration [ug/g] Correlation

Figure 7. Correlation of the Gd and P distribution in brain tissue. Left: Zoom view of the
Gd distribution. The deposits contained most of the Gd in the brain tissue sample. The
centre of the deposits exhibited highest concentrations exceeding 1 pug/g. Right: Overlay
of the P distribution (red) and the Gd distribution (green). Correlations are shown in
yellow showing a uniform distribution of P and '%8Gd within the deposits.

1.3 Conclusion

The newly developed method was suitable for the quantification of various
elements that are important for the investigation of Gd retention in patients who
have undergone MRI diagnostics after administration of Gd-based contrast
agents. Tandem mass spectrometry resulted in superior detection limits for Gd,
P, Fe, Zn, and Ca when compared against a standard SQ based method for EBI.
The improved detection tune was suitable for investigation of Gd depositions in

NSF skin and brain tissues at high spatial resolution (5um x 5 um). The Gd
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distribution was quantified employing matrix matched tissue standards enabling
the calibration of small Gd deposits, also observed in other studies, with
diameters of approximately 50 um for the first time. The analysis furthermore
allowed the high spatial resolution of P, Zn, Ca and Fe and enabled the
identification of correlations. The results support the hypothesis that Gd is
liberated in a transmetallation process and precipitated as an insoluble
phosphate salt. This method is a viable tool for analyses requiring higher
resolutions or lower detection limits of elements taking part in the pathogenesis
of NSF and the deposition of Gd in brain tissue.
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