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High Levels of Gadolinium Deposition in the Skin of a
Patient With Normal Renal Function
Donna R. Roberts, MD,* Scott M. Lindhorst, MD,† Cynthia T. Welsh, MD,‡ Kenneth R. Maravilla, MD,§
Mary N. Herring, MD,k K. Adam Braun, MD,¶ Bruce H. Thiers, MD,¶ and W. Clay Davis, PhD#
Objective: The aim of this study was to assess gadolinium deposition in the
skin of a patient with normal renal function, based on estimated glomerular
filtration rate values greater than 59 mL/min/1.73 m2 after exposure to large
cumulative doses of gadolinium-based contrast agents (GBCAs).
Materials and Methods: The patient underwent 61 contrasted brain MRI scans
over the course of 11 years. Skin biopsies from the forearm and lower extremity
were analyzed with inductively coupled plasma mass spectrometry (ICP-MS), la-
ser ablation ICP-MS, and hydrophilic interaction liquid chromatography ICP-MS.
Results: The ICP-MS demonstrated high levels of gadolinium deposition
(14.5 ± 0.4 μg/g), similar to previously reported gadolinium levels within
the skin of patients with nephrogenic systemic fibrosis. The laser ablation
ICP-MS demonstrated deposition of gadolinium within the deep layers of
skin. Speciation analysis using hydrophilic interaction liquid chromatogra-
phy ICP-MS demonstrated the presence of intact gadolinium-chelate species,
although most of the gadolinium present could not be further characterized.
Light microscopy demonstrated increased CD34 immunoreactivity in the
connective tissue septations of the subcutaneous adipose tissue. The patient
had no history of skin disorders and did not have a history of nephrogenic
systemic fibrosis but did have severe joint contractures of unknown etiology.
Conclusions:Our results, in contradiction to published literature, suggest that
in patients with normal renal function, exposure to GBCAs in extremely high
cumulative doses can lead to significant gadolinium deposition in the skin.
This finding is in line with more recent reports of gadolinium deposition in
the brain of patients with normal renal function. Future studies are required
to address possible clinical consequences of gadolinium deposition in the
skin, brain, and potentially other organs in patients with normal renal function.
We recommend, in addition to following current US Food and Drug Adminis-
tration and American College of Radiology guidelines based on estimated glo-
merular filtration rate values, that caution be used when administering large
cumulative doses of GBCAs and that total cumulative dose of each agent ad-
ministered is recorded in the patient's medical record.
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G adolinium is a rare Earth element that does not occur naturally in
the human body. Free gadolinium, Gd3+, the basis of gadolinium-

based contrast agents (GBCAs) used in magnetic resonance imaging
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(MRI), is extremely toxic.1 Despite this toxicity, GBCAs are safely used
in patients as the contrast agents are composed of gadolinium in a che-
lated form.2 Gadolinium is bound to various ligands to prevent the re-
lease of free gadolinium while the contrast agent is in the body before
predominantly renal excretion.2 Because the chelate-gadolinium com-
plex is subject to thermodynamic processes, prolonged duration in the
body, such as occurs in patients with renal failure, may allow time for
ligand-gadolinium dissociation.3 This is the leading hypothesis for the
development of nephrogenic systemic fibrosis (NSF).1

It is a widely held belief that gadolinium does not significantly
accumulate in the skin of patients exposed to GBCAs in the absence
of renal disease, as has been suggested by several previous studies.4–9

However, these studies did not include patients who had received
large cumulative doses of GBCAs. For example, Boyd et al,4 using
scanning electron microscopy with energy-dispersive x-ray spectros-
copy, reported finding no detectable gadolinium deposits in 20 skin
biopsy specimens from 10 patients who had undergone contrast-
enhanced MRI with either Omniscan (gadodiamide) or Magnevist
(gadopentetate dimeglumine) GBCAs. The patients had received an av-
erage dose of 1.2 to 1.8 g of gadolinium. This would equate to approx-
imately 1 to 2 doses of contrast agent depending on the patient's weight,
if the recommended weight-adjusted dosing scheme was used for
GBCA administration.

High et al,6,7 in a study of gadolinium deposition in NSF pa-
tients, included a skin sample from a patient without NSF. No further
information was given concerning this patient, such as whether the pa-
tient had been exposed to gadolinium administration and, if so, at what
dose. Using inductively coupled plasma mass spectrometry (ICP-MS),
a technique that allows the quantification of total gadolinium present,
the gadolinium concentrations in the skin samples from the NSF pa-
tients ranged from 4.8 to 106 μg/g. No gadolinium deposition was de-
tected in the skin sample from the control patient. The authors did not
provide the limit of detection for their analysis.

Khurana et al,9 in a study of gadolinium deposition in NSF pa-
tients, included 2 control patients with multiple sclerosis who had
been exposed to 3 to 5 doses of Omniscan over a period of 1.5 to
2.5 years. Using ICP-MS, they found gadolinium concentrations in
the skin tissue specimens of these control patients equal to 0.1 μg/g.
This levelwas much lower than the concentration of gadolinium found
in the skin specimens of patients with NSF, which ranged from 57.2
to 717.8 μg/g.

Christensen et al5 examined the affected and unaffected skin of
13 patients with NSF. A control group of 13 patients without NSF were
included in the study. Total gadolinium levels were determined using
ICP-MS. In the patients with NSF, the gadolinium levels ranged from
6.3 to 348.7 μg/g in affected skin and from 0.6 to 68.2 μg/g in unaf-
fected skin. In 2 of the control patients without NSF, the gadolinium
levels in the skin were 0.1 μg/g, and in the remaining 11 patients, the
gadolinium levels were below the detectable range. The authors re-
ported that the 2 control patients who had very low levels of gadolinium
deposition in the skin had previous GBCA exposure, 1 patient 8 months
and the other patient 16 months before biopsy. The authors did not re-
port the number of doses of GBCA that these 2 patients were exposed
to nor whether the 11 patients without detectable gadolinium levels
had been exposed to GBCA administration.
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TABLE 1. Summary of the HILIC Chromatographic Method

Column SeQuant ZIC-cHILIC (3 μm, 100 Å) 150 � 1 mm

Mobile phases
A. 10 mmol L−1 ammonium acetate in 70% (v/v) acetonitrile
B. Acetonitrile

Gradient program (50 μL/min)
0–5 min 70% A
5–20 min 70% A linear gradient to 95% A
20–30 min 95% A
30–31 min 95% A linear gradient to 70% A
31–41 min 70% A

HILIC indicates hydrophilic interaction liquid chromatography.

FIGURE 1. Axial postcontrast, fat-saturated, T1-weighted image (A) and axial
appearing tumor involving the left temporal lobe with areas of necrosis and su
system and resultant hydrocephalus. Axial nonenhanced T1-weighted images
imaging (MRI) examination (C) and from the patient's 61st MRI examination (D
nucleus are also shown.
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Here, we present a case report of a patient who underwent at least
61 contrast-enhanced MRI brain scans over an eleven year period.
Renal function remained normal throughout this time with all mea-
sured estimated glomerular filtration rate (eGFR) values greater than
59 mL/min/1.73 m2. We performed skin biopsies in this patient,
which demonstrated high levels of gadolinium deposition, which we
further characterized by speciation analysis. To our knowledge, this
is the first reported case of a patient with normal renal function dem-
onstrating high levels of gadolinium deposition in the skin after expo-
sure to a large cumulative dose of GBCAs.

MATERIALS AND METHODS
The patient presented to the neurology clinic at 19 years old with

symptoms of fatigue. An MRI of the brain with contrast was obtained,
which revealed a cerebral mass consistent with an aggressive tumor
involving the left temporal lobe. The patient underwent resection
and histology revealed glioblastoma with oligodendroglial compo-
nents. Palisading necrosis, mitoses, and complex microvasculature
were prominent. Over the next 2 years, the patient was treated with
chemotherapy and received radiation treatment to the presurgery tumor
T2-weighted image (B) through the brain demonstrated an aggressive
rrounding infiltrative edema. There was mass effect on the ventricular
through the cerebellum from the patient's initial magnetic resonance
) demonstrating the development of hyperintensity within the dentate
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FIGURE 2. Hematoxylin and eosin staining of the arm (A) and the leg (B) skin biopsy sections showing no evidence of increased dermal cellularity,
fibrosis, abnormal collagen bundles, osseous metaplasia, or abnormal numbers of fibroblast-like cells or macrophages. Skin biopsy section of the arm
stained with hematoxylin and eosin (C) and antibodies against CD34 (D) demonstrating increased CD34 immunoreactivity in the connective tissue
septations of the subcutaneous adipose tissue.
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volumewith a 2-cm margin for a total of dose of 60 Gy. Follow-up im-
aging and clinical examinations failed to demonstrate evidence of dis-
ease progression. Because of the lack of disease progression, the
decision was made to discontinue treatment protocols, but because of
the initial aggressive pathology, the patient continued to be followed
closely with serial imaging. Therefore, the patient underwent brain
MRI scans with contrast, on average, every 2 to 3 months for the next
11 years. In total, the patient underwent 61 contrasted examinations
between the ages of 19 and 30 years. The patient was potentially ex-
posed to multiple contrast agents, including Multihance (gadobenate
dimeglumine), Magnevist, Omniscan, and ProHance (gadoteridol),
as these were the agents used at our institution during the time period
this patient underwent MRI. Likely the highest level of exposure was
to Multihance, which is the agent used for adult brain tumor imaging
at our institution. The last MRI was performed 8months before biopsy.

The patient's medical history included glioblastoma of the left
temporal lobe, seizure disorder, and hypothyroidism. The patient's
surgical history included glioblastoma resection, laparoscopic chole-
cystectomy, vagal nerve stimulator implantation, and percutaneous
endoscopic gastrostomy tube placement. The patient had significant
cognitive and developmental delays with visual impairment bilater-
ally. The patient had no history of renal disorders or acute renal failure.
282 www.investigativeradiology.com
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Clinic records, from approximately 4 years after initial brain
tumor diagnosis, noted increased tone of the right greater than left
upper and lower extremities on physical examination; however, the
patient remained ambulatory. Approximately 3 years before biopsy,
at age 27 years, the patient presented with choledocholithiasis with
acute cholecystitis and underwent a laparoscopic cholecystectomy.
Although discharged the next day without complication, following
surgery, the patient experienced increasing problems with joint con-
tractures, involving the neck and all 4 extremities. Because of the se-
vere joint contractures, the patient became nonambulatory. The
severity of the joint contractures also prohibited safely placing the
patient in the bore of the magnetic resonance magnet. Therefore,
the patient's last MRI scan was performed 8 months ago, and since
that time, the patient has been followed with serial computed
tomography imaging.

The patient had no skin issues, with no complaints of rashes,
pruritus, sclerosis of the skin, discoloration, or other changes. An ex-
amination performed by a dermatologist revealed no skin rash, super-
ficial plaque, woody induration, peau d'orange, hyperpigmentation,
or violaceous coloration involving any skin surfaces.

After informed written consent was obtained, 2 skin biopsies
were performed: one involving the right forearm and the other the
© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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right shin. Each site was marked as an ellipse measuring approxi-
mately 1.3 cm. The outlined area was then excised to the subcutis.

Chemicals and Consumables
The GBCAs were obtained from the pharmaceutical compa-

nies: Magnevist (Gd-DTPA) by Bayer Schering, Omniscan (Gd-DTPA-
BMA) by GE-Healthcare, and Multihance (BOPTA) and ProHance
(Gd-HP-DO3A) by Bracco Imaging. Ultra-high-purity nitric acid was
obtained from Thermo Fisher Scientific (Suwanee, GA), and 155Gd
enriched spike (Trace Sciences International) was used for isotope dilu-
tion analysis. Standard reference materials (SRMs) 3118a Gadolinium
Standard Solution, SRM 3167a Yttrium (Y) Standard Solution, and
1947 Lake Michigan Fish Tissue were obtained from the National
FIGURE 3. The accumulation and spatial distribution of gadolinium (A) and p
sections before analysis are shown in panel C. The left column represents the b
sample from the leg. High levels of accumulated gadolinium can clearly be seen
tissue septae. No significant deposition of phosphorus within the sections is noted.
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Institute of Standards and Technology (Gaithersburg, MD). Acetoni-
trile, ethanol, and xylene were purchased from Merck KGaA (Darm-
stadt, Germany). TraceSELECT ammonium acetate was purchased
from Sigma Aldrich (Milwaukee, WI). Milli Q (18.2 MΩ cm−1) water
was used for all dilutions and mobile phases. Amicon Ultra 3 kDa cen-
trifugal filter devices were obtained from Millipore (Billerica, MA).

Sample Preparation and Analysis

Histology
The skin biopsy samples were formalin fixed and paraffin em-

bedded. They included epidermis, dermis, and subcutaneous adipose
tissue. Three 3-μm-thick formalin fixed and paraffin embedded sections
from each site were stained with hematoxylin and eosin and antibodies
hosphorus in (B) in the tissue sections. Images of the deparifinized tissue
iopsy sample from the forearm. The right column represents the biopsy
within the deep layers of the subcutis closely associatedwith theconnective
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FIGURE 4. HILIC-ICP-MS chromatograms of the skin biopsy extract (A) and the biopsy extract spiked with all 4 GBCAs: Magnevist, Multihance,
Omniscan, and Prohance (B).

Roberts et al Investigative Radiology • Volume 51, Number 5, May 2016
against CD34. Eight-micron-thick unstained sections were sent for
gadolinium analysis.

Inductively Coupled Plasma Mass Spectrometry
The total gadolinium of 3 subsections of skin biopsy material

taken from the right lower extremity (≈100 mg each) was quantified
284 www.investigativeradiology.com
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by isotope dilution by adding a known amount of 155Gd-enriched
spike and subsequently dissolving the samples by microwave diges-
tion (Multiwave, Anton Paar, Ashland, VA ) after addition of 5 mL of
HNO3. The dissolved samples were subsequently diluted to a volume
of 50 mL and the resulting isotope ratio 155Gd/157Gd was measured
on a Thermo Element XR sector field ICP-MS in medium resolution
© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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using an Aridus II (CETAC, Omaha) sample introduction system.
Spike calibration was carried out by reverse isotope dilution using
SRM 3118a as the calibrant. Because of a lack of reference materials
certified for gadolinium content, SRM 1947 Lake Michigan Fish tissue
was spiked with a known amount of gadolinium and used as a control
material for total gadolinium measurements to ensure complete recov-
ery. SRM 1947 was chosen as the reference material as it is represents
an accepted, well-characterized standard reference material available
from the National Institute of Standards and Technology. Although
not a perfect match for human skin tissue, SRM 1947 provides a much
more suitable “complex” matrix for spike recovery determinations of
the GBCAs than spiked blanks do.

Laser Ablation ICP-MS
Tissue sections were embedded in paraffin and sectioned to a

thickness of approximately 8 μm and fixed to glass microscope slides.
Before analysis, the tissue sections were deparaffinized by washing
with xylene, ethanol, and water.

Laser ablation ICP-MS experiments were carried out using a
commercial NewWave Research UP213 (Fremont, CA) laser ablation
system coupled to an Element XR ICP-MS and data collected for the
individual gadolinium isotopes in medium resolution. Ablation of the
tissue sections was performed in a line-by-line scan with a laser spot
size of 55 μm, a scan rate of 55 μm/s, and 60 μm distances between
each line. The laser energy was set to 85% power, with the laser oper-
ating at 15 Hz repetition frequency and the resulting aerosol was
transported by helium carrier gas to the ICP-MS. A dual-sample intro-
duction system was used, which allows for the aerosol, which passes
through the ablation cell, and an internal standard solution of yttrium
(1 ng/g) to be introduced simultaneously to monitor the sensitivity and
drift of the instrumental setup. The individual line scans were exported
as text files and images were generated with Origin 9.0 (OriginLab,
Northhampton, MA).

Hydrophilic Interaction Liquid Chromatography ICP-MS
Approximately 200 mg of the skin biopsy material taken from

the right forearm was cut to smaller fragments for speciation analysis
using hydrophilic interaction liquid chromatography ICP-MS (HILIC-
ICP-MS). Avolume of 4 mL of Milli-Q water and 1 mL of acetonitrile
were added to the sample and placed on a Roto-Shake Genie (Scientific
Industries, Bohemia, NY) and rotated for 72 hours. In addition, aliquots
of SRM 1947, SRM 1947 spiked with a known amount of GBCAs,
sample blanks (Milli-Q water), and sample blanks spiked with a known
amount of GBCAs were processed under the same conditions. For both
the SRM 1947 and SRM 1947 spiked with GBCAs, approximately
200 mg of fish tissue and Milli-q water were vortex mixed and allowed
to equilibrate for 30 minutes before the extraction process. After the ex-
traction, the samples were centrifuged at 3000 rpm and then filtered
with 3 kDa molecular weight cutoff filters. The material that passed
through the 3 kDa molecular weight cutoff filters (MWCFs) was then
taken to dryness using a Thermo Savant SpeedVac and reconstituted
in 150 μL of 80% acetonitrile. No visible residue remained after the
sample was reconstituted. A portion of the biopsy extract was spiked
with a known amount of the GBCAs to verify the retention time used
for identification. The remaining biopsy material and the above
3 kDa fraction of extracted material were saved for further processing.

The chromatographic separationwas accomplishedwith a Dionex
ICS-3000 Dual pump chromatography system (Sunnydale, CA) and a
SeQuant ZIC-cHILIC column (3 μm, 100 Å; 150 � 1 mm, Millipore).
Mobile phase A consisted of 10 mM ammonium acetate in 70% (v/v)
acetonitrile in water and mobile phase B consisted of acetonitrile. The
separation was accomplished with a linear gradient (Table 1) with an in-
jection volume of 10 μLwith a 50 μL/min flow rate. The liquid chroma-
tography effluent was transferred to the Element XR ICP-MS using an
© 2016 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2016 Wolters Kluwer H
Aridus II sample introduction system, and gadolinium was measured in
low resolution. The individual chromatographic files were converted to
.RAW files and processed in Xcalibur (Thermo Fisher Scientific).

Quantification of the gadolinium species was accomplished
by online isotope dilution in which a post-column solution of 155Gd
was added at 100 μL/min to the liquid chromatography output via a
T-connector using a Micro peripump MP-2 (Elemental Scientific,
Inc, Omaha, NE). The individual chromatographic files from the on-
line isotope dilution runs were exported as text files and processed as
mass flow chromatograms using Origin 9.0.

Size Exclusion Chromatography ICP-MS
A portion of the extract that remained in the 3 kDa filter was

injected into a BioSep SEC 2000 size exclusion column (4.6 mm �
300mm; Phenominex, Torrance, CA). The separation was accomplished
with a 50mM ammonium acetate mobile phasewith an injection volume
of 50 μL with a 750 μL/min flow rate. The liquid chromatography efflu-
ent was transferred to the Element XR ICP-MS using anAridus II sample
introduction system and gadolinium was measured in low resolution.
RESULTS
During the 11-year period in which the patient underwent 61

contrast-enhanced brain MRI examinations, 167 renal function tests
were performed. Creatinine values remained normal at all times that
they were measured (mean [SD], 0.5 [0.19] mg/dL; min, 0.2 mg/dL;
max, 1.3 mg/dL). At all times, the eGFR was reported as greater than
59 mL/min/1.73 m2. The initial MRI examination demonstrated a het-
erogeneous mass centered in the left temporal lobe with rim enhance-
ment, large areas of necrosis, and surrounding infiltrative edema
(Fig. 1, A and B). Subsequent magnetic resonance examinations showed
posttreatment related changes with no evidence of disease progression.
Progressive hyperintensity on unenhanced T1-weighted images was
noted in the dentate nucleus and globus pallidus (Fig. 1, C and D).

Review of histological sections of the skin biopsy by a patholo-
gist with light microscopy revealed normal skin and subcutis. Therewas
no evidence of increased dermal cellularity, fibrosis, abnormal collagen
bundles, osseous metaplasia, or abnormal numbers of fibroblast-like
cells or macrophages (Fig. 2, A and B). However, there was increased
CD34 immunoreactivity in the connective tissue septations of the sub-
cutaneous adipose tissue, indicating inflammation and/or tissue injury
(Fig. 2, C and D).

Inductively Coupled Plasma Mass Spectrometry
Analysis of the gadolinium-spiked SRM 1947 samples re-

sulted in a recovery of 99.9% (n = 3) with an overall detection limit
of 0.57 ng/g. The ICP-MS analysis of the patient's skin sample dem-
onstrated high levels of total gadolinium deposition with a total mass
fraction of gadolinium of 14.5 ± 0.4 μg/g. For example, this was ap-
proximately 4 to 5 times the levels of total gadolinium previously
found in a patient with renal failure and NSF (3.02–4.58 μg/g).10

Laser Ablation ICP-MS
The accumulation and spatial distribution of gadolinium in the tis-

sue sections are shown in Figure 3A and of phosphorus in Figure 3B.
Images of the depariffinized tissue sections before analysis are shown
in Figure 3C and correspond to tissue sections obtained within 8 μm
of the corresponding histological sections shown in Figure 2, A and
B. The left column in Figure 3 represents the biopsy sample from the
forearm. The right column in Figure 3 represents the biopsy sample
from the leg. High levels of accumulated gadolinium can clearly be
seen within the deep layers of the subcutis closely associated with the
connective tissue septae. Unlike the skin samples from the patient with
NSF described by Birka et al,10 there was no significant colocalization
of phosphorus with the observed high levels of gadolinium deposition.
www.investigativeradiology.com 285
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Hydrophilic Interaction Liquid Chromatography ICP-MS
Speciation analysis was carried out using HILIC-ICP-MS to

separate and detect the 4 GBCAs that the patient had potentially been
administered. Figure 4A shows the chromatogram of the skin biopsy
extract, whereas Figure 4B shows a chromatogram of an aliquot of the
skin biopsy extract spiked with approximately 8 ng/g (as gadolinium)
of Magnevist and Multihance and approximately 5 ng/g (as gadolin-
ium) of ProHance and Omniscan. Separate peaks corresponding to
all 4 GBCAs are clearly identified in the biopsy sample spiked with
the GBCAs. In the unspiked skin biopsy sample, 3 peaks were seen,
2 of which corresponded to the retention times of Multihance (12 mi-
nutes) and Magnevist (30 minutes). An unidentified peak was also
present, eluting at approximately 6 minutes. Quantitative determina-
tions of each of the species in the biopsy sample by online isotope dilu-
tion resulted in mass fraction determinations of 34.5 ng/g of Multihance
(as gadolinium) and 6.1 ng/g of Magnevist (as gadolinium). After ex-
traction, the remaining portion of the biopsy sample was digested in ni-
tric acid to determine the total amount of any gadolinium remaining in
the biopsy sample that had not been removed by the extraction process.
FIGURE 5. A,Quantitative determinations of each of the species in the skin bio
of Magnevist (as gadolinium); and blue, a small fraction of an unknown gadol
sample after extraction, which could not be further characterized, was measur
fraction of gadoliniumwithin the skin biopsy sample that had been excluded b
a sample of SRM 1947 spiked with known amounts of the 4 GBCAs demonstr
145 ng/g ProHance, 142 ng/g Multihance, and 151 ng/g Omniscan); red, to
extraction technique; and blue, gadolinium in chelated form corresponding t
agents. Figure 5 can be viewed online in color at www.investigativeradiology.
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The total amount of this gadolinium remaining in the sample, which
could not be further characterized using our methodology, was mea-
sured to be 2.1 μg/g (Fig. 5A). The low extraction efficiency was a re-
sult of the mildness of the extraction technique that we chose to use to
keep any potential ligand-GBCA complex within the sample intact.

To determine percentage recovery, a sample of SRM 1947 spiked
with known amounts of the 4 GBCAswas carried through the extraction
method, which resulted in recoveries of only approximately 1% for each
of the contrast agents (Fig. 5B). Most of the gadolinium that was spiked
into the sample had been removed by the 3 kDaMWCF. Analysis of the
blank sample spiked with the 4 GBCAs resulted in recoveries of approx-
imately 60% for each of the contrast agents. This 40% loss from the
spiked blanks would suggest that a large portion of the GBCAs could
be absorbed onto the cellulose membrane or tube.

Using size exclusion chromatography coupled to the ICP-MS,
a portion of the greater than 3 kDa fraction was analyzed for residual
gadolinium-containing species in the skin biopsy and spiked 1947
samples that had been excluded in the original analysis. Both the
biopsy sample and the spiked 1947 sample demonstrated a large
psy sample: green, 34.5 ng/g ofMultihance (as gadolinium); red, 6.1 ng/g
inium species. The total amount of gadolinium remaining in the biopsy
ed to be 2.1 μg/g, shown in purple. Note: This figure does not include the
y the 3 kDa filter. B, Quantitative determinations of each of the species in
ated: green, total amount of gadolinium added (176 ng/g Magnevist,
tal gadolinium remaining in the tissue after undergoing the mild
o the 4 GBCAs with approximately 1% recovery of each of the contrast
com.
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FIGURE 6. A, The >3 kDa size exclusion chromatography ICP-MS chromatogram of the skin biopsy sample. B, The >3 kDa SEC-ICP-MS
chromatogram of the SRM 1947 sample spiked with the GBCAs.
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gadolinium signal, although the gadolinium content was not quantified
(Fig. 6, A and B). This additional portion of the total gadolinium that
did not pass through the filter presumably represented protein- or
particulate-bound gadolinium species, although there was also a small
amount of gadolinium signal detected from the spiked blanks.
DISCUSSION
It is thought that, in the presence of normal renal function, signif-

icant levels of gadolinium are not deposited in the skin.4–9 More re-
cently, however, it has been shown that gadolinium deposition occurs
in deep brain nuclei (globus pallidus and dentate nucleus) in patients
with normal renal function who receive GBCAs in measurable cumula-
tive doses.11–20 However, the form of gadolinium retained in the body
remains unclear. Furthermore, whether renal function status may influ-
encewhich specific gadolinium species are deposited is also unknown.
Here, we demonstrate high levels of gadolinium retention within the
skin of a patient with normal renal function, similar to those reported
in patients with NSF, and the presence of intact GBCAs.

Most importantly, it is unclear whether patients with normal re-
nal function may exhibit subclinical signs and symptoms of gadolinium
toxicity. Our patient had no history of skin disorders or any skin changes
on physical examination, and review of histological sections of the skin
biopsy revealed normal skin and subcutis. However, therewas increased
CD34 immunoreactivity in the connective tissue septations of the sub-
cutaneous adipose tissue, a finding indicating inflammation and/or
tissue injury. The patient also had a history of joint contractures of
unknown etiology, but possibly multifactorial in nature. Without joint
biopsy, a definite association of the joint contractures with the high
levels of gadolinium could not be confirmed or excluded.

Given the clinical and pathological findings, the patient did not
meet criteria for diagnosis of NSF.21 The exact mechanism of NSF cau-
sation is unknown. The most widely held hypothesis is that gadolinium
ions dissociate from the chelates in GBCAs in patients with poor renal
function owing to the prolonged clearance times of the GBCAs, as well
as to other metabolic factors associated with this level of renal disease.1

The free gadolinium then binds with an anion such as phosphate, and
the resulting insoluble precipitate is deposited in various tissues, incit-
ing the fibrotic reaction seen in NSF patients.1 It is interesting that we
did not find colocalization of significant levels of phosphorus with
gadolinium in our tissue samples.

As a limitation to our study, it should be noted that speciation
analysis was able to characterize only a small fraction of the total gadolin-
ium present in the skin samples (Fig. 5, A and B). This can be accounted
for by 2 reasons. First, a mild extraction method was chosen for specia-
tion analysis to keep intact any possible GBCA species present. This
technique, therefore, was not efficient to yield quantitative extraction
of all possible species present in the sample. If we had chosen to pursue
a more complete extraction using a more vigorous extraction technique,
the gadolinium-chelate molecule would not have remained intact. Sec-
ond, we used a 3 kDa MWCF to separate the high-molecular-weight
proteins and remaining particulates before the HILIC speciation analy-
sis. This was necessary as the large-molecular-weight species (most
likely keratin based proteins) would interfere with the chromatographic
separation of the small-molecular-weight GBCAs by competing for in-
teraction sites of the column's stationary phase, thus reducing the chro-
matographic peak resolution. Furthermore, these large proteins can also
plug the column unless the sample has been significantly diluted and/or
the chromatographic method optimized for protein-based separation
(Fig. 6, A and B). Future analysis would be useful to further charac-
terize this additional portion of the total gadolinium within the tissue
sample, which presumably represents protein- or particulate-bound
gadolinium species.While intactMultihance andMagnevist were pres-
ent, it is unknown whether these intact GBCAs represent most of the
gadolinium species deposited in this patient's skin.
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Authorities have established guidelines that require assessment of
renal function in vulnerable patients before GBCA administration22–25;
however, our patient had no history of renal disease and eGFR values
were well within the normal range at all times measured, including at
the time of GBCA administration.

This case report, in contradiction to published literature,4–9 sug-
gests that in patients with normal renal function (eGFR >59 mL/min/
1.73 m2), exposure to GBCAs, particularly in extremely high cumula-
tive doses, can lead to significant gadolinium deposition in the skin.
Any long-term consequences of gadolinium accumulation in patients
without a history of NSF are unknown. Future studies are required to
elucidate the mechanisms and address possible clinical consequences
of gadolinium deposition in the skin, brain, and potentially other organs
in patients with normal renal function. In the meantime, we recommend
that in addition to following current US Food and Drug Administration
and American College of Radiology guidelines based on eGFR levels,
caution be used in patients receiving large cumulative doses of GBCAs
and that the agent administered along with total cumulative gadolinium
dose be recorded in the patient's medical record.
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