
Original research 
n

 ExpErim
Ental StudiES

Radiology: Volume 285: Number 3—December 2017 n radiology.rsna.org 839

1 From the Department of Molecular Biotechnology and 
Health Science, University of Torino, Via Nizza 52, 10126 
Turin, Italy (E.G., P.B., F.A., R.S., E.D.G., R.I., S.A.); and 
Centro di Eccellenza di Imaging Preclinico (CEIP), Colleretto 
Giacosa, Italy (P.B., F.A., S.A.). Received December 15, 
2016; revision requested February 22, 2017; revision 
received June 20; accepted July 20; final version accepted 
July 28. Address correspondence to S.A. (e-mail: silvio.
aime@unito.it).

Supported by Progetto di Ateneo Compagnia di San Paolo 
(CSTO160182), EuroBioimaging Italy, and Associazione 
Italiana per la Ricerca sul Cancro (IG 14565). E.D.G sup-
ported by a FIRC-AIRC (Fondazione Italiana per la Ricerca 
sul Cancro AIRC) fellowship.

q RSNA, 20l7

Purpose: To evaluate the speciation of gadolinium-containing species 
after multiple administrations of the gadolinium-based contrast 
agents (GBCAs) gadodiamide and gadoteridol and to quan-
tify the amount of intact gadolinium complexes and insoluble 
gadolinium-containing species.

Materials and 
Methods:

A total dose of 13.2 mmol per kilogram of body weight of each 
GBCA was administered in healthy Wistar rats over a period 
of 8 weeks. Three days after the final administration, rats were 
sacrificed, and the brains were excised and divided into three 
portions. Each portion of brain homogenate was divided into 
two parts, one for determination of the total gadolinium con-
centration with inductively coupled plasma mass spectrometry  
and one for determination of the amount of intact GBCA and 
gadolinium-containing insoluble species. Relaxometric mea-
surements of gadodiamide and gadolinium trichloride in the 
presence of polysialic acid were also performed.

Results: The mean total gadolinium concentrations for gadodiamide 
and gadoteridol, respectively, were 0.317 mg/g 6 0.060 (stan-
dard deviation) and 0.048 mg/g 6 0.004 in the cortex, 0.418 
mg/g 6 0.078 and 0.051 mg/g 6 0.009 in the subcortical 
brain, and 0.781 mg/g 6 0.079 and 0.061 mg/g 6 0.012 in the 
cerebellum. Gadoteridol comprised 100% of the gadolinium 
species found in rats treated with gadoteridol. In rats treated 
with gadodiamide, the largest part of gadolinium retained 
in brain tissue was insoluble species. In the cerebellum, the 
amount of intact gadodiamide accounts for 18.2% 6 10.6 of 
the total gadolinium found therein. The mass balance found 
for gadolinium implies the occurrence of other soluble gado-
linium-containing species (approximately 30%). The relaxiv-
ity of the gadolinium polysialic acid species formed in vitro 
was 97.8 mM/sec at 1.5 T and 298 K.

Conclusion: Gadoteridol was far less retained, and the entire detected 
gadolinium was intact soluble GBCA, while gadodiamide 
yielded both soluble and insoluble gadolinium-containing spe-
cies, with insoluble species dominating.
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brain structures that mimics the pattern 
observed in patients (23–27).

The purpose of this study was to eval-
uate the speciation of gadolinium-con-
taining species after multiple adminis-
trations of gadodiamide and gadoteridol  
and to quantify the amount of intact 
gadolinium complexes and insoluble 
gadolinium-containing species.

Materials and Methods

All procedures involving animals were 
conducted in accordance with national 
laws on experimental animals (L.D. no. 
26/2014, Directive 2010/63/EU). No 
validated nonanimal alternatives are 
known to meet the study objectives.

No industry support was provided 
for this study. One author (S.A.) is a 
consultant for Bracco Imaging (Milan, 
Italy). The other authors had control 
over the inclusion of any data or in-
formation that might have presented a 
conflict of interest.

Gadoteridol (macrocyclic nonionic, 
ProHance; Bracco Imaging) and gadodi-
amide (linear nonionic, Omniscan; GE 
Healthcare, Chalfont St Giles, England) 
were the GBCAs used in this work.

considered to be among the safest par-
enteral chemicals (2).

Recently, several studies have 
shown increased signal intensity on un-
enhanced T1-weighted MR images in 
some brain regions in patients with nor-
mal renal function who had previously 
received multiple doses of GBCAs (3–
14). The observed hyperintense signal 
has been associated with the retention 
of small amounts of gadolinium in the 
brain (4,14). There has been evidence 
that both linear and macrocyclic GBCAs 
can yield detectable gadolinium traces 
in the brain, with linear neutral agents 
leaving greater quantities (11,13).

When using gadolinium chelates la-
beled with radioisotopes (gadolinium 153 
and carbon 14), about 1% of the admin-
istered dose was retained in mice (15).

However, the observation that some 
gadolinium has been found in patients’ 
brains has created a renewed focus on 
investigating how GBCA can leak from 
brain capillaries and accumulate in de-
fined brain structures. One may sur-
mise that GBCA can leak from brain 
capillaries as a consequence of a tem-
porary blood-brain barrier (16–19) or a 
cerebrospinal fluid barrier dysfunction  
(20), for instance, as a consequence of 
the passage of the GBCA bolus (21).

On this basis, one may assume brain 
uptake regarding the different types of 
GBCA to be unspecific. After having en-
tered the brain parenchyma, the amount 
and chemical form of the retained gado-
linium is determined by the thermody-
namic and kinetic stability of the GBCA 
(the latter is strongly affected by the 
chemical composition of the medium 
[22]), the washout rate through the lym-
phatic system, the overall chemical deg-
radation of the GBCA, and other factors.

In this context, it appears to be of 
fundamental importance to assess the 
chemical form of the gadolinium-contain-
ing species that can be recovered from 
the brain parenchyma. The intrinsic dif-
ficulties associated with the availability 
of human biopsy samples prompted the 
development of animal models to inves-
tigate gadolinium retention in the brain. 
It has been found that successive admin-
istrations of GBCA to rodents over a few 
weeks leads to gadolinium retention in 
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Advances in Knowledge

 n The amount of retained gado-
linium was 6.6, 8.2, and 12.8 
times higher in animals exposed 
to gadodiamide than in animals 
exposed to gadoteridol in the 
cortex, subcortical brain, and 
cerebellum, respectively.

 n After intravenous administration 
of gadoteridol, 100% of gado-
linium recovered in the brain 
structures corresponded to intact 
gadoteridol; conversely, for gado-
diamide, only 3.6% 6 8.1 (mean 
6 standard deviation), 5.6% 6 
7.7, and 18.2% 6 10.6 corre-
sponded to intact gadodiamide in 
the cortex, subcortical brain, and 
cerebellum, respectively.

 n In animals treated with gadodi-
amide, the mean amount of gad-
olinium found in insoluble frac-
tions was 99.6% 6 31.6, 112.0% 
6 18.4, and 53.2% 6 10.4 in the 
cortex, subcortical brain, and 
cerebellum, respectively; in the 
cerebellum, an additional 30% 
soluble gadolinium-containing 
fraction that did not correspond 
to the intact gadolinium complex 
was found.

 n The Nuclear Magnetic Resonance 
Dispersion profile of gadolinium 
chloride in the presence of polys-
ialic acid showed the typical 
relaxivity peak centered in the 
region of 1.0–1.5 T, which was 
characteristic of high-molecular-
weight paramagnetic species; at 
1.5 T and 298 K, the relaxivity of 
the adduct was close to 100 mM/
sec.

Gadolinium-based contrast agents 
(GBCAs) are commonly used 
in clinical settings, as they add 

physiologic information to the superb 
anatomic information provided by 
magnetic resonance (MR) images (1). 
Millions of contrast material–enhanced 
MR images have been acquired in the 
past 3 decades without any clinical 
evidence of frequent serious acute or 
chronic events. Hence, GBCAs are 
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containing 0.1% formic acid (HCOOH) 
(four volumes of organic solvent per 
volume of homogenate) to precipitate 
proteins together with other insoluble 
species. The solid residue was removed 
via centrifugation at 4000 rpm for 10 mi-
nutes. The supernatant was filtered three 
times through Phree Phospholipid Re-
moval Tabbed 1-mL tubes (Phenomenex, 
Torrance, Calif) to completely remove 
phospholipids and proteins not precipi-
tated with the previous treatment. The 
resulting solutions were dried overnight 
in a vacuum desiccator to remove CH3OH 
and were concentrated to a final volume 
of 50 mL. The supernatant was analyzed 
with an UPLC tandem mass spectrome-
ter to identify and quantify intact gado-
linium complexes. The solid residue was 
mineralized and analyzed with ICP MS to 
determine gadolinium (III) content. The 
complete recovery of gadoteridol and ga-
dodiamide after treatment with CH3OH 
containing 0.1% HCOOH and filtration 
through the aforementioned tubes was 
checked with UPLC MS analysis. Four 
volumes of organic solvent (CH3OH + 

the 0.6 mmol/kg dose is considered 
equivalent to the usual human dose of 
0.1 mmol/kg after adjusting for body 
surface area, as recommended by the 
Food and Drug Administration (28).

Rats were sacrificed 3 days after 
the last GBCA administration, and their 
brains were excised and dissected into 
parts corresponding to the cortex, sub-
cortical brain, and cerebellum. Each 
brain portion was immersed in 1 mL of 
water, homogenized (Homogenizer OV5; 
VELP Scientifica, Usmate Velate, Italy), 
and subjected to ultrasonic vibration to 
induce complete cell lysis. As shown in 
Figure 1, the homogenate was divided 
into two equal volumes: one was lyoph-
ilized for subsequent analysis with ICP 
MS to quantify total gadolinium, and 
the other was processed to quantify 
the amounts of insoluble gadolinium-
containing species and intact gadolinium 
complexes. To the latter portion, 0.25 
nmol of the appropriate internal stan-
dard (Tm-HPDO3A or Tm-DTPA-BMA) 
were added. Then, the homogenate 
was treated with methanol (CH3OH) 

The compounds tullium 2-[4,7-bis 
( c a r b o x y l a t o m e t h y l ) - 1 0 - ( 2 -
hydroxypropyl)-1,4,7,10-tetrazacy-
clododec-1-yl]acetate (Tm-HPDO3A) 
and tullium 2-[bis[2-[carboxymethyl-[2-
(methylamino)-2-oxoethyl]amino]ethyl]
amino]acetate (Tm-DTPA-BMA) were 
synthesized by mixing a 1:1 M ratio of 
thulium trichloride and the aqueous so-
lutions of the HPDO3A or DTPA-BMA 
ligands, at neutral pH at 50°C over-
night. The amount of residual free thul-
lium ions was precipitated at basic pH 
(pH = 11) and removed via filtration.

Study Set-up
Fifteen male Wistar rats (six in the gado-
teridol group, six in the gadodiamide 
group, three in the control group) with a  
mean weight of 200 g 6 20 received 22 
intravenous injections of 0.6 mmol per 
kilogram of body weight GBCA over a 
period of 8 weeks (every 2 days) (Fig 1a).  
The sample size was calculated by con-
sidering a significance level of 5%, a 
power of 80%, and a minimum differ-
ence between groups of 30%. In rats, 

Figure 1

Figure 1: Schematic drawing of the experimental protocol used to assess total gadolinium and the amount of intact GBCA. Top: 
Outline of the timing of GBCA injections (inj). W = week. Bottom: Experimental work-up for preparation of the samples to undergo 
inductively coupled plasma (ICP) mass spectrometry (MS) and ultraperformance liquid chromatography (UPLC) MS.
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gadolinium complexes were integrated 
with respect to the corresponding 
peaks of the internal standard. Samples 
were analyzed in triplicate. The amount 
of gadolinium complexes was obtained 
by using the following formula:

[ ]
[ ]

Gd complex  

(Gd) Tm complex

(Tm)

K A

A

− =

× × − ,

where A(Gd) and A(Tm) are the areas 
of the peaks that correspond to gadolini-
um and thulium complexes, respectively, 
and K is the experimentally derived con-
version factor (Figs E1-E3 [online]).

MR Imaging
MR imaging was performed with general 
anesthesia (2.0%–2.5% isofluorane)  
before the first GBCA administration 
and after the 22nd injection. MR imag-
ing was performed 3 days after the last 
injection, corresponding to a minimal 
72-hour clearance period. MR images 
were acquired with a dedicated quad-
rature body coil and a 3-T preclinical 
imager (Biospec 30/40; Bruker, Et-
tlingen, Germany). After scout image 
acquisition, a T2-weighted anatomic 
image was acquired by using the rapid 
acquisition with relaxation enhance-
ment sequence (repetition time msec/
echo time msec, 4400/46; 16 sections; 
section thickness, 1.0 mm; field of view, 
50 mm; matrix, 128 3 128; two signal 
averages; acquisition time, 2 minutes 
20 seconds).

T1-weighted images were acquired 
with a section package centered on 
the deep cerebellar nuclei (DCN), hip-
pocampus, and cerebral cortex by us-
ing a multisection multiecho sequence 
(400/10.2; seven sections; section 
thickness, 1.0 mm; field of view, 50 
mm; matrix, 192 3 192; 64 signal av-
erages; acquisition time, 20 minutes 28 
seconds) (Fig E2 [online]).

Image Analysis
Quantitative evaluation of enhanced 
signal intensity in the brain was per-
formed by drawing a region of interest 
over the more visible of the two DCN 
zones and over a reference zone in the 

(ammonium formate, 12.5 mM; formic 
acid, 12.5 mM; 3.75 pH) set at 76% 
and mobile phase B (acetonitrile) set at 
24%. Flow rate was 0.6 mL/min for a 
total high-performance liquid chroma-
tography MS analysis time of 5 minutes 
(for each sample). The column was 
kept at 40°C. The injection volume was 
2 or 4 mL. The chromatographic con-
ditions were chosen on the basis of a 
previously reported high-performance 
liquid chromatography method used to 
separate GBCAs (29,30).

Electrospray ionization with or 
without MS was performed either in 
the full scan mode (range, 250–800 
m/z) or in the selected ion monitoring 
(SIM) mode. Instrumental MS condi-
tions were as follows: capillary voltage, 
0.8 kV; cone voltage, 20 V; source tem-
perature, 120°C; and probe tempera-
ture, 600°C.

The signal of gadoteridol was ac-
quired in the SIM mode at [MH]+ equal 
to 557–558–559–560–562 and in its 
adduct with K+ at [MK]+ equal to 595–
596–597–598–600. The selected refer-
ence standard was Tm-HPDO3A with 
[MH]+ equal to 571–572 and [MK]+ 
equal to 609–610, respectively. Analo-
gously, gadodiamide was analyzed with 
SIM at [MH]+ equal to 572–573–574–
575–577 and in its adduct with K+ at 
[MK]+ equal to 610–611–612–613–615, 
respectively. The selected reference 
standard was Tm-DTPA-BMA with 
[MH]+ equal to 586–587 and [MK]+ 
equal to 624–625, respectively. A rep-
resentative example of the acquired 
chromatograms and MS spectra is 
shown in Figure 2.

The set-up of this method involved 
acquisition of calibration curves ob-
tained by adding aliquots of an appro-
priate internal standard (Tm-HPDO3A 
or Tm-DTPA-BMA) to brain homoge-
nates at a final concentration of 0.5–10  
µM and aliquots of the gadolinium 
complexes to be analyzed in the same 
concentration range (in triplicate).

To quantify the amount of intact 
gadolinium complexes in the brain sam-
ples, 0.25 nmol of the internal stan-
dard (ie, the selected thulium complex) 
was added to brain homogenates. SIM 
chromatographic peaks of the intact 

0.1% HCOOH) were added per volume 
of water solutions of gadoteridol or ga-
dodiamide to a final concentration of 20 
mM. The obtained solutions were then 
analyzed with UPLC MS before and after 
filtration, and the corresponding peaks 
of the two gadolinium complexes were 
integrated and compared with those of 
the relative solutions in water (20-mM 
concentration).

The procedure was further vali-
dated by assessing the total gadolinium 
recovery after addition of GBCA ali-
quots to brain samples from healthy 
rats. After running the spiked samples 
through the entire separation process, 
UPLC MS analysis was performed.

ICP MS Analysis
The gadolinium content in brain ho-
mogenates was measured with ICP MS 
analysis (Element-2; Thermo-Finnigan, 
Rodano, Italy), and the results were ex-
pressed as milligrams per gram of wet 
tissue weight. Preparation of the sam-
ples for ICP MS analysis was performed, 
as follows: (a) One milliliter of concen-
trated nitric acid (70%) was added to 
each lyophilized homogenate, and the 
sample was mineralized by microwave 
heating at 160°C for 40 minutes in a mi-
crowave laboratory station (MicroSynth; 
Milestone, Bergamo, Italy) equipped 
with an optical fiber temperature con-
trol and an HPR-1000/6M six-position 
high-pressure reactor. (b) After miner-
alization, the volume of each sample was 
brought to 2 mL with ultrapure water, 
and the sample was analyzed with ICP 
MS. The calibration curve was obtained 
by using four gadolinium absorption 
standard solutions (Sigma-Aldrich, Mi-
lan, Italy) of 0.005–0.1 µg/mL.

UPLC MS Analysis
Separation and quantification of the 
intact GBCAs was performed by using 
UPLC MS or ESI MS with an Acquity H-
class UPLC system coupled to an Acquity 
QDa detector (Waters, Vimodrone, Ita-
ly). An Acquity UPLC ethylene bridged 
hybrid hydrophilic interaction lIquid 
chromatography (BEH HILIC) column 
(2.1 3 100 mm; 1.7-mm particle size) 
with a VanGuard precolumn was used 
in isocratic elution with mobile phase A 
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Figure 2

Figure 2:  A, Gadoteridol and Tm-HPDO3A. B, Gadodiamide and Tm-DTPA-BMA. Left: Full scan mode (black) and selected ion mode 
(red and blue) chromatograms of brain homogenates containing equal concentrations (5 mM) of GBCA and the internal reference 
standard. Right: Corresponding mass spectra.
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Results

Total Gadolinium Determination with ICP MS
The amount of gadolinium found in 
the cerebellum, subcortical brain, and 
cortex was significantly higher in rats 
treated with gadodiamide or gadoteri-
dol than in control rats (Fig 3).

The absolute mean amounts for 
gadodiamide and gadoteridol, respec-
tively, were 0.317 mg/g 6 0.060 and 
0.048 mg/g 6 0.004 in the cortex, 
0.418 mg/g 6 0.078 and 0.051 mg/g 
6 0.009 in the subcortical brain, and 
0.781 mg/g 6 0.079 and 0.061 mg/g 6 
0.012 in the cerebellum. The amount 
of retained gadolinium was 6.6, 8.2, 
and 12.8 times higher in animals treat-
ed with gadodiamide than in those 
treated with gadoteridol in the cor-
tex, subcortical brain, and cerebellum, 
respectively.

Intact GBCA Determination with UPLC MS

The method to assess how much of the 
total gadolinium determined with ICP 
MS corresponds to the intact GBCA 
and how much corresponds to the in-
soluble gadolinium-containing species 
showed good linearity within the range 
of investigated concentrations (0.5–
10.0 mM), with a conversion factor (K) 
between the areas under the thulium 
complex peaks and those relative to 
the corresponding gadolinium complex 

composition: sodium chloride, 121 
mM; sodium bicabonate, 23.1 mM; 
potassium chloride, 2.8 mM; magne-
sium chloride, 2.2 mM, sodium dihy-
drogen phosphate, 1.1 mM; and glu-
cose, 0.61 g/L.

The proton 1/T1 nuclear MR dis-
persion profiles (field dependence of 
the longitudinal water proton relaxation 
rates) of gadolinium chloride (0.1 mM) 
with and without the addition of polysi-
alic acid at 1 mg/mL concentration were 
measured at 25°C on a fast-field-cycling 
relaxometer (Stelar) over a continuum 
of magnetic field strengths from 0.00024 
to 0.47 T (corresponding to 0.01–20.0-
MHz proton Larmor frequencies). The 
relaxometer is controlled via computer 
with an absolute uncertainty in 1/T1 
of 61%. Additional data points in the 
range of 21.5–70.0 MHz were obtained 
with the Spinmaster spectrometer (Ste-
lar). The concentration of solutions used 
for relaxometric characterization was 
determined according to a previously re-
ported relaxometric method (32).

Statistical Analysis
All data are expressed as mean 6 stan-
dard deviation. Between-group differ-
ences with respect to the mean gado-
linium concentration of a GBCA were 
assessed by using the unpaired t test. 
The aforementioned statistical software 
was used for data analysis. P , .05 in-
dicated statistical significance.

cerebellar cortex. The variation of sig-
nal intensity was calculated as a ratio 
of maximum DCN signal intensity to 
maximum cerebellar cortex signal in-
tensity and was expressed as DCN-to–
cerebellar cortex signal intensity ratio 
(Fig E2 [online]).

One-way analysis of variance was 
used to compare the DCN-to–cerebel-
lar cortex signal intensity ratio between 
rats treated with gadodiamide, those 
treated with gadoteridol, and those 
given saline at the end of treatment 
period. All statistical analyses were 
performed by using statistical soft-
ware (Prism 6; https://graphpad.com). 
Values are presented as mean 6 stan-
dard deviation, and P , .05 indicated a 
significant difference.

Water Proton Relaxation Measurements
The longitudinal water proton relax-
ation rates of gadodiamide in an ar-
tificial cerebrospinal fluid (aCSF) me-
dium (with and without the addition of 
polysialic acid–colominic acid sodium 
salt from Escherichia coli [Sigma-
Aldrich] at a concentration of 1 mg/
mL) were measured at 25°C by using 
a Spinmaster (Stelar, Mede, Pavia, 
Italy) spectrometer operating at 0.5 T 
(21.5-MHz proton Larmor frequency), 
by means of the standard inversion re-
covery technique. The aCSF medium 
was prepared according to the pub-
lished protocol (31) with the following 

Figure 3

Figure 3: Total amount of gadolinium, as determined with ICP MS in the cortex, subcortical brain, and cerebellum 3 days after final administration of gadodiamide 
and gadoteridol. There were five animals in the gadodiamide and gadoteridol groups and three in the control group. Error bars show standard deviation.
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Figure 4

Figure 4: A, Example SIM chromatograms obtained for brain samples spiked with Tm-DTPA-BMA (5 mM) and Tm-HPDO3A (5 mM) from rats treated with gadodi-
amide (left) and gadoteridol (right). B, Graphs show mean percentages of intact GBCA (determined with UPLC MS analysis) and insoluble gadolinium (Gd)-containing 
species (determined with ICP MS analysis) in the cortex, subcortical brain, and cerebellum of rats (n = 5) treated with gadodiamide (left) and gadoteridol (right).

peaks of 1.6 for both complexes (Fig E1 
[online]). The method enabled quanti-
fication of intact gadoteridol down to 
0.2 mM and of gadodiamide down to 
1.0 mM. The difference in the observed 
limit of quantification between the 
two complexes depends on the lower 
sensitivity observed for gadodiamide. 
The observed limit of detection is in 
agreement with previously reported 
values (29).

Two examples of SIM chromato-
grams of brain samples spiked with 5 
mM of Tm-DTPA-BMA in rats treated 
with gadodiamide and 5 mM of Tm-HP-
DO3A in those treated with gadoteridol 
are reported in Figure 4, A. Most of 
the analyzed samples obtained in the 
brains of rats treated with gadodiamide 

did not show a detectable peak cor-
responding to the intact gadodiamide 
complex.

Another experiment was per-
formed to evaluate whether treatment 
with CH3OH or HCOOH for protein 
precipitation and the phospholipid re-
moval steps could affect recovery of 
the amount of intact GBCA. Neither 
procedure resulted in the removal of 
either gadolinium complex, as 100% 
of gadoteridol and gadodiamide was 
recovered after the addition of CH3OH 
and HCOOH and after three passages 
through phospholipid removal tubes 
(Fig E3 [online]).

Figure 4, B, reports the mean per-
centages of intact gadolinium complexes, 
as determined with UPLC MS analysis of 

the soluble extracts, and of the gadolin-
ium-containing species, as determined 
with ICP MS, in the fraction containing 
insoluble species in rats treated with ga-
dodiamide or gadoteridol.

The total amount of gadolinium 
recovered in the brain structures af-
ter intravenous administration of 
gadoteridol corresponded to intact 
gadoteridol. Conversely, only 3.6% 6 
8.1, 5.6% 6 7.7, and 18.2% 6 10.6 
corresponded to the intact complex 
in the cortex, subcortical brain, and 
cerebellum, respectively, in the cor-
responding experiment with gado-
diamide. At ICP MS analysis, it was 
found that in the cortex and subcorti-
cal brain structures, 99.6% 6 31.6 and 
112.0% 6 18.4, respectively, of the 
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or gadoteridol or given saline is reported 
in Figures E1-E3 (online).

Discussion

In agreement with previously reported 
investigations (6,8,23–27), the amount 
of retained gadolinium in our study was 
much higher in animals exposed to the 
linear neutral GBCA gadodiamide than 
in those exposed to the macrocyclic 
neutral GBCA gadoteridol. Neverthe-
less, the amount of retained total gado-
linium in animals treated with gadoteri-
dol was significantly higher than that 
in the control group in all three brain 
regions evaluated.

The total amount of gadolinium 
recovered in the brain structures af-
ter administration of gadoteridol cor-
responded entirely to intact gadoteri-
dol. Conversely, only a small amount 
of the intact complex was found after 
administration of gadodiamide. This 
indicates that a large fraction of the 
administered gadodiamide is trans-
formed into insoluble species. This 
finding is consistent with the early 
observation made by McDonald et al 
(4), who reported the occurrence of 
gadolinium-containing deposits ob-
served in transmission electron mi-
croscopy images obtained at postmor-
tem biopsy of human brain tissues. 
These results also agree with those 

of gadodiamide. The observed behav-
ior may be accounted for in terms of 
partial sequestration of the gadolinium 
ions released from gadodiamide by the 
added sugar to yield a high relaxivity 
adduct. The occurrence of the forma-
tion of a high-relaxivity system when 
gadolinium ions are in the presence of 
polysialic acid was checked by measur-
ing the nuclear MR dispersion profile of 
an aqueous solution containing 0.1-mM 
gadolinium chloride and 1 mg/mL polys-
ialic acid (Fig 5, B). When the nuclear 
MR dispersion profile in the presence 
of polysialic acid was compared with 
the nuclear MR dispersion profile of 
gadolinium chloride in water, it showed 
the typical relaxivity peak centered in 
the region of approximately 1.0–1.5 T, 
which is characteristic of high-molecu-
lar-weight paramagnetic species. At 1.5 
T and 298 K, relaxivity of the adduct 
was close to 100 mM/sec.

T1-weighted MR imaging showed a 
mean increase of signal intensity in the 
dentate nuclei of 11.4% 6 1.41 at the end 
of treatment in the case of gadodiamide. 
In animals treated with gadoteridol, sig-
nal enhancement (4.02% 6 0.94) in the 
dentate nuclei was not significantly high-
er than that in control rats treated with 
saline. A representative example of pre- 
and posttreatment images and quantifi-
cation of the respective signal enhance-
ments in rats treated with gadodiamide 

administered gadolinium was found 
in the insoluble part of the specimen 
(obtained at treatment for protein pre-
cipitation), while 53.0% 6 10.4 of the 
total gadolinium was present in the 
precipitate in the cerebellum. Another 
gadolinium aliquot in the cerebellum, 
corresponding to approximately 30% 
of total gadolinium, was present in the 
soluble portion but did not correspond 
to intact gadodiamide.

Relaxometric Investigations
To attain further insight into the spe-
ciation of the dechelated gadolinium, 
in vitro relaxometric experiments 
were performed. In Figure 5, A, the 
observed relaxation rates measured at 
0.5 T and 298 K, once subtracted of 
the diamagnetic contribution (0.37 sec-

1 at 0.47 T, 298 K), were normalized 
to a 1-mM gadolinium concentration 
to represent the experimental data in 
terms of millimolar paramagnetic re-
laxivity (r1p). When gadodiamide was 
dissolved in an aCSF medium, its re-
laxivity progressively decreased with 
time. After 4 days, relaxivity was ap-
proximately 30% lower than the start-
ing value.

Conversely, when polysialic acid 
was added to gadodiamide in aCSF, 
relaxivity slightly increased to reach a 
plateau value that was approximately 
10% higher than the original relaxivity 

Figure 5

Figure 5: A, Time dependence of the relaxivity of gadodiamide in aCSF (blue) and in aCSF added to polysialic acid (red) measured 
at 298 K and 0.5 T. B, NMRD profiles of solutions of gadolinium chloride in water with (red) and without polysialic acid (blue). Data are 
normalized to 1 mM concentration of gadolinium (298 K and pH = 6).
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T1-weighted images in the DCN region 
in rats treated with gadodiamide could 
correspond to a local concentration in 
the range of 1–2 mM for a gadolinium 
system endowed with the relaxivity 
detected in the polysialic gadolinium 
model (approximately 100 mM-1·sec21).

Overall, the results reported herein 
are consistent with the view that a 
GBCA starts a journey after it crosses 
the blood-brain barrier or the cerebro-
spinal fluid barrier and that it seems to 
be strongly affected by its kinetic and 
thermodynamic stability, as well as by 
the composition of the tissue regions 
experienced by the GBCA. Gadodi-
amide is less stable than gadoteridol, 
and this is consistent with the obser-
vation that 3 days after the last GBCA 
administration only 3.6%–18.2% of the 
agent was recovered intact in three dif-
ferent brain tissue regions.

On the basis of the available data, 
not much can be said about the chemi-
cal forms of the insoluble and highly 
relaxing soluble gadolinium-containing 
species. We can only establish the 
amount of intact GBCA over the total 
gadolinium. We cannot say whether the 
dechelation corresponds to the com-
plete separation between the DTPA-
BMA ligand and the gadolinium ion or 
whether there are ternary complexes 
still containing the ligand (with a lower 
denticity) in association with biomole-
cules. The potential role of sialic acid 
containing macromolecules is reason-
able, given the large amount of this and 
similar classes of molecules on the sur-
face of glial cells.

The experimental design described 
herein does not enable us to establish 
whether the lower amount of the total 
gadolinium retained in the case of gado-
teridol is the result of a faster wash-out 
of this species or if it reflects decreased 
penetrance of this complex into brain 
tissues.

One of the main limitations of this 
study is the relatively short time to sac-
rifice (3 days) after GBCA delivery. This 
time was chosen because it appeared to 
represent a good compromise to cope 
with the wash-out process that would 
have led to lower gadolinium levels in 
the investigated tissues. Obviously, the 

high relaxivity values to account for the 
observed signal intensity, to which the 
insoluble gadolinium-containing mate-
rials likely contribute little, if anything. 
One possibility is to think of species 
endowed with a reduced rotational mo-
bility formed on the transmetalation 
of the administered gadodiamide. This 
hypothesis is supported by the findings 
of Frenzel et al (33), who observed the 
presence of soluble macromolecular 
(250–300-KDa) gadolinium-containing 
species in the cerebellum homogenate 
of rats treated with gadodiamide.

One may surmise that the high 
concentration of sugars bound to phos-
pholipids of brain cells (34) may offer 
coordination sites for free gadolinium 
ions and may act as an anchoring site 
for oligomeric gadolinium-containing 
structures or to opened systems that 
contain DTPA-BMA. Some support for 
this suggestion has been gained from 
in vitro relaxometric measurements. 
When gadodiamide (0.1 mM) is added 
to aCSF, a decrease in observed re-
laxivity is seen. Tentatively, one may 
suggest that this decrease in relaxivity 
might be ascribable to anion (carbon-
ate and phosphate are present in aCSF 
at concentrations of 23.1 and 1.1 mM, 
respectively)-assisted dechelation of the 
gadolinium complex, with consequent 
precipitation of gadolinium carbonate  
(solubility product constant, approxi-
mately 10232) and, to a minor extent, 
gadolinium phosphate (solubility prod-
uct constant, approximately 10222) (35) 
salts.

Conversely, a slight increase in 
relaxivity is observed when aCSF is 
added to polysialic acid (1 mg/mL) 
(Fig 5, A). The observed behavior can 
be accounted for by the formation of 
gadolinium-containing polysialic species 
that behave as a high relaxivity adduct. 
The nuclear MR dispersion profile of 
gadolinium chloride (0.1 mM) added 
to polysialic acid (1 mg/mL) displays 
a markedly higher relaxivity in respect 
to that of gadolinium chloride in water 
(pH = 6), with a relaxivity hump cen-
tered at approximately 1 T, typical of 
slowly tumbling molecules.

Signal intensity enhancement 
(approximately 10%) observed on 

recently reported by Frenzel et al 
(33), in which the chemical form of 
residual gadolinium in the brain was 
investigated. They found that in ani-
mals treated with macrocyclic GBCAs, 
gadolinium was found only in the sol-
uble brain fraction and solely as low-
molecular-weight molecules, whereas, 
in rats treated with linear GBCAs, 
gadolinium was found to a large ex-
tent in the insoluble tissue fraction. In 
our study, the low-molecular-weight 
molecules (as defined by Frenzel et 
al) found in the soluble fraction cor-
responded to the intact gadolinium 
complex. Although the chemical form 
of the gadolinium-containing insoluble 
species has not yet been established, it 
is reasonable to assume that any solid 
form of gadolinium would contribute 
only marginally to the generation of 
high signal intensity on T1-weighted 
MR images because water access 
to paramagnetic centers in solids is 
limited. The separation method used 
in this experimental set-up does not 
exclude that part of the membrane or 
protein-bound gadolinium, which may 
contribute to the high signal inten-
sity seen on MR images, that would 
possibly become part of the insoluble 
fraction.

In animals treated with gadodi-
amide, the sum of insoluble gadolinium 
species (53%) and intact GBCA (18%) 
found in the cerebellar tissue supports 
the view that an additional approxi-
mately 30% must have been present 
in the soluble fraction. This finding is 
relevant to account for hyperintensity 
detected on T1-weighted images in the 
cerebellar region estimated at approxi-
mately 10% signal enhancement, which 
is not dissimilar from what was report-
ed for the analogous experimental set-
up (5,6,24,26). The detected amount of 
intact gadodiamide yielded a concentra-
tion of about 1 mM that appears to be 
insufficient to account for the observed 
signal enhancement on the T1-weighted 
MR images. Thus, the observed hyper-
intensity must result from contributions 
of the intact gadodiamide (minor) and 
the additional soluble gadolinium-con-
taining species. Likely, the latter spe-
cies may be characterized by relatively 
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K, Takenaka D. High signal intensity in 
the dentate nucleus and globus pallidus on 
unenhanced T1-weighted MR images: rela-
tionship with increasing cumulative dose of 
a gadolinium-based contrast material. Radi-
ology 2014;270(3):834–841.

 6. Kanda T, Osawa M, Oba H, et al. High signal 
intensity in dentate nucleus on unenhanced 
T1-weighted MR images: association with 
linear versus macrocyclic gadolinium chelate 
administration. Radiology 2015;275(3):803–
809.

 7. Quattrocchi CC, Mallio CA, Errante Y, et 
al. Gadodiamide and dentate nucleus T1 
hyperintensity in patients with meningioma 
evaluated by multiple follow-up contrast-
enhanced magnetic resonance examinations 
with no systemic interval therapy. Invest Ra-
diol 2015;50(7):470–472.

 8. Radbruch A, Weberling LD, Kieslich PJ, et 
al. Gadolinium retention in the dentate nu-
cleus and globus pallidus is dependent on the 
class of contrast agent. Radiology 2015;275 
(3):783–791.

 9. Errante Y, Cirimele V, Mallio CA, Di Lazzaro 
V, Zobel BB, Quattrocchi CC. Progressive in-
crease of T1 signal intensity of the dentate 
nucleus on unenhanced magnetic resonance 
images is associated with cumulative doses 
of intravenously administered gadodiamide in 
patients with normal renal function, suggest-
ing dechelation. Invest Radiol 2014;49(10): 
685–690.

 10. Ramalho J, Castillo M, AlObaidy M, et al. 
High signal intensity in globus pallidus and 
dentate nucleus on unenhanced T1-weight-
ed MR images: evaluation of two linear gad-
olinium-based contrast agents. Radiology 
2015;276(3):836–844.

 11. Stojanov DA, Aracki-Trenkic A, Vojinovic S, 
Benedeto-Stojanov D, Ljubisavljevic S. In-
creasing signal intensity within the dentate 
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T1W magnetic resonance images in patients 
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gadobutrol. Eur Radiol 2016;26(3):807–815.

 12. Roberts DR, Holden KR. Progressive in-
crease of T1 signal intensity in the dentate 
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differences in the speciation process 
of gadodiamide and gadoteridol affect 
the excretion process, which will need 
to be properly addressed by collecting 
brain tissue specimens at longer times 
after the end of treatment.

In conclusion, our study showed the 
quantification of intact GBCA in brain 
tissue. While the entire fraction of re-
tained gadolinium was in the form of 
the intact parent complex in animals 
treated with gadoteridol, the majority 
of retained gadolinium was in the form 
of insoluble species and, in part, of a 
macromolecular system endowed with 
very high relaxivity in animals treated 
with gadodiamide.
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