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Abstract:Gadolinium (Gd)-based contrast agents (GBCAs) are pharmaceuticals
that have been approved for 30 years and used daily in millions of patients world-
wide. Their clinical benefits are indisputable. Recently, unexpected long-term
presence of Gd in the brain has been reported by numerous retrospective clin-
ical studies and confirmed in preclinical models particularly after linear
GBCA (L-GBCA) compared with macrocyclic GBCA (M-GBCA). Even if no
clinical consequences of Gd presence in brain tissue has been demonstrated so
far, in-depth investigations on potential toxicological consequences and the fate
of Gd in the body remain crucial to potentially adapt the clinical use of GBCAs,
as done during the nephrogenic systemic fibrosis crisis. Preclinical models are in-
strumental in the understanding of the mechanism of action as well as the poten-
tial safety consequences. However, such models may be associated with risks
of biases, often related to the protocol design. Selection of adequate terminol-
ogy is also crucial. This review of the literature intends to summarize and crit-
ically discuss the main methodological aspects for accurate design and
translational character of preclinical studies.
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I ncreased signal intensity on noncontrast T1-weighted magnetic reso-
nance imaging (MRI) scans in various healthy brain structures (notably

the dentate nucleus [DN] and globus pallidus) after repeated administra-
tion of linear gadolinium (Gd)-based contrast agents (GBCAs) was first
reported in early 2014.1 A number of reports, both clinical and preclini-
cal, immediately followed this seminal article. They allowed rapid prog-
ress in the understanding of this finding. Nevertheless, until now many
crucial aspects of this finding remain unanswered.2,3

On November 23, 2017, after an 18-month period of in-depth re-
view and several expert group meetings and marketing authorization
holders hearings, the European Commission endorsed European
Medicines Agency (EMA)–proposed restrictions on the use of some
linear GBCAs (L-GBCAs) (gadobenic acid only for liver scans and
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gadopentetic acid only intra-articularly for joint scans) and suspension
of the marketing authorizations of other intravenous linear products
(gadodiamide, gadoversetamide)4 while maintaining marketing of mac-
rocyclic GBCAs (M-GBCAs) and gadoxetate disodium (a L-GBCA
dedicated to liver imaging). Soon after, the Japanese Pharmaceuticals
and Medical Devices Agency (PMDA) decided to restrict L-GBCAs
as second-line agents while maintaining M-GBCAs as first-line agents.5–7

More recently, on December 19, 2017, the US Food and Drug Administra-
tion (FDA) issued a Safety Announcement recognizing officially that
L-GBCAs cause more brain retention than M-GBCAs, stating that health-
care professionals should consider the retention characteristics of each
compound when choosing a GBCA for patients who may be at higher risk
for Gd retention (patients requiring multiple lifetime doses, pregnant
women, children, and patients with inflammatory conditions). The FDA
also requested radiologists to minimize repeated GBCA imaging studies
whenever possible, particularly closely spaced MRI studies. The FDA–
requested marketing authorization holders (Bayer AG, Bracco Imaging,
GE Healthcare, Guerbet) to conduct postmarketing studies including
both preclinical and clinical investigations.8

Clinical studies are the most obvious approach to address the
numerous questions still unanswered, notably those related to long-
term safety of repeated GBCA administration. However, it is worth
underlining that almost all currently published studies followed an
observational, retrospective design. A prospective design, addressing
the long-term safety issues, could be ethically challenging, would not
allow rapid access to results and is vulnerable to observer bias.9

The retrospective collection of clinical data may lead to uncertainty
about the number of administered doses and the structural categories
of GBCAs administered, leading to misclassification. The assessment
of different aspects of Gd presence in the brain, such as localization
and chemical forms of Gd, requires a wide range of different expertise
and technical equipment to conduct often complex studies.10,11 Further-
more, potential confounding factors such as incomplete clinical history,
underlying disease, follow-up duration, time elapsed between last
GBCA administration, and access to clinical/biological data are hard
to take into account in the interpretation of data. In addition, control
groups may be lacking, and there may be heterogeneity in the field
strengths, T1-weighted sequences, and methods of image acquisition.9

Definitely, this should not downgrade the crucial importance of clinical
studies that have led to rapid and considerable progress in understanding
the gradual appearance of increased signal intensity on unenhanced
T1-weighted images (hyperintensity) and allowed to distinguish be-
tween 2 molecular classes of GBCAs administered to patients.

Preclinical studies allow the investigation of aspects that are dif-
ficult to address in humans. In the case of GBCAs, preclinical research
has resulted in substantial progress in the understanding of the pathophys-
iology of nephrogenic systemic fibrosis (NSF).12 Therefore, as highlighted
by the FDA during the Medical Imaging Drugs Advisory Committee in
September 2017,13 animal studies should be employed on issues least
amenable to clinical studies. This includes elemental quantification and
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TABLE 1. Literature Review: Animal Model and Injection Protocol

Reference
Industry
Study

Animal
Model

No. Animals/
Group

Injection Protocol Contrast Agent

Total Dose,
mmol/kg

Single Dose ×
No. Appl.

Time,*
wk Linear Macrocyclic Control

Robert et al,14 2015 Guerbet Healthy rat 6–7 12 0.6 × 20 5 Omniscan Dotarem Hyperosmolar
Saline

Jost,15 2016 Bayer Healthy rat 5 25 2.5 × 10 2 Omniscan
Magnevist
MultiHance

Dotarem
Gada(o)vist

Saline

Robert et al,16 2016 Guerbet Healthy rat 4–8 12 0.6 × 20
1.2 × 10
2.4 × 5

5 Omniscan
Magnevist
MultiHance

Dotarem Saline

Kartamihardja et al,17

2016
— Mouse

RI-mouse
3 5 0.25 × 20 4 Omniscan Dotarem Saline

Kartamihardja et al,18

2016
— Mouse

RI-mouse
3 5 0.25 × 20 4 Omniscan Dotarem Saline

Smith et al,19 2017 GE Healthy rat 6 6

12

0.6 × 10

0.6 × 20

5

5

Omniscan

Magnevist

— Saline

Jost et al,20 2017 Bayer Healthy rat 6 1.8 1.8 × 1 — Omniscan
Magnevist
MultiHance

Dotarem
Gada(o)vist
ProHance

Saline

Rasschaert et al,21

2017
Guerbet Healthy rat

RI-rat
10 12 0.6 × 20 5 Omniscan — Saline

Frenzel et al,22 2017 Bayer Healthy rat 5 25 2.5 × 10 2 Omniscan
Magnevist
MultiHance

Dotarem
Gada(o)vist

Saline

Lohrke et al,23 2017 Bayer Healthy rat 3–4 50 2.5 × 20 4 Omniscan
Magnevist

Gada(o)vist
ProHance

Saline

McDonald et al,24

2017

— Healthy rat 3–6 50 2.5 × 20 26 d Omniscan
MultiHance

Gada(o)vist
ProHance

Saline

Bussi et al,25 2017 Bracco Healthy rat 15
5 control

12 0.6 × 20 5 — Dotarem
Gada(o)vist
ProHance

Saline

Erdene et al,26 2017 — Maternal, nonpregant
and pup mouse

3 8 2 × 4 4 d Omniscan Dotarem Saline

Gianolio et al,27 2018 — Healthy rat 6

3 control

13.2 0.6 × 22 8 Omniscan ProHance Saline

Khairinisa et al,28

2017

— Mouse after perinatal

exposure

Behavior tests:

9–13

ICP-MS: 3–5

10 2 × 5 1 Omniscan Dotarem Saline

Di Gregorio et al,29

2017

— Healthy mouse 5 0.6

2.7

0.6 × 1

0.3 × 9

3 Magnevist — —

Frenzel et al,30 2017 Bayer Healthy rat 6 14.4 1.8 × 8 2 Omniscan
Magnevist
MultiHance

Dotarem
Gada(o)vist
ProHance

Saline

Boyken et al,31 2018 Bayer Mini pig 5–8

2 control

0.2–3.8 Retrospective study, 4 to
48 injections during
1–34 mo

Magnevist Gada(o)vist Untreated

Rasschaert et al,32

2018

Guerbet RI-rat 9–10 12 0.6 × 20 5 Omniscan
MultiHance

Dotarem Saline

Robert et al,33 2018 Guerbet Healthy rat 10 12 2.4 × 5 5 Omniscan Dotarem —

*Time interval from the first to the last injection.

RI indicates renally impaired.
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speciation of Gd in tissue, investigation of the effect of Gd presence in the
brain on neurodevelopment, dose-response, long-term follow-up studies to
compare Gd concentrations in tissue before and after a period without
Gd exposure, aswell as studies on sensitized animal disease models. Be-
cause the observed effects in such studies such as MR enhancement or Gd
500 www.investigativeradiology.com
tissue concentration are subtle, it is important to ensure the highest possible
accuracy of the results. However, it is not the purpose of this article to im-
plement “good laboratory practices–like” standards because this ap-
proach is not appropriate in research-oriented studies. Nevertheless,
we would like to present suggestions for harmonization of the study
© 2018 Wolters Kluwer Health, Inc. All rights reserved.

http://www.investigativeradiology.com


Investigative Radiology • Volume 53, Number 9, September 2018 Evaluation of Gadolinium Presence in Brain Tissue
design, terminology, and quality of results to improve comparability
and translational character of preclinical studies.

What Have We Learned From Preclinical Models?
Preclinical evidence of Gd presence in the brain is based on 20

articles published in the past 3 years (Tables 1 and 2). Currently, several as-
pects are being investigated: How does Gd enter the brain tissue? How
muchGd is present in brain?How long does it stay there, where is it located
precisely in the tissue and in what molecular form(s)? What is the ki-
netics of elimination from brain? Are there differences between the
GBCAs? Are there potential clinical consequences and differences in
at-risk populations? (Fig. 1). In the following section, the current knowl-
edge is summarized.

What Do We Know?
• GBCA class-effect:Differences are observed in terms of Gd presence in
the brain between the less-stable GBCAs and the most-stable GBCAs,
according to their thermodynamic and kinetic profiles,34 as already
TABLE 2. Literature Review: Methods for Analysis and Tissues of Interest

Reference
Time to

Analysis, mo*
MRI Field
Strength

Gd Content and Specia
Analytical Methods

Robert et al,14 2015 1 2.35 T ICP-MS
Jost et al,15 2016 0–1 1.5 T —
Robert et al,16 2016 1 2.35 T ICP-MS
Kartamihardja et al,17

2016
0–1.5 — ICP-MS

Kartamihardja et al,18

2016
0–1.5 — ICP-MS

Smith et al,19 2017 0–5 — ICP-MS

Jost et al,20 2017 0 1.5 T ICP-MS
Rasschaert et al,21

2017
0 4.7 T ICP-MS

Frenzel et al,22 2017 0–1 — ICP-MS
GPC-ICP-MS

Lohrke et al,23 2017 2 — ICP-MS, LA-ICP-MS
TEM-EDX, SEM-ED

McDonald et al,24

2017
0 3T ICP-MS

EDS, TEM
Bussi et al,25 2017 1 — ICP-MS

Erdene et al,26 2017 1 — ICP-MS
Gianolio et al,27 2018 0 3 T NMRD

profile
ICP-MS, UPLC-MS

Khairinisa et al,28

2017
1–2–3 — ICP-MS

Di Gregorio et al,29

2017
0–1 — ICP-MS

Frenzel et al,30 2017 0–1–6–12 1.5 T ICP-MS, LA-ICP-MS
Boyken et al,31

2018
8–56 — ICP-MS

Rasschaert et al,32

2018
1 4.7 T ICP-MS Gd, iron,

copper, zinc
Robert et al,33

2018
0–1–2–3–4–5–12 4.7 T ICP-MS, SEC-ICP-MS,

HILIC-ICP-MS

*Time after the last injection.

ICP-MS indicates inductively coupled plasma mass spectrometry; GPC-ICP-MS,
spectroscopy; TEM, transmission electron microscopy; UPLC-ICP-MS, ultra perfo
SEC, size exclusion chromatography; HILIC, hydrophilic interaction liquid chromatog
and eosin staining; GFAP, glial fibrillary acidic protein antibody staining; Iba1, ionize

© 2018 Wolters Kluwer Health, Inc. All rights reserved.
observed with NSF. Linear GBCAs leave more residual total Gd
in the brain than macrocyclic GBCAs.14–18,21–24,26–28,32,33,35

• Route of Gd into the brain: All GBCAs appear in the cerebrospinal
fluid (CSF) within a few minutes after an intravenous injection, by
crossing the blood/CSF barrier.20,21

• Elimination kinetics of Gd/GBCAs: An elimination or “wash-out”
process from the brain exists, which is slow compared with the nor-
mal renal excretion of the bulk amount of injected GBCAs, which
occurs in the order of hours. Recent data from healthy rats with a
1-year follow-up after multiple injections demonstrated that this
process is much more efficient for M-GBCAs than for L-GBCAs.
The elimination continues up to at least 1 year for M-GBCAs, which
was not observed for the L-GBCAs. A substantial fraction of Gd
remained irreversibly retained in the brain after repeated adminis-
tration of L-GBCAs, but not M-GBCA.30,33

• Tissue distribution and subcellular localization of Gd deposits:
Precise location of Gd in brain tissue has not yet been fully elucidated.
However, laser ablation–inductively coupled plasma mass spectrometry
tion
Tissues of Interest

Biological/Functional
Tests/Methods

Cerebellum, cerebrum, plasma —
Brain, DCN, CSF —
Cerebellum, plasma —
Brain, liver, spleen, kidney, bone, skin —

Multiple brain structures —

Brain, blood Histology (HES)
Visual signs

CSF, blood, cerebellum, pons (brainstem) —
Multiple brain structures, brainstem,
CSF, plasma, bone

—

Cerebrum, cerebellum, pons (brainstem) —

,
X

Skin, bone, brain, cerebellum, muscle Histology (HES, Cresyl
violet, GFAP, Iba1)

Brain, liver, spleen, kidney, dissected DCN Histology (HES)

Cerebellum, cerebrum, femur, kidneys,
liver, skin, blood

Change in body weight,
clinical signs

Blood, brain, liver, spleen, bone —
Cortex, subcortical brain, cerebellum —

Pup and Dam Brain Multiple neurobehavioral
tests

Cerebrum, cerebellum, bone, liver, spleen,
kidney, muscle, eye, skin, urine

—

, Cerebellum, cerebrum, pons (brainstem) —
Cerebellar nuclei, cerebral nuclei, cerebellar
cortex, cerebral cortex, pons

Plasma multiple brain regions, brainstem —

Cerebellum, cerebrum, brainstem, plasma —

gel permeation chromatography ICP-MS; EDS or EDX, energy-dispersive x-ray
rmance liquid chromatography ICP-MS; LA-ICP-MS, laser ablation ICP-MS;
raphy; CSF, cerebrospinal fluid; DCN, deep cerebellar nuclei; HES, hematoxylin
d calcium-binding adapter molecule 1 antibody staining.
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FIGURE 1. Fields of investigation.
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(LA-ICP-MS) revealed presence of Gd not only in the deep cerebellar
nuclei (DCN) but also in the granular layer of the cerebellum cor-
tex.23 The majority of the remaining Gd fraction was found in brain
regions, which are also rich in iron (DN, globus pallidus, olfactory
bulbs…).32 In addition, electron microscopic studies at the subcel-
lular level indicated clustered Gd deposits in the interstitium, the
basal membrane of blood microvessels, and in glial (astrocytes)
and neuronal cells as well.23,24,35

• Molecular form of the residual Gd: Recent speciation studies con-
cluded that the residual Gd found in rat brains after repeated admin-
istration of L-GBCAs exists in at least 3 distinctive forms: soluble
small molecules, including the intact GBCA, soluble macromole-
cules, and to a large extent in insoluble species (detectable in part
by transmission electron microscopy [TEM]). Conversely, Gd con-
centrations in the brain after administration of M-GBCAs are much
lower, and the Gd could so far only be detected in a soluble small
molecular form, which is slowly excreted.22,27,33

• Impact of renal impairment: Preexisting mild renal impairment in
animals increases the amount of Gd present in brain17,18,21,32 and
T1 signal hyperintensity of deep cerebellar nuclei (DCN).21 It was
also found that the presence of Gd in the central nervous system
(CNS) is increased in renally impaired patients (an underlying clinical
pattern common in the population that undergoMR examinations36,37).

• Histology: No histopathological findings were detected in the
rodent brain.19,23,24

• Pregnancy: In utero transplacental Gd retention was found in pups in
a mouse model.26,28 Pregnancy seems to increase Gd retention in
manymaternal organs (L-GBCA>>M-GBCA), but this was observed
in a limited number of animals (n = 3/group)26

• Behavior: In mice, Gd was transferred to pups in utero and was retained
in the brain during postnatal development. A L-GBCA had a more
severe effect than did a M-GBCA on neurobehavioral tests.28
What Is Unknown to Date?
Some important aspects have not yet been resolved.

• What is the elimination pathway and potential role of the
glymphatic system? Once in the CSF, all GBCAs most likely
502 www.investigativeradiology.com
distribute within the brain following the glymphatic pathway.38 How-
ever, the exact mechanism of the glymphatic system and its role for or
during excretion has not been established.

• If so, where, and when does dechelation occur? The step in which
dechelation of the L-GBCAs may occur has not yet been clearly
identified.22,27 If dechelation occurs, it is currently not known
where it happens and in which chemical form Gd reaches the
CNS interstitium and neural cells. The role of transmetalation with
endogenous metals, such as Gd-Fe transmetalation in the case of
L-GBCAs, has not yet been clarified.

• Which macromolecules are involved? The identity of soluble Gd-
carrying macromolecules has not yet been revealed.22,27,33 The pre-
cise distribution of Gd at a cellular and subcellular level also needs
to be specified, and it remains unclear whether the Gd species varies
between brain location and over time.

• Role of other organs (bone, skin…) in the long-term storage of
Gd? The involvement of other organs of storage in the body, such
as skin and bones, which could constitute a “Gd reservoir”39,40 and con-
stitute a continuum with nephrogenic systemic fibrosis, is of interest.

• Juvenile population: Potential differences of Gd storage in the juve-
nile population in comparison to adults.

• Are there clinical consequences? If so, which? None of the many
available studies in humans or animals have shown an association be-
tween the observed increased signal intensity (SI) in the brain and
the occurrence of any clinical adverse events. However, potential
clinical consequences of Gd long-term presence in patients remain
a crucial issue to be investigated.

Terminology
Numerous clinical and preclinical studies have demonstrated

the presence of Gd in the brain after administration of GBCAs. Al-
though these studies have investigated identical parameters, the de-
scription is not uniform and various terms have been used to describe
the same phenomenon: for example, “uptake,” “accumulation,” “reten-
tion,” “storage,” or “deposition,” which may lead to misunderstand-
ings. To achieve a uniform and seamless communication, we propose
specific definitions for those terms that are frequently used in the liter-
ature (Tables 3, 4 and 5).
© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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General
The initial finding in native or baseline T1-weighted MRI scans

was increased signal intensity in some brain areas compared with a ref-
erence tissue or compared with earlier images of the same patient. This
is called hyperintensity.

We propose to use the terms “presence,” “residual Gd,” or “detec-
tion of Gd” in a general way without the intention of pointing to any
mechanistic hypotheses. The presence of Gd can only be detected unam-
biguously by methods that identify the element Gd. The occurrence of a
T1 hyperintensity in MRI is only indicative for Gd presence, because
signal intensity changes can also be caused by other metals, pathologi-
cal, or age-related changes in tissue composition. Because Gd is present
in tissue only at very low levels, the method for quantification of Gd,
usually ICP-MS, requires validation to obtain the lower limit of quanti-
fication (LLOQ). The background of Gd in the respective laboratory
environment is also a crucial parameter that needs to be determined,
for example, by including a saline-treated control group in the study
design. Thus, except if specified on its molecular status, Gd should
be considered as total Gd in the tissue of interest.
TABLE 3. Recommendations for Terminology: General

Term Definition

T1 hyperintensity, SI increase Area of signal enhancement on baseline or
unenhanced, native T1-weighted MRI images
in comparison to reference tissue in brain.

Residual, presence,
detection of Gd

Phenomenological term, no hypothesis
regarding the mechanism.

Lower limit of quantification
(LLOQ)

The lowest level of quantifiable Gd by the
analytical technique.

Background Gd level The level of Gd in the environment of the
laboratory, depending on the methodology
applied. This level can be higher than LLOQ

TABLE 4. Recommendations for Terminology: Kinetics

Term Definition

Uptake, accumulation A progressive phenomenon where the net
inflow is higher than the net outflow.

Must not be permanent.

Washout, elimination,
excretion

Gd tissue concentration decreases over time,
until the background level is reached.

Phenomenological term, no hypothesis
regarding the mechanism.

Retention Process with prolonged excretion (compared
with normal renal excretion).

Storage, deposition Long-term or permanent presence of the Gd
(via either an active or passive mechanism).

Long-term Long period which takes the life-span (~2–3 years
in rats) and elimination kinetics of GBCAs from
brain into consideration.

Irreversible, permanent Describe a phenomenon where
Gd is no longer eliminated from the tissue

© 2018 Wolters Kluwer Health, Inc. All rights reserved.
Kinetics
Gadolinium presence in the brain is a time-dependent phe-

nomenon, which can be described with kinetic parameters. The terms
“uptake” and “accumulation” both describe an increasing Gd-tissue
concentration over time, be it an active and specific process or a non-
specific progressive effect. “Washout,” “elimination,” or “excretion”
are used equally for the constant removal of Gd from tissue over time.
“Retention” describes the persistence of Gd for a longer time than
would be predicted from the acute time course of Gd excretion. The
terms “storage” and “deposition” should be used if the Gd remains in
the tissue for a very long time, with respect to the life-span of the ani-
mal, or irreversibly or permanently.
Timing Between the Last Injection and Sampling
An important parameter of all studies when interpreting data is

the time interval between the GBCA injection(s) and the sampling of
the tissue before its analysis, also called “Gd-free period.” Data obtained
from studies with numerous different time intervals, from several days24
Data Requested to Support This Term

• Qualitative and quantitative signal enhancement on T1w images.
• The signal in enhancing structures has to be normalized to
a well-defined reference tissue.

• The reference tissue should be carefully selected considering that no
cerebellar tissue structures are Gd-free. In human studies, the pons is
usually used. In rats the pons is a small structure in the brainstem and
usually not found in the same image plane as the deep cerebellar
nuclei. Therefore, the whole brainstem, a tissue with the lowest Gd
content reported, may be the most reliable area for reference in rats.

• Elemental gadolinium concentration in tissue.

• Must be previously measured for a dedicated method by accurate
in vitro spiking experiments (method validation).

.

• Requires a control group with no GBCA injection.

Data Requested to Support This Term

• Concentration higher in specific tissues (e.g. deep cerebellar
nuclei as compared with blood).

• Tissue concentration is increasing over time.
• Multiple time-points of follow-up.
• Sufficient number of time-points of follow-up of the Gd-tissue
concentration (or related parameter) which cover the relevant
part of the time course.

• Slow reduction of Gd-tissue concentration over time (see elimination).

• No decrease of Gd-tissue concentration over time as compared
with reference tissues.

• Follow-up time points → at least 5 months after last GBCA
administration to rodents.

• No decrease of the Gd-tissue concentration until the death.
• Needs a long-term time-dependent follow-up.

www.investigativeradiology.com 503
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TABLE 5. Recommendations for Terminology: Chemical Form

Term Definition Data Requested to Support This Term

Total Gd concentration Quantification of the element Gd.
The sum of all Gd species.

• ICP-MS, expressed in nmol Gd/g wet tissue.
• The molar unit is preferred over the mass unit μg Gd/g tissue
(1 μg Gd = 6.36 nmol), because the dosing is also in molar units.

Speciation of Gd Description of the chemical structures which
carry the Gd ion.

• Chromatography, ESI-MS. Requires careful selection of tissue
extraction conditions to avoid artifacts.

Intact complex/chelate Means that Gd is still chelated in its original ligand. • HILIC or other suited chromatography modes coupled with
ICP-MS or ESI-MS as detector.

Dissociated, dechelated Describe the fact that Gd is not associated with its
GBCA ligand.

• Chromatography, ESI-MS. Requires careful selection of tissue
extraction conditions to avoid artifacts.

Transmetalation Most likely process of dechelation. Exchange of the
gadolinium in the GBCA by an endogenous metal,
such as Fe, Zn, or Cu.

• Chromatography, ESI-MS. Requires careful selection of tissue
extraction conditions to avoid artifacts.

Soluble/insoluble Some (most) analytical techniques require the analytes
in soluble form. Speciation of insoluble components is
very difficult and not very reliable. Inorganic Gd salts,
Gd bound to insoluble tissue components or Gd
(also GBCA) entrapped in cells or organelles are
potential components of the insoluble fraction.

• The solubilization of tissue and the subsequent separation of
soluble and insoluble components are associated with the risk of
creating artifacts. Mild (near physiological conditions) must be
used. Homogenization of the tissue as well as the use of organic
solvents during sample preparation can destroy cells and lead
to a mixture of intracellular and extracellular compartments.
The used method requires full description and discussion of the
shortcomings.

• Crystallographic methods could be applied for insoluble
components but this requires a substantial amount of the
component in high purity which is difficult to obtain.

• EM associated with EELS for example can demonstrate the
presence of clustered, insoluble Gd, but does not allow speciation.

Deposits Describe insoluble particulate Gd clusters visible at
cellular or subcellular levels.

• Detection by appropriate techniques such as electron microscopy.

EELS indicates electron energy loss spectroscopy; EM, electron microscopy; ESI-MS, electrospray ionization mass spectrometry; HILIC, hydrophilic interaction liq-
uid chromatography; ICP-MS, inductively coupled plasma mass spectrometry.
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to 1 year,30,33 have been reported. If not properly addressed, this can lead
to contradictory or misleading conclusions and hence to difficulties in
reaching a consensus within the community about the time course of
the excretion from brain tissue.

The time frame of such time intervals can consider different
aspects. The excretion half-lives of GBCAs in plasma is 20 minutes
in rats and 90 minutes in humans41 and the elimination from brain tis-
sue is significantly slower. In one rat study, when evaluated at early time
points, close to the last injection, significant elimination for all GBCAs
was observed between days 3 and 24.22 Supporting the importance of
long-term follow-up and time-point selection, in other studies with lon-
ger time intervals between injection and sampling, slow continuous and
nearly complete elimination of the M-GBCAs was observed during the
first 4 months, whereas the L-GBCA were retained and no longer
excreted after 5 to 6 months.30,33 We propose to use “long-term” to
reflect an interval of at least 5 months in rodent species.
Speciation of Gd
Initially, the Gd tissue concentrationswere determined by ICP-MS

measurements. This technique provides the total Gd concentration, but
does not provide any information about the chemical form of the element.
Speciation, according to the definition by the International Union of
Pure and Applied Chemistry (IUPAC), is the distribution of an element
among defined chemical species in a system.42 Several studies have
demonstrated that Gd can be present in the brain in at least 3 distinctive
forms22,27,33: soluble small molecules, including the intact chelate
GBCA, soluble macromolecules, and to a large extent in an insoluble
fraction. The process called transmetalation refers to the transfer of
the Gd ion to another endogenous ligand, by the replacement of another
504 www.investigativeradiology.com
endogenous metal ion such as Fe, Cu, Zn, and so on.43 This means that
the Gd is removed from the ligand of the GBCA, which is also called
dissociation, dechelation, or release of Gd and results in new Gd-
containing molecules. The term “deposits” describes insoluble particu-
late Gd clusters visible at cellular or subcellular levels by appropriate
techniques such as electron microscopy. Several different Gd species
can be present simultaneously in the brain. Strategies to investigate the
speciation of Gd will be discussed in more detail in a specific section
(see bioanalytical methods section).
METHODOLOGICAL ASPECTS AND
RECOMMENDATIONS FOR PRECLINICAL STUDIES

Animal Models and Their Translational Relevance
Indeed, preclinical studies play a pivotal role in biomedical re-

search and have provided crucial benefits to human health care. In the
current topic, preclinical studies are essential to assess the potential risk
associated with repeated administration of GBCAs and to better under-
stand the mechanism of brain T1 signal hyperintensity and the long-
term fate of the Gd retained in brain tissue.

Compared with clinical trials, the main advantages of preclinical
models are their prospective nature and homogeneity: subjects share the
same controlled genetic background, living environment, and study
parameters. Thus, many factors potentially generating bias are well
controlled or can be avoided. Studies may include one or several
matched control groups. The number of subjects is not limited by a po-
tentially poor recruitment rate as observed in clinical trials or availabil-
ity of postmortem tissues. Furthermore, sample collection and access to
© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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tissue is straight forward, allowing simultaneous investigation of nu-
merous in vivo and ex vivo parameters.

The objective of an appropriate animal model is to obtain a pre-
dictive model of human outcomes. Of course, interspecies differences
are unavoidable. They include body surface area, biological cycles, brain
anatomy, and metabolic disposition of xenobiotics, to mention the most
relevant. One example is the species-related difference in hepatobiliary
elimination of gadobenate, which is approximately 50% in rats, whereas
it is only 3% to 5% in humans.44

Health authorities require, for preclinical studies, that toxi-
cological testing strictly follows guidelines, such as the guideline
M3 (R2), issued by the International Conference on Harmonization.
These studies must be performed in 2 mammalian species, 1 rodent
and 1 nonrodent. Usually, rats are selected as the rodent species, and
dogs, or possibly nonhuman primates, are the species of choice for
the nonrodent toxicology studies. Although preclinical research is
not required to follow Good Laboratory Practices regulations or In-
ternational Conference on Harmonization guidelines, both mice
and rats species are widely used in pharmacological and toxicolog-
ical research, including neurobehavioral tests. Rats are the most
used species in preclinical studies on the current topic and have
several advantages:

a) Data fromNSF studies on the presence of Gd in tissues in rats have
been acquired in the past and were found to have many similarities
with the clinical situations.12

b) Rat models are considered translational with respect to the
study of neurological deficits (akinesia, tremor, postural deficits,
and dyskinesia).45,46

c) Rodents are easier to manipulate, much less expensive, and more
readily available than nonrodents species, such as dogs, pigs, or non-
human primates. They allow sampling of brain, dissection,
and in-depth analysis of various brain structures at the completion
of the study, as well as histopathological investigations. However,
due to their size (especially for mice), it can be more difficult to
access small brain structures.

d) Rodents have a short gestation period and a short life-span, enabling
investigations of long-term consequences of GBCA exposure.
However, the differences in the scaling factors of kinetic processes
between rat and human (pharmacokinetics, life-span) may make
translation of the results difficult.

e) The sequence of key events in brain maturation is largely consis-
tent between humans and rodents.47

f ) Nonhuman primates are, of course, the species of choice for neu-
robehavioral studies, but numerous obstacles, including ethical is-
sues, availability and cost, limit their use. Animal protection laws
require the use of animals of the lowest development level when-
ever possible, which precludes the use of nonhuman primates for
most studies.

Another advantage to using rodents is that rats are an excellent
and highly translational model, notably for MRI. It is worth noting
that the T1 hyperintensity reported in patients repeatedly treated
with L-GBCAs was also found in rats after repeated injection of
L-GBCAs in the corresponding anatomical structure (deep cerebel-
lar nuclei). The only difference compared with clinical observations
was that, in rats, the lateral nucleus (corresponding to the human
DN) could not be distinguished from the other deep cerebellar nuclei
that also showed a T1 hyperintensity (Fig. 2).

Hemodialysis patients receiving L-GBCAs have greater DN sig-
nal increases on unenhanced T1-weighted images than age/sex-matched
patients.51 A strictly similar effect was reported in renally impaired rats
repeatedly treated with the L-GBCA gadodiamide,21,32 thus suggesting
the translational value of the preclinical model to address issues related
to a large population exposed to GBCAs.
© 2018 Wolters Kluwer Health, Inc. All rights reserved.
Another example of a good translation between preclinical and
clinical data refers to the distribution of GBCAs into the brain intersti-
tium. Hyperintense CSF in the subarachnoid space has been reported on
fluid-attenuated inversion recovery (FLAIR) imaging in patients who
had contrast-enhanced MRI.52,53 Recently, it was shown in healthy rats
that GBCAs can penetrate from blood into the CSF independently of
their molecular structure.15,20

Gadolinium distribution among cerebral and cerebellar struc-
tures is also similar in rodents, minipigs, and humans, and generally cor-
responds to structures also containing higher iron concentrations.32,54

However, Gd concentrations found in postmortem tissues of patients
are sometimes much higher compared with Gd concentrations in animal
models, even after repeated injections of high GBCA doses and after
short wash-out in animal models.10,16,22,55 This discrepancy has not yet
been explained.

Finally, despite somewell-known limitations, rodents seem to be
an appropriate species to investigate effects on GBCA exposure. Study-
ing populations potentially at-risk in rodents such as renally impaired
rats or juvenile rats is useful and results can generally be translated to
the human species.

The pros and cons of preclinical studies are summarized
in Table 6.

Group Size—Statistics
To obtain reliable and reproducible results, the animal studies

and also the analytical techniques used must comply with some funda-
mental requirements. All studies have to deal with scatter in their data,
which is due to the biological variability, insufficiencies in the technical
performance of the study, and the inaccuracy of analytical methods.60

The scientific goal determines the study design including the degree
these uncertainties need to be controlled. Studies that are conducted
in an early research phases as, for example, Gd presence in the brain,
usually have an exploratory character and try to establish new insights
and knowledge. At this level, a precise description of the results includ-
ing all limitations is usually more adequate than a sophisticated statisti-
cal analysis. This approach also holds true as regards histopathological
studies (including electron microscopy). A larger degree of uncertainty
is acceptable for such exploratory studies, and it may require several of
them to create hypotheses that can then be the basis for confirmatory
studies. Nonetheless, it is important to identify all important sources
of variability during the planning of the study and to implement suitable
measures or controls to compensate these variabilities. Because experi-
mental animal studies are prospective, controls are much easier to imple-
ment than in retrospective, observational human studies. The quality of
the results depends on the quality of the protocol, which includes the
quality of the analytical results, the data evaluation, and the appropriate
statistical methods. The basis for estimating the necessary number of
animals and control groups includes an understanding of the variability
of the expected data (distribution, standard deviation) and the expected
difference between the groups (effect size). From a statistical point of
view, an experiment should be planned in a way that probability α for
a type I error (accepting the null hypothesis although it is not true, that
is, saying there is no effect although there is one) is 5% or less and prob-
ability β of a type II error (rejecting the null hypothesis although it is
true, that is, saying there is an effect although there is none) is 20% or
less. This results in a statistical power of the test, 1-β, of 80% or more,
which is generally regarded as acceptable for animal experiments inves-
tigating drug efficacy.61

A study where the expected results with a Gaussian distribution
have a low standard deviation and the differences between the groups
are large with respect to the standard deviation (eg, the Gd concentra-
tion in brain tissue measured by ICP-MS, a well-validated, precise,
and accurate method) requires fewer animals per group than a study
with a higher variability of the results and where the differences
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between the groups are small (eg,MRI study to determine the change in
the signal intensity ratio between the deep cerebellar nuclei and the
brain stem, which are often only a few percent). For behavioral studies,
where the potential influence of the Gd presence in the brain shall be
assessed and which is also expected to be small, if existing at all, a large
FIGURE 2. T1 hyperintensity before and after repeated L-GBCA injections in th
in rat (E and F, Robert et al16). Schematic representation of individual deep cere
Copyright Elsevier Inc, with permission): blue, DN (human) or lateral nucleus (
(rat); green, globose nucleus (human) or posterior interposed nucleus (rat); and
lateral recess of the fourth ventricle (red) is located very close to the DCN and
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number of animals must also be employed to achieve the necessary test
power. To prove the absence of such effects may actually be impossible
in an animal study with a reasonable effort. It must be taken into consid-
eration that animal welfare and the respective protection laws prohibit
animal studies unless the goal cannot be reached by other means, and
e DN in human (B and C, Errante et al48) and in all deep cerebellar nuclei
bellar nuclei in human (A, Sobotta49) and rat (D, Paxinos andWatson50;
rat); orange, emboliform nucleus (human) or anterior interposed nucleus
purple, fastigial nucleus (human) or medial nucleus (rat). Note that the
is sometimes misleadingly allocated to the DCN.

© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 6. Consistencies (A) and Discrepencies (B) Supporting Preclinical Studies in Rodents

Parameter Rat Human Reference and Comments

A. Consistent Translational Aspects of Different Parameters Between Preclinical Studies in Rodents and Humans
GBCAs class effect T1 effect for linear GBCAs only T1 effect for linear GBCAs only Consensus in the literature
No. doses administered Up to 20 Up to 35 10,14,16,56

Threshold of detection of
T1 effect (no. injections)

8 6 10,14,16,21

Correction of clinical dose
(kg body weight vs m2

body surface area)

To convert human dose to rat equivalent dose, multiply
human dose with 6.2

FDA guidance57

Role of renal failure Potentiates Potentiates Mice,17 rat,21,32 human51

Blood-brain barrier Mature in rats from postnatal
day (PND) 11

Mature at birth Studies in juvenile rats
should start from PND12

Brain tissue iron Fe concentration in various
brain areas correlated with
total Gd concentration

Areas with T1 hypersignal
are also those with higher
Fe concentration

Rat,32 human54,56

Sex Male and female Male and female —

B. Discrepancies
Study design Prospective Retrospective, observational —
Population heterogeneity Standardized and homogeneous Heterogeneous
General health and
brain status

Healthy or well-defined
disease model

Various underlying diseases In Human, diseases with
potential BBB impairment:
MS, brain tumors, etc

Life expectancy, y ~3 ~80 58

Anatomy of brain Lissencephalic brain structure.
Dentate nucleus (“lateral nucleus”)
of small size (vs other deep
cerebellar nuclei)

Gyrencephalic brain structure.
Dentate nucleus quite large
(vs other cerebellar nuclei)

CSF formation rate, mL/min 0.00121–0.00148 0.4 Highly different, no
uniform scaling
between rats
and human59

CSF volume space, mL 0.156–0.196 150
CSF turnover rate (volumes/day) 11–10.8 4

Excretion half-life of chelated
Gd in healthy individuals

~20 min ~90 min Reducing tissue exposure

T1 effect in cerebellum All deep cerebellar nuclei Dentate nucleus only
Globus pallidus MR signal
(GP/thalamus ratio)

No T1 hyperintensity reported
so far (but may be due to
sensitivity issue)

Observed in several studies 15

Total Gd concentration in
nucleus (estimated),
after gadodiamide

5–30 μM 3–90 μM Rat,21 humans10,55

Mean interval between
2 administrations

1 d to 1 wk Highly variable (months to years) Shorter time intervals in rat
supported by the shorter
excretion half-life of
GBCAs in rodents

Anesthesia Multiple, mostly isoflurane
(injection + MRI)

No anesthesia Injection on nonanesthetized
animalsin some studies.19,23
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such studies reduce the number of animals to an absolute minimum and
are scientifically indispensable, reasonable, and justified from an ethi-
cal point of view.62

Blinding/Randomization and Control Group Selection
The choice of appropriate control group(s) is crucial and is

predetermined by the purpose of the study. In the control group, all sub-
jects must be manipulated in a strictly similar manner (sex, age, food,
living environment, same manipulation including blank injection [sa-
line] and sample processing, exposure to anesthetics) to obtain exact
reference conditions. For determination of the total Gd concentration
or for speciation studies, a control group is necessary to identify poten-
tial contaminations or artifacts during sample processing. However, for
detection of a T1 signal hyperintensity, for histological analysis, dosing
of endogenous molecules, or for behavioral tests, a saline control group
is mandatory to obtain reliable results.

Performing the study in a blinded way is important, to avoid
attention or observation bias in behavioral tests. However, blinding
is not always desirable if the risk of cross-contamination exists
between groups: in a completely blinded experiment, animals from
different groups would be housed in the same cages, which causes
possible cross-contamination and leads to a bias in the mea-
surement of tissue Gd concentration and Gd species (see also
bioanalysis chapter).

Animals should be randomized for the group allocation to pre-
vent bias from stress of the animals, linked to their order of passage,
or habituation of the experimenter to a measurement along the day, or
in terms of circadian bias, for instance in neurobehavioral studies. Re-
garding MRI studies (qualitative and quantitative evaluations), animals
should be randomized for both the test-group and the imaging time point.

Sometimes, in the case of observational and qualitative parame-
ters of a behavioral examination, it is recommended to include an addi-
tional untreated control group, unblinded. For instance, the Functional
Observational Battery/Modified-Irwin Test implies a qualitative scoring
of inherent behavior of the rodents (excitation, response to stimulus…),
and an unblinded healthy control group is of great help to constitute a
basal reference of normal behavior.

In addition, for specific pathological models, a healthy control
group is usually recommended (based on the study purpose).

It is taken for granted that, to reduce the number of animals for
ethical reasons, it may be wise to investigate an important number of
parameters and groups in a same study, provided it does not lead to
interparameter interferences. For example, Gd-speciation studies may
be performed on deep cerebellar nuclei (DCN) from 1 hemisphere
and histology investigations on the contralateral DCN.

Dosing Scheme
T1 hypersignal induction was observed after repeated adminis-

trations of GBCAs. The number and frequency of the administrations
as well as the dosage is highly variable from one study to another.
The repetition of injections of the clinical dose, adapted to the body sur-
face area according to the FDA recommendations57 (human dose inmmol/
kg� 6.2 in rats, for example), is sometimes simplified, to achieve the same
cumulative dose in a fewer numbers of injections. For instance, 1 single
dose of 2.4 mmol/kg of gadodiamide leads to a similar T1 hyperintensity
in the rat DCN as compared with 4 daily injections of 0.6 mmol/kg over
4 days.16 However, to reproduce the clinical situation as closely as
possible, repeated administrations of the maximum dose for humans
(6.2 � 0.3 mmol/kg = 1.9 mmol/kg) should preferentially be used. If the
study goal benefits from higher or lower doses (eg, in toxicological stud-
ies), this should be justified. The time between the administrations is
highly variable in patients, and this influences the presence of that frac-
tion of Gd that is able to be eliminated from the brain over time. The
fraction of Gd permanently stored in tissues will accumulate over time,
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irrespective of the time interval between the injections. Therefore, it de-
pends on the study goal to select which timing is appropriate, and this
should be documented in the report. In general, 1 day between 2 injec-
tions is sufficient in healthy rats, based on the renal excretion half-life
of 20 minutes in this species. Finally, also the GBCA cumulative dose
depends on the aim of the study. A cumulative dose comparable to
the clinical situation may be relevant to investigate the T1 effect or
mechanisms of distribution and elimination. To investigate potential
neurotoxicological effects for the first time, it seems appropriate to ad-
minister relatively high cumulative doses in a preliminary study (to obtain
a proof of concept) and then to study lower and more clinically relevant
dose ranges. With specific dosing schemes, the physicochemical proper-
ties and the injected volume should be considered.
Time Points of Measurements
The whole topic of Gd presence in the brain goes back to the ob-

servation of hyperintensities in T1 weighted MRI after repeated admin-
istration of some GBCAs.1 The investigated patients in all clinical
studies received multiple GBCA administrations and MRIs with very
different intermittent time intervals. Due to the retrospective character
of the studies, the time intervals were dependent on the treatment
and follow-up of the respective patient and were not at all standard-
ized. The study of potential effects of repeated dosing of GBCA in an-
imals does not only require a dosing scheme that represents the clinical
situation but also an appropriate schedule for the sampling of data
after administration.

A major issue to address within this topic is based on the kinetics
of the elimination of Gd from brain tissue. This requires data sampling
at time points after the last administration, which covers most parts of
the elimination process. The number and spacing of tissue samplings
must be adequate to identify the underlying kinetic process, which
can be multiphasic, due to the fact that different compartments within
the brain can be involved as well as several different Gd-species that
can be excreted with very different rates.22 To calculate pharmacoki-
netic parameters, a sufficient number of sampling time points should
be taken to evaluate the elimination rate. To demonstrate that, the excre-
tion process can be very slow or is even not taking place such studies
can last for 1 or 2 years, but may also require starting the sampling after
a few days after administration to cover the faster excretion of soluble
Gd-species (Fig. 3). Semiquantitative results can be obtained with
as little as 2 sufficiently spaced data points.

Although ideal, it is not possible to study all aspects of Gd pres-
ence in brain tissue in such kinetic studies, because of the excessively
large number of animals needed. Studies explicitly addressing specific
single time points should follow certain rules to make them comparable
to each other and to gather data at time points, which allows mean-
ingful combination of the results of separate studies. To categorize
the studies, a short time interval would be the period up to 4 weeks
after the last administration when a large fraction of soluble Gd spe-
cies is eliminated,18,22,33 and long-term studies would cover a period
from at least 5 months and longer (1–2 years) to investigate the fate and
possible effects of Gd species, which are poorly eliminated from the
brain, if at all.30,63 The interpretation of the results of such studies must
always include the specific time point and make reference to the overall
elimination process if known.

Magnetic Resonance Imaging
Initial observations reported signal hyperintensities in T1-weighted

MRI examinations in patients.1 As a translational imaging technique, MRI
has been used to reproduce this observation in rodents.14–16,21,24,27,32,33

Brain structures known to enhance after multiple injections (DN and
globus pallidus) in humans correspond to a structure in rats, which
is called lateral nucleus, a very small structure less distinguishable
© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 3. Schematic representation of elimination profiles in a long-term study. At the time of final administration, a sufficient number of sampling
time points should be taken to evaluate the elimination rate.
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from the other cerebellar nuclei, withwhich it forms the deep cerebellar
nuclei (DCN in both species, Fig. 2). In rodents, all the nuclei referred as
DCN are hyperintense (not only the lateral nucleus) on T1-weighted se-
quences after L-GBCA administrations (Fig. 2F). Investigators should sys-
tematically refer to the Rat Brain Atlas50 to assign the respective brain
structures on MRI scans (Fig. 2).

Signal Detection and Sensitivity
DCN hyperintensities are visible in rodent preclinical models

with T1-weighted Spin Echo or Gradient Echo sequence at magnetic
fields from 1.5 T to 4.7 T,14–16,21,24,27,32,33 whereas in clinical studies,
T1 hyperintensity was characterized at 1.5 Tand 3 T. For rat brain imag-
ing, spatial resolution must be high enough to clearly distinguish DCN,
which are quite small in rats (3 � 1 � 1 mm3, Paxinos and Watson50).
Therefore, the relatively low resolution of clinical MRI scanners is
a limiting factor in small animal research. Submillimeter voxels (eg,
156 � 156 � 800 μm3,14,16 300 � 300 � 800 μm3,15 164 � 164 �
700 μm3 21) are necessary to limit partial volume effects, which would
mask the T1 hyperintensity of the small DCN, and to allow accurate po-
sitioning of regions of interest (ROI). The pulse sequences used have to
be optimized for small animals.

Longitudinal relaxivities of GBCAs (r1 in mM−1·s−1) are in the
range of 3–4mM−1·s−1 at 1.5 T.64 The typical concentration found in the
DCN in the first month after repeated administration of gadodiamide is
approximately 5–30 nmol/g (~5–30 μM assuming that 1g of tissue is
close to 1 mL),21,24,32 which is in the range of the lower limit of detec-
tion of MRI.65,66

The measured Gd concentration is close to the detection limit for
GBCAs in MRI and therefore the observed hyperintensity is probably
also due to other Gd species. Some Gd species in the brain are expected
to have an increased r1 due to interactionswith endogenousmacromole-
cules (not yet characterized, see “Tissue Gd and its speciation” section).
This effect of relaxivity is most prominent at 1.0 to 1.5 T and decreases
very quickly with increasing magnetic field, according to the nuclear
magnetic relaxation dispersion profile.27 This suggests thatMRI at field
strengths, approximately 1.5 T, is particularly sensitive to the presenceof
macromolecular Gd species that originate from less stable L-GBCAs. In
addition, if the presence of these macromolecular Gd species within the
DCN is the source of T1 hyperintensities, it may be less visible at higher
field strength.

Signal Quantification
The signal hyperintensities of DCN can be evaluated qualita-

tively and quantitatively on T1-weighted images. Qualitative visual
© 2018 Wolters Kluwer Health, Inc. All rights reserved.
assessment is very sensitive because it is not influenced by background
noise. A 3-point scoring scale of DCN relative to adjacent cerebellar tis-
sue has been proposed to compare groups: 0 for no detectable T1
hyperintensity, 1 for doubtful T1 hyperintensity, and 2 for definite T1
hyperintensity. This approach is able to differentiate between GBCAs
or animals with or without kidney impairment.14,16,21,32

Unlike the CT Hounsfield units, MRI signal intensity is not a
quantitative parameter and depends on several technical parameters like
MR sequence, coil type (sensitivity and load), and the T1-weighted
measurement technique used. As a consequence, the signal in en-
hancing structures has to be normalized to a well-defined reference
tissue to enable a comparison not only of different studies but also
of different subjects within a study. This approach is used in clinical
and preclinical studies and is called semiquantitative.14–16,21,24,27,32,33

The tissue of reference should be carefully selected because all cer-
ebellar tissues contain some Gd. In human studies, the pons is usu-
ally used. In rats, the pons is a small structure in the brain stem
and usually not found in the same image plane as the DCN. There-
fore, the brain stem, as the tissue with the lowest Gd content reported,
may be most suitable.21,33

Several studies have used quantitative R1 measurement (in s−1)
with dedicated MR sequence and postprocessing.16,21,35 As in clinical
studies, FLAIR sequences could be considered to investigate fluids as
the CSF; and T2/T2* sequences to investigate Gd and metals effects,
in the hypothesis of transmetalation mechanism.

However, the reproducibility and accuracy of these quantitative
methods are under debate, because the MRI methods used are usually
not validated for this purpose. To avoid bias in MRI scan evaluation
blinding and randomization are mandatory.
BIOANALYTICAL METHODS

Cross-Contamination
Because Gd is present in brain tissues only at very low levels

and because the analytical techniques are extremely sensitive, limitation
of cross-contamination is crucial, especially for laboratories which
also work with highly concentrated contrast agent solutions at the same
time. Precautions such as keeping animal groups separate (to avoid
cross-contamination from urine), special care during sample harvesting,
and the use of separate rooms for sample workup as well as inclusion of
a control group (eg, a saline group) should help to limit Gd cross-
contamination and to interpret data (notion of background level of
Gd). See chapter on control groups for details.
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Tissue Gd and Its Speciation
Because of its high acute toxicity, Gd is necessarily injected un-

der a chelated form andmany investigations have been conducted to de-
termine the chemical form(s) of Gd present in the brain.

Gd speciation can be assessed in liquid biological matrices or bio-
logical extracts by the coupling of a separation technique such as chroma-
tography with ICP-MS detection (high sensitivity for the element Gd)
or ESI/MS (provides molecular information of the analyte); see Tables
7 and 8 for a general overview of the techniques most frequently used.

Most speciation analyses require the analytes in soluble form.
Mild tissue extraction conditions, which retain the physiological condi-
tions, should be used to guarantee the stability of the different Gd spe-
cies during the sample preparation. Appropriate controls are always
required to demonstrate that the formation of artifacts is minimal, espe-
cially if more harsh extraction conditions are used (i.e., use of organic
solvent). Extraction and analysis of blank matrix (tissue) spiked with
a known amount of GBCAs close to the level measured in the treated
animals should always be included in such studies.

Recovery of total Gd or the respective Gd species is also an
important parameter to consider and to determine. Using ICP-MS
detection, which provides the total Gd concentration, independently
of its species (after tissue mineralization), and considering its zero
background in organisms, Gd recovery can be obtained directly from
the analyzed samples. In case of low extraction efficiency, informa-
tion on Gd species from the extract will not cover all the Gd present
in the tissue.

Several chromatographic techniques have been used so far for
Gd speciation in the soluble fraction of extracted brain tissue.22,24,27,33
TABLE 7. General Characteristics of Techniques Most Used for Speciation

Instrumentation Information Provided Sensitivity/S

Magnetic Resonance
Imaging

3D spatial distribution of
(T1-weighted) signal
enhancement in the brain; major
alterations in tissue structure (edema,
cellularity, tissue anisotropy, vessel
permeability, oxygenation…)

Medium–low, L
Gd/g wet tiss
Can be insen
Gd-species. I
T1-shortenin
than Gd. Spa
50–100 μm p

Relaxometry Presence of T1-shortening
components, including Gd.

Medium–low, L
nmol Gd/g w
insensitive to
species and p
with T1-shor
than Gd.

Electron
microscopy

2D distribution of electron-dense
heavy metal clusters with very
high spatial resolution but very
limited field of view in histological
sections of the brain. Detection of
structural alterations at
subcellular level.

Very high for G
very low for
distributed G
additional tec
EDX or EEL
specific elem
co-localizatio
Does not allo
Spatial resolu
per pixel.

Histology, light
microscopy

Detection of alterations in tissue
structure and alterations in protein
localization (and expression) at
cellular level. Does not detect Gd.

Depending on s
immunohisto
sensitive and
quantitative b
standardized

EDX indicates energy dispersive x-ray spectroscopy; EELS, electron energy loss s
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SEC (size exclusion chromatography, also known as gel per-
meation chromatography or GPC) based on separation of macromol-
ecules according to their molecular weight allows the detection of
Gd bound to macromolecules. SEC coupled to ICP-MS does not
provide information about the chemical nature of the Gd-carrying
macromolecules. It also does not allow to differentiate whether the
intact GBCA or the transmetalated Gd3+ ion is bound to the macro-
molecule. Appropriate control experiments or additional experiments
are required to support or disprove one or the other hypothesis. To
separate highly hydrophilic GBCAs or potential small Gd-carrying
metabolites (eg, Gd-citrate), HILIC (hydrophilic interaction liquid
chromatography), a technique based on hydrophilic partitioning and
electrostatic interaction, facilitates the separation of these highly polar
or ionic analytes and at the same time allows their identification by
ESI-MS or retention time. Other chromatographic techniques such
as HypercarbW are also suitable for these analytes on reversed phase-
like systems.

Spatial Distribution of the Gd in Tissue
Determination of the spatial distribution of Gd in tissue sections

can provide useful information on its accumulation in specific areas of
interest (such as deep cerebellar nuclei, granular layer of cerebellar cor-
tex, choroid plexus) as well as at cellular level, depending on the spatial
resolution of the techniques (10–70 μm for LA-ICP-MS, 1 μm or less
with synchrotron and electron microscopy). Depending on the sample
preparation (sections of frozen tissue or formalin-fixed, paraffin-
embedded [FFPE] tissue), and on the detection method used, either
the total Gd (LA-ICP-MS) or only a fraction of the Gd (insoluble Gd,
of Gadolinium: Nonquantitative Methods

patial Resolution Sample Preparation

Availability
(Method and

Samples) and Cost

OD ~20–50 nmol
ue for GBCA.
sitive to insoluble
nterference with
g effects other
tial resolution:
er pixel.

Anesthetized animals,
ex vivo samples, very
straightforward.
Medium sample
throughput.

Availability: high for
animal and human
studies. High cost.

OD: ~20–50
et tissue. Maybe
some insoluble Gd
rone to interference
tening effects other

Excised tissue, extracts
of tissue, or liquid
samples. Medium sample
throughput.

Availability: high for
animal studies, low
for human samples.
Medium cost.

d clusters, but
homogeneously
d. Requires
hniques such as
S to characterize
ents and
n of elements.
w speciation studies.
tion <1 μm

Embedded and fixated.
Time-consuming, low
sample throughput. Loss
of soluble fraction during
preparation of the tissue
slides (fixation,
embedding, washing…).

Availability: low for
animal and human
studies. High cost.

taining and used
chemistry, very
highly specific. Not
ut highly
.

Sectioning of excised
tissue. Medium sample
throughput.

Availability: high for
animal studies, low
for human samples.
Low cost.

pectroscopy; LOD, limit of detection; GBCA, Gadolinium-based contrast agent.
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TABLE 8. General Characteristics of Techniques Most Used for Speciation of Gadolinium: Quantitative Methods

Instrumentation Information Provided Sensitivity/Spatial Resolution Sample Preparation

Availability
(Method and

Samples) and Cost

Inductively coupled
plasma mass
spectrometry

Elemental analysis providing the
total Gd concentration of the
sample. Simultaneous
quantification of others
elements of interest such as
Fe in order to support
hypothesis of transmetalation.

Very high, LLOQ ~0.005 nmol
Gd/g wet tissue. Spatial
resolution is very limited
and depends on the tissue
dissection.

Dissection of anatomic structures
of interest (brain, cortex,
cerebellum, deep cerebellar
nuclei, choroid plexus…).
Solubilization of excised tissue,
dilution of liquid samples, very
straightforward. High sample
throughput.

Availability: high for
animal studies, low
for human samples.
Medium costs.

Laser ablation–
ICP/MS

2D spatial distribution of total
Gd in histological sections of
the brain

Medium–high LOD ~0.1 nmol
Gd/g wet tissue. Spatial
resolution: 10–70 μm
per pixel.

Cryosectioning of excised tissue.
Time-consuming, low sample
throughput.

Availability: low for
animal and human
studies. High cost.

Chromatography–ICP/
MS or molecular MS

Separation of different soluble
Gd-species. Detection of
molecular MS also allows
identification of small
Gd-species. Different
chromatographic modes (SEC,
reversed phase, HILIC…) can
be used, depending on the
expected Gd-species. Further
investigations using protein
biochemistry and MS-based
approach will be necessary to
identify endogenous
Gd-binding proteins.

Depending on sample
preparation and detection
system: Medium–high
ICP-MS: LOD ~0.05 pmol
Gd/peak or 0.01 nmol Gd/g
wet tissue for a single Gd
species. Molecular MS
(eg, ESI-MS): LOD
~0.1–1.0 nmol Gd/g wet
tissue for a single
Gd species.

Dissection of anatomic structures.
Solubilization of excised tissue
under (near) physiological
conditions, dilution of liquid
samples. Appropriate controls
are always required to demonstrate
that the formation of artifacts is
minimal. Information only on
the soluble Gd fraction. Medium
sample throughput

Availability: high for
animal studies, low
for human samples.
Medium costs.

Real-time PCR or
similar methods

Detection of changes
in gene expression

High, relative quantification Isolation of nucleic acids from
tissue

Western blot Detection of changes
in protein expression

Depending on antibody
availability and sensitivity.
Relative quantification.

Tissue extracts

LLOQ indicates lower limit of quantification; LOD, limit of detection; LA-ICP-MS, laser ablation ICP-MS; PCR, polymerase chain reaction; ESI-MS, electrospray
ionization mass spectrometry; SEC, size exclusion chromatography; HILIC, hydrophilic interaction liquid chromatography; ICP-MS, inductively coupled plasma
mass spectrometry.
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clusters of Gd in most other cases) will be detected. Although these
techniques allows the detection of colocalized other elements, such as
Ca, P, or other metals, they only provide elemental information for Gd
and do not allow speciation.

Techniques with very high spatial resolution such as Transmis-
sion Electron Microscopy and Energy Dispersive X-ray spectrometry
(TEM-EDX) are useful for understanding the distribution pathways of
Gd in the brain. Thus, with the demonstration of the presence of Gd
in the wall of brain microvessels, GBCAs may not have passed the in-
tact BBB but instead penetrated the brain tissue via the CSF through
the choroid plexus and subsequently be distributed into the healthy
CNS tissue via the glymphatic system.67

To summarize, Gd can be present in the brain, not only in areas
associated with T1 hyperintensity in MRI, such as deep cerebellar nu-
clei, but also in additional brain regions such as the granular layer of
the cerebellar cortex after injections of GBCAs.More studies are neces-
sary to identify the different Gd-species that can be present in the brain.
Full coverage by a single technique is not possible, and it will require a
combination of different strategies, from tissue extracts to imaging on
tissue section such as proposed in a general review.68 Limitations of
each protocol, due to either the sample preparation (incomplete extrac-
tion or loss of soluble fraction during the preparation of the tissue sec-
tions) or the detection mode (elemental or molecular information)
should be taken into account in the discussion of the results.
© 2018 Wolters Kluwer Health, Inc. All rights reserved.
With L-GBCA, some Gd is detected as soluble Gd bound to at
least 1 class of macromolecules. The nature of the macromolecule(s)
is currently unknown. More investigations including protein bio-
chemistry and mass spectrometry to identify endogenous Gd-binding
macromolecules are still required to answer this question. It can be
anticipated that elucidation of the nature of these molecules will guide
research on putative neurotoxic consequences of Gd presence in brain
tissue. It may also allow to better understand the cause of the long-
term T1 effect, suspected to be related to the reduced rotational mobility
of a Gd-associated macromolecular species.27

Lastly, the use of imaging techniques with high resolution will
be a major help to elucidate the distribution pathways of Gd in the brain.
Histological Evaluation of Brain Tissue
Histological evaluation of the brain in rodent models and human

postmortem tissue primarily addresses biological alterations identified
by other methods, for example, hyperintense regions in MRI67 or Gd
presence in specific brain regions.23 To obtain tissue sections with high
morphological preservation, rat brains should be carefully collected to
minimize structural artifacts after exsanguination, buffer-perfusion, and
fixation or postfixation by immersion.69 Postfixation appears adequate
during general toxicity studies, but perfusion fixation provides an optimal
www.investigativeradiology.com 511
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tissue preservation for neurotoxicity studies.70 Neutral buffered 10% for-
malin followed by paraffin embedding is most efficient for routine anal-
ysis. However, cryosectioned material is preferable for some stains (eg,
immunochemistry, silver degeneration). Guidelines for organ sampling
and trimming in rodents toxicity studies have been published.71

General staining methods such as hematoxylin and eosin stain
(HES) can serve as a first overall evaluation of the tissue to detect
gross alterations. However, HES is known to have limited sensitivity
in detecting possibly subtle changes associated with potential Gd/GBCA-
induced neurotoxicity.72 Therefore, specific stains or immunohistochem-
istry are helpful to detect specific markers. Inflammation is associated
with microglia (ionized calcium binding adaptor molecule 1, Iba1),
activated microglia (CD68/ED-1), and astrocytes (glial fibrillary acidic
protein, GFAP, a sensitive biomarker that labels most reactive astrocytes
that respond to CNS injuries)73 (Fig. 4). Selection of the stains is best
left at the discretion of the pathologist. A well-described qualitative
histological evaluation is usually sufficient but becomes most effec-
tive when combined with digital image analysis and quantification,74

for example, quantification of the astrocyte marker GFAP to evaluate
reactive astrocytosis.72,75

It is very important that the analyzed brain regions, independent
of the method used (histological staining, laser ablation or MRI), are
aligned and compared with standard anatomical data sets or literature
to precisely confirm their localization50,76 (Figs. 2 and 4).

Pathologist blinding should be avoided23,72 when there is no a
priori defined spectrum of lesions, a situation that applies to administra-
tion of GBCAs. In blinded studies, only changes considered to be
clearly outside of a reference range can be recorded, an approach that
would reduce the sensitivity of the pathological study.77
FIGURE 4. Histological examination of parallel slices (4–6 μm, formalin-fixed p
nuclei (DCN, in red) using different staining procedures: HES (B and C), Nissl St
fibrillary acidic protein, GFAP (E), and microglia cells with ionized calcium-bind
compared with the correct position in a rat atlas (A, Paxinos and Watson,50 C
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Neurobehavioral Preclinical Models
Obviously, it is crucial to investigate the neurobehavioral safety

of repeated administrations of GBCAs. One advantage of preclinical
models is that, unlike for many patients referred for neuroradiological
procedures, they are devoid of background neurological or cognitive
diseases that may interfere with the identification of abnormal signs.

Thus, harmonization and well-controlled studies are essential
prerequisites for the investigation of predictive animal models in many
fields of neurological or cognitive diseases. These studies provide
deeper insight into the complex pathological processes involved, and
help to circumvent artifacts due to comorbidity. However, any transla-
tional approach including, but not limited to, modeling Gd presence
in certain brain nuclei, requires dedicated neurobehavioral screening
systems to provide reliable readouts and to fill the gap between bench
and bedside.78

Overall, hypothesis-free or hypothesis-driven experiments are 2
possible approaches for the design of neurobehavioral studies.79 The
importance of a rational strategy in the design, composition, and evalu-
ation of behavioral test batteries needs to be emphasized and will repre-
sent to a large extent the “state-of-the-art” in classic phenotyping.80

For conducting the experimental neurobehavioral screening, the
following recommendations for a comprehensive classical phenotyping
approach, derived from general considerations and examples in the lit-
erature,79 should be considered:

1) Every firm conclusion based on certain differences in a specific
behavioral performance must be substantiated by the proof that
the experimental animal is not only healthy, but also is equipped
with the corresponding sensory and motoric abilities.
araffin-embedded, FFPE) of a rat brain in the region of the deep cerebellar
ain with cresyl violet (D), immunohistochemistry for astrocytes with glial
ing adaptor molecule 1, Iba1 (F) (From Lohrke et al23). The full slice (B) is
opyrights Elsevier Inc, with permission).
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FIGURE 5. Example for a setup of a comprehensive, hypothesis-free
screening of neurobehavioral status.
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2) A basic screening for physiological abnormalities should be in-
cluded, even if the goal is primarily behavioral testing.

3) The screening of general health, neurological status, basic physio-
logical parameters, as well as behavioral assessment must be con-
ducted repeatedly, because several changes may become overt at
later stages of age or of disease progression in mice and rats.

4) A behavioral phenotyping approach must be comprehensive
and should not only be hypothesis-driven, but instead should
be composed of a complete test battery to detect behavioral
differences even in domains that are out of the scope of
the hypothesis.

5) At least 2 different tasks that test similar behavioral abilities but
vary in their presuming non–response-relevant requirements
should be incorporated, because these requirements may differ
with regard to perception, motor abilities, motivation, or stress.

6) Testing procedures should be ethologically based, that is, the right
tasks have to be designed for the right species.

7) When relevant, breeding conditions (number of pups per litter, etc)
must be standardized and maternal behavior screened. This needs to
include handling, especially postnatal manipulation, as well as stan-
dardized or controlled environmental enrichment. In the same
BLE 9. Examples of Behavioral Tests Often Used in Neurotoxicity Evalu

tegories of Tests Studied Behaviors and Functions

mple observation
of rodents in
their cage

Activity, excitability, social behavior,
sensorimotor, neuromuscular,
autonomic dysfunctions

Functional obse
Irwin test, SH

timetry Spontaneous physical activity Open-field, actim

otor Quantitative measures: coordination,
equilibrium, muscular strength

Gait analyses (e
grip strength

nsorimotor Quantitative measures:
stimuli-specific response

Acoustic startle
inhibition

gnition Learning, conditioning,
memory, anxiety, attention

Morris water ma
Y maze, light
maze, passive
schedules of r

otion, social
interaction

Anxiety, exploratory behavior,
social approach

Open-field, soci

ciception Reaction to external, peripheral
pain stimulus

Tail-flick, hot pl

From Moser,82 modified.

2018 Wolters Kluwer Health, Inc. All rights reserved.
line, (test-) biographies of the animals must be considered as po-
tentially interfering with the expression of a particular phenotype
or its onset.

8) Social behavior and social housing as well as its implications
(social rank, aggression, isolation stress, etc) must be consid-
ered, wherever applicable.

9) Apart from validation of a particular test, positive and negative
controls as well as controls across different strains of animals
should be included, if possible, to improve comparability with
other laboratories and to validate the specific task applied.

10) Standardized operating protocols should be used or developed to
increase validity and reliability.

An example for a setup of a comprehensive, hypothesis-free
screening approach is given in Figure 5.

Blinding of the experimenter (who should ideally always be the
same, at least for the same test) is crucial in neurobehavioral investi-
gations.81 Randomization is mandatory and the various treatments
should be allocated so that all test groups are housed in the same
cage.81 Randomization of the order of passage of the animals to
new cages is also recommended, to erase an effect based on odors or
circadian rhythms.

It is crucial to perform a wide range of tests to cover the large
number of neurological functions that residual Gd can potentially affect
(Table 9). The modified Irwin or SHIRPA (SmithKline Beecham
Harwell, Imperial College and Royal LondonHospital Phenotype Assess-
ment) tests are useful primary tests to detect gross abnormalities. Further
neurobehavioral studies should distinguish at least 4 behavioral paradigms
motor function, cognition, emotion, and pain with specific tests.

The functional tests used for neurotoxicity testing take advan-
tage of different behavioral repertoires. These tests allow repeated eval-
uation of a single animal over time to determine the onset, progression,
duration, and putative reversibility of a neurotoxic injury.82 However,
some tests, such as the open-field test, can hardly be repeated too often
and at short intervals without compromising their readout, if they lead
to a habituation phenomenon. It is crucial to take into account the etho-
logical and physiological specificities of the species studied. One obvi-
ous example is the high olfactory spectrum of rodents. Especially when
the behavior measured occurs spontaneously, a great deal of attention is
ations

Models End Points

rvational battery, Modified
IRPA

Arousal, rearing, reactivity, gait, posture,
responses, reflexes, landing foot splay,
grip strength, body temperature, excretions

etry boxes Distance traveled, speed, grooming,
rearing, stereotypic movements, etc.

g, CatWalk test), rotarod, Parameters on gait patterns, latency to
fall, muscular strength

response, prepulse

ze, elevated-plus maze,
/dark box, open-field
/active avoidance, operant
einforcement, etc.

Time spent in different areas, immobility…

al paradigm Time spent in center/corners/distance moved
in an unknown open area, tendency to
spend time in an empty chamber or a
chamber containing a congener

ate, von Frey test Latency to flick tail, latency to lick
hind paws
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TABLE 10. Recommendations for Accurate Preclinical Study Design Addressing Gd Presence in the Brain

Topic Proposal

Issue to be investigated in animal studies Prioritize questions least amenable to human studies.

Design, analysis, and reporting of preclinical studies Follow the ARRIVE guidelines.88 Use blinding where appropriate.

Clinical relevance Studies in sensitized models (eg, juvenile or renally impaired animals) may extend the
translational value of preclinical studies.

Test groups Include positive and negative comparator controls according to the question to be investigated.
Sufficiently sized groups.

Test end points Select end points that are maximally sensitive to the presence of Gd in brain.

Dosing Dosing scheme should be justified according the goal of the study (number and frequencies of
doses, amount of each dose, duration of the injection period, total cumulative dose)

Time interval between injections Depends on the study goal which timing is selected and this should be documented in the report.
In general, 1 day between 2 injections is sufficient in terms of elimination of the GBCA in
healthy rats, based on the renal excretion half-life (~20 min) in this species.

Time interval between last injection and analysis Based on the topic to be investigated, extend the time interval between the last dosing and the
analysis over a period of months and compare end points before, during and after the
GBCA-free washout periods with a sufficient number of time points to cover the full time
course of the Gd tissue kinetics.

MRI Slice positioning according to a dedicated brain atlas, submillimeter spatial resolution is required
to limit partial volume effects (DCN size in Rat ~1 � 1 � 3 mm3). Sensitivity for
hyperintensity of DCN is lower at very high magnetic fields.

Bioanalysis Cross contamination needs to be evaluated by inclusion of a group control (ie, saline group).
Appropriate controls of the sample preparation protocol are required to demonstrate that
formation of artifacts is minimal. Gd recovery (in vitro and in vivo samples) is an important
parameter to consider in the interpretation of data.

Histology Section selection according to a dedicated brain atlas. Appropriate sensitive staining methods.

Terminology Pay special attention to terminology (Tables 3–5).
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mandatory to ensure constant experimental conditions (time of day,
room temperature, noise level, lighting, apparatus cleanliness, odors,
etc) to achieve reliability.83 Maybe more than in other fields of phar-
macology and toxicology, training of operators is crucial for obtaining
reproducible and reliable results.

Open-field and elevated-plus maze tests are regarded as a necessary
but not sufficient preliminary approach.84 Variability in experimental pro-
tocol setup and design makes it difficult to compare the results of be-
havioral test between studies.85 Furthermore, interference with the
environment (including the experimenter) is a major issue for this
model, and must be carefully taken into account. Tests can be per-
formed with white light or red (inactinic) light, the latter mimicking
the dark phase of the circadian cycle and providing more comfort to ro-
dents. Like others, this parameter should be clearly specified, and the test
should always be performed under the same conditions and in the same
period of the day.

Data Interpretation and Reporting
Data interpretation is the cornerstone of the scientific method.

For example, as regards the interpretation of neurobehavioral data ob-
tained in rodents exposed to GBCAs, an anthropomorphic approach
should be avoided and interpretation should be based on an in-depth
514 www.investigativeradiology.com
ethological knowledge for the species considered, as commonly per-
formed in the field.

Data reporting is also crucial. A knowledgeable reader can only
understand and assess the relevance of published results if sufficient in-
formation has been made available on why and how presented findings
have been achieved. Following certain scientific standards in perform-
ing the experimental work and in preparing the manuscript is therefore
essential. This need has been identified in the scientific community and
an increasing number of guidelines on proper conduct and reporting of
scientific work have been published over the last 2 decades. A good
overview has been collected and published by the “EQUATOR” network
(http://www.equator-network.org/). One of the first and continuously up-
dated reporting guidelines was the CONSORT statement (Consolidated
Standards of Reporting Trials).86,87 Based on these guidelines for re-
porting clinical trials, the ARRIVE guidelines for reporting animal re-
search have been prepared and published in consultation with scientists,
statisticians, journal editors, and research funders.88

In essence, the ARRIVE guidelines provide a checklist for
authors and peer reviewers of items to be included in a scientific report
allowing the skilled reader to reach a useful conclusion about the efficacy
of drugs or interventions being compared. In particular, what needs to be
reported should include the specific hypothesis being tested, a detailed
description of methods, and a comprehensive discussion of limitations
© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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of the work, biological and clinical relevance, translatability to human
biology and clinics, and relation to other relevant studies. The detailed
method description for animal experiments shall encompass the num-
ber of experimental and control groups, a description of the effort to
minimize subjective bias, information about the experimental unit (eg,
single animal or group), and randomization of group allocation, precise
details of all procedures carried out (how [eg, drug formulation/dose,
site/route of administration, anesthesia and analgesia, surgical proce-
dure, method of euthanasia], when, where, why a procedure has been
done), animals that have been included (species, strain, sex, develop-
mental stage, body weight), number of animals, and how this was
decided as well as details of the statistical methods used for each
analysis. Especially the need for reporting a detailed description of all
procedures carried out and the details of the statistical methods used
(and why they have been selected) obviously applies to any scientific
report, not only to animal experiments.

Over the last decade, an issue of limited reproducibility of bio-
medical research studies published has been identified by a number
of authors.89–92 The major issues preventing reproducibility identified
by this group are data dredging (ie, squeezing data sets until a “signifi-
cant” result is found), omitting null results, performing underpowered
studies, technical errors, underspecified methods, and weak experi-
mental design. They could be easily avoidable by following reporting
recommendations like the ARRIVE guidelines. Thus, the ARRIVE
guidelines could serve as the basis for quality control by peers
reviewing a preclinical manuscript and a reference guide for investiga-
tors, of course including those focusing on Gd presence in the brain and
its consequences.

A minimal standard for conducting and reporting is not only rec-
ommended for original scientific work but also for the preparation of
systematic reviews or meta-analysis of previously presented data. It is
obvious that a shortage in selecting original publications for a review
has the potential to introduce a significant bias into the author’s conclu-
sion and thus on the overall quality of the review publication. To pro-
vide some guidance, a group of scientists, clinicians, and medical
writers met in 2005 to initiate the development of preferred reporting
items for systematic reviews and meta-analyses, eventually published
in 2009 as the PRISMA statement.93 This statement offers excellent
guidance for review preparation and should be widely acknowledged
in the community to improve the general value of reports.

CONCLUSIONS
We have attempted to suggest several points for consideration for

preclinical researchers involved in the pharmacotoxicology and
bioanalysis of Gd presence in CNS tissues. Some are common sense
and good scientific practice, others are the result of our experience.
Table 10 summarizes points to consider, based on FDA recommenda-
tions13 and our own experience. Considerable progress has been made
in the past 3 years as regards the understanding of Gd presence in brain
(and other) tissue. Preclinical research has been pivotal in these ad-
vances. It can be anticipated that elucidation of the remaining questions
will benefit from both industry and academic research.
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