Gadolinium retention in the brain

Not all Gadolinium-based Contrast Agents (GBCAs) induce visible
brain T1w hyperintensities related to dechelated Gd'

Before After 6 administrations of GBCA
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Dotarem® (Gadoteric Acid)
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T1w hyperintensities in the Dentate Nucleus (DN) on unenhanced MR images
have been reported:

* After repeated injections of linear GBCAs (L-GBCAs) '2?

* Caused by retention of gadolinium in the brain tissue®

¢ In patients with normal renal function '3

Some patients, such as those with brain tumors, multiple sclerosis or breast cancer, may require serial GBCAenhanced
MRI examinations. Gadolinium may accumulate in the brain following repeated injections of LGBCAs. The clinical
consequences of this retenfion are unknown today.

This brochure gives an overview and latest updates about hyperintensities and gadolinium retention as of January 2018.
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1. HYPERINTENSITIES

a) Not all GBCAs induce visible brain T1w hyperintensities - clinical evidence

Macrocyclic GBCAs

Molecule stability

lonic p] Non ionic >
Dotarem® Prohance® Gadovist®
(Gadoteric Acid) (gadoteridol) (gadobutrol)

e Radbruch () 2015!
e Radbruch (Ill) 2016#
e Eisele 2016°

e Radbruch (IV) 2017¢

e Stojanov 20162

e Radbruch (Il) 20152
« Radbruch (Il 2016¢
e Cao (I) 20167

e Radbruch (IV) 2017¢
® Bae 20177

e Schlemm 2017%

® Pozeg 20197
e Topcuoglu 20192

4 : LB;eGQZ(?]];: e Langner 201728
5 . 29
3 Adults e Splendiani 2018 e Kanda (Il) 20152 : gAUHer 231270]730
o e Eisele 2018 jernerud 2
8 * Saake 2019"" * Yoo 2018
= o H 20192 * Behzadi 2018%
2 vk 2 13 ® Moser 2018%
5 e Kavak 2019 .
= e Spendiani 2019 :J|<°U|em2(2)(])é§s
= ¢ Bennani-Baiti 201915 ang y
8 ® Moreno 2018
= e Splendiani 20187
= o Kelemen 2018%
® Rossi Espagnet 201714
e Radbruch (V) 201777 ® Young 2018%
Children ® Ryu 20188 * Young 20182228 o Renz 20783

® Bhargava 2018%

B No hyperintensities found

Prohance® is a trade mark of Bracco - Gadovist® is a trade mark of Bayer.

B Non-conclusive or questionable study design*

B Hyperintensities found
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The clinical studies listed in the table below evaluate the correlation between cumulative doses of various GBCAs and
presence of hyperintensities in the brain on unenhanced T1-weighted images. The table includes retrospective studies with
patients who received: 1/ repeated injections of a single GBCA during the study period, 2/ repeated injections of a
single class of GBCA (macrocyclic or linear) during the study period, or 3/ subsequent injections of different GBCAs for
which the period of injection of each GBCA is identified and studied.

Linear GBCAs

Non ionic

lonic p]

Primovist®

(gadoxetic acid disodium)

Magnevist®

(gadopenteiate dimeglumine)

Multihance®

([gadobenate dimeglumine|

Omniscan™

(gadodiamide)

e Kahn 201740

e |chikawa 20174
e Conte 201742

® Holesta 20184
e Kim 20184

 Kanda (I) 20144
e Radbruch () 2015?
e Kanda (ll) 20152
e Radbruch (Il) 2015
e Cao () 20167

® Tanaka 20164

® Bae 20177

e Schlemm 2017%

e Kuno 20174

e Behzadi 2018%

e Tamrazi 201848

® Weberling 20152

e Ramalho (I) 2015%2
® Ramalho (ll) 2016
® Bolles 2018%

e Kanda (I) 201445

e Errante 2014%

® McDonald 20153

e Ramalho (I) 201552
® Quattrocchi 2015%8
e Ramalho (ll) 2016
e Tanaka 20164

® Bae 20177

e |chikawa 20174

® Marie 2018%

® Quattrocchi 2018¢°
e Koiso 2019¢!

e Zivadinov 2019¢2

e Hy 2016%

e Flood 20175
® Renz 201838
e Flood 20195

e Schneider 2017%
e Kinner 2018%

® Young 2018222

* Stojanov 2016%: no visible hyperintensities and absence of control group. The results were questioned by Cao et al. 20162, Radbruch et al. 2015%° and Runge 201542,
Ramalho 12 & 1153, 2015 & 2016: studies design questioned on the number of injections and area of normalization.
Ichikawa*! & Conte*2 2017: studies design questioned on the volume administered to patients, lower than Kahn 20174

Rossi Espagnet 2017'¢: no visible hyperintensities. The results were questioned by two letters to the editor (Lancelot 20174 and Radbruch 2017¢%).

Splendiani 2018 : the differences were not statistically significant across the entire patient population.

Bjornerud 20172 results questioned on the high windowing, the enhancement observed (located also outside the DN, the similarity pre/post in enhancement, the decrease of noise
in the full image, the timing between injections too short to allow full wash-out of the Gd complex.

Schneider 201755 study design questioned on the dose (half dose was injected instead of full dose).

Primovist® is a trade mark of Bayer - Multihance® is a trade mark of Bracco - Omniscan® is a trade mark of GE Healthcare.




b) Why these differences:

various molecular structures, various stabilities®®

Kinetic stability: M-GBCAs > L-GBCAs Dissociation half-lives
350- pH 1-25°C 338 hrs
® The kinetic stability represents the speed of free
gadolinium release from the original GBCAs complex. 3001
* The lower the kinetic stability, the shorter the 2501
dissociation halfife, thus the fasfer the release of 2 200
free gadolinium. 3
T 150
® It is typically measured in vitro under very acidic
conditions (pH 1).¢” 1001
3h
* At a pH>5, M\GBCAs demonstrate a dissociation 501 3.9 hee iy
halHife of 3¢-65 years in comparison fo 57 days gl sB5sec <Ssec <5sec <5sec 1
for -GRCAs.¢7 Magnevist® Muliihance® Omniscan™ Optimark® Prohance® Gadovist®  Dotarem®
L-GBCAs M-GBCAs
— Thermodynamic stabilities
Thermodynamic stability: 5
ionic GBCAs > non ionic GBCAs  } =9
* The thermodynamic stability is another parameter 2 156419
measuring the propensity fo release gadolinium. 62
v 3 |
* The higher the thermodynamic stability, the lower g B
the quantity of free gadolinium released. g s
g
= 0

Gadovist® Omniscan™ Opfimark®  Prohance® Magnevist® Mulihance®  Dotarem®
Non-ionic GBCAs lonic GBCAs




Stability of GBCAs in human serum¢®’

KEY POINTS
* Non-ionic L-GBCAs: free gadolinium (Gd**) released ~ 10 times higher than ionic linear GBCAs

¢ lonic L-GBCA:s: slower but continuous release of Gd3*

* M-GBCA:s: no release of Gd3+

Comparison of the amounts of gadolinium released
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A Dotarem®
O Gadovist®
/

® Prohance®

This study suggests that the molecular structure of the GBCAs can impact their stability.

The graph colors shown on this page have been adapted for presentation purpose.

Why these
differences ?




c) Selected pieces of evidence

Comparison between a M-GBCA (Dotarem®) and L-GBCAs (Magnevist®
& Multihance®) - clinical study

Two clinical studies investigated the hyperinfensities in the brains of patients with normal renal function.'?

KEY POINTS
* Repeated administrations of Dotarem® did not induce hyperintensities in the Dentate Nucleus (DN) and Globus
Pallidus (GP)
* Same level of hyperintensities in the DN following repeated administrations of the L-GBCAs Multihance®
and Magnevist®
Radbruch' study Weberling? study
-
® Refrospective comparison of Dotarem® ® Retrospective assessment of Multihance® and
and Magnevist®. comparison with Dotarem® and Magnevist®
i * 2 groups of 50 patients received at least with the results from the Radbruch! study.
&Mote'ﬁalj 6 administrations of Dotarem® or Magnevist®. ® 50 patients received an average of 7.7 CE-MRIs
mefhods e Larger dose of Dotarem® per examination with Multihance®.
was used (mean dose: 27.07 ml) compared
to Magnevist® (mean dose: 19.62 mL).
>
e “This study indicates that an Sl increase * “The present study found an increase in Sl in
in the DN and GP on T1-weighted the DN after serial injections of gadobenate
images is caused by serial application dimeglumine.”
Conclusion of the linear GBCA gadOﬁenfefare . * "Compared with previously published data, the
dimeglumine but not by the macr ocyclic difference in Sl increase between gadopentetate
GBCA gadoterate meglumine. dimeglumine and gadobenate dimeglumine
was not significant for the DNHo-Pons ratio.”




Graph of the mean DN-to-Pons Sl ratio differences between the last and first MRIs?
Adapted from table 1, Weberling et al. 20152
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6 administrations of Dotarem®

Magnevist®

Unenhanced T1w MRI scans

6 administrations of Magnevist®'

Multihance®

15 administrations of Multihance®?

**significant (p<0.01)

Selected pieces
of evidence



Comparison between a M-GBCA (Dotarem®) with L-GBCAs
Preclinical study®®

Findings of clinical studies were confirmed by several studies conducted on rats, including Robert et al. 2016.¢8

KEY POINTS

* L-GBCA:s: presence of T1 hyperintensities in the Deep Cerebellar Nuclei (DCN)
* Dotarem® or saline: no change over 10 weeks

® The healthy rats received 20 intravenous injections of 0.6 mmol Gd/kg of one exclusive GBCA.
. ® 4 injections per week performed, for 5 weeks.
Materials

& methods * T1-weighted MRI performed before in‘l'ection and once a week during the 5 weeks of injections
and for another 4 additional weeks after contrast period.

® Blinded image analysis of MRI scans, including signal intensity measurements in the DCN.
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Another study®” conducted on rats evaluated the T1w hyperinfensities in the brain, up to 24 days, affer repeated
adminisfration of LGBCAs (Omniscan™, Magnevist®, Multihance®) and M-GBCAs (Dotarem®, Gadovist®). This study found:

* Hyperintensities in the DCN after repeated administration of L-GBCAs,

* No hyperintensities in the DCN for the M-GBCAs.

Omniscan™ (n=8)
Magnevist® (n=8) | LGBCAs
Multihance® (n=8)

Dotarem® [n=7) 1 MGBCAs
Control (n=7)

Selected pieces
of evidence




d) Controversies in clinical studies

Number of injections & volume injected

Various studies about hyperintensities have been released, using different profocols.
Protocols chosen could impact the sensitivity of a study and its results.

Area of normalization

® At least 6 injections are needed to have a clear
hyperintensity effect.”: 5870

o |f the volume and/or the number of injections are
too low, hyperintensities in the brain may not be
seen with some LGBCAs. 1 42 52,53

e For instance, in the Ramalho studies,? 53 the number
of Multihance® injections was below 6, and the
two studies concluded repeated injections of
Multihance® do not trigger hyperintensities.

 However, other studies?*>* concluded repeated
injections of the same product lead to presence
of hyperintensities in the brain. In these studies,
the patients received more than 6 injections of
Multihance®.

o |f the area of normalization is not appropriately
chosen, it may also influence the results of a study.

® McDonald et al.? demonstrated the Pons is the area
where there is the least gadolinium deposition.

¢ Data from the Cao study?¢ showed that the Pons
is more sensitive than the Cerebellar Peduncle (CP).




Age effect in children

* A study demonstrated that brain T1 is significantly related to age. Indeed, in children, the brain T1 Signal Infensity (SI) varies
with the age.”!

® In hyperintensities studies conducted in children, this variation may influence the results. Comparison to a control group
or use of specific statistics is required.

® For instance, in the Rossi Espagnet study,'¢ the Sl increase calculated after repeated injections of Dotarem® may be related
to brain maturation. Indeed, no visible Kyperintensiﬁes are seen on the MR scans published in the study. Moreover, two other
studies using specific statistics or a control group demonstrated the absence of hyperintensities in the pediatric brain after
repeated injections of Dotarem®.'”

® Pozeg'? et al. demonstrated that repeated exposure to gadoterate meglumine was not associated with brain hyperintensity
in the pediafric patients, whereas age importantly contributed to the signal intensity changes in several
deep brain nuclei.

® Flood*' ef al. exhibited that increased age correlates with increased signal intensity in all brain locations, except the frontal
gray matter, irrespective of sex. The biologic mechanisms may be related to chronologic changes in myelin density, synaptic
density, and water content. Establishing age-dependent signal intensity parameters in the structurally normal pediatric brain
enhance gadolinium-deposition research by providing an improved understanding of the confoung;ng effect of age.

Controversies in
clinical studies




2. GADOLINIUM RETENTION

a) Hyperintensities are caused by gadolinium retention

Post-mortem study

The study McDonald et al. ® detected refention of gadolinium in patients presenting hyperintensities in the brain.

KEY POINTS

* Neuronal tissue deposition of gadolinium appears to be cumulative over a patient’s lifetime:
- After injections of a single non-ionic L-GBCA, Omniscan™
- In patients with normal renal function

MR signal intensity changes

Globus Pallidus Thalamus Dentate Pons
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e Comparative study between post-mortem neuronal tissue sam
underwent at least 4 GBCA-enhanced brain MRIs with those

Fles from 13 patients who
rom 10 patients who did not

gﬂﬁﬂgi receive any GBCA (control group).
e Analysis performed with inductively coupled plasma mass spectrometry (ICP-MS), transmission
electron microscopy, and light microscopy.
* Patients exposed to multiple doses of LLGBCA: measurable quantities of gadolinium deposited
in their brain tissues ranging from 0.1 to 58.8 pg gadolinium per gram of tissue.
Conclusion e Control group: no detectable levels of gadolinium.

e “Our findings suggest that intravenous administration of GBCA is associated with dose-dependent
deposition in neuronal tissues that is unrelated to renal function, age, or interval between exposure
and death.”

Tissue localization and cellular response to gadolinium retention

of DN

les

Transmission electron
tissue samp

micrographs

Photomicrographs
from light microscopy
of DN
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A, B: X-ray spectra are also shown for selected electron-dense foci
(arrow); gadolinium peaks in spectra are indicated by red overlay.
C = carbon, Cs = cesium, Cu = copper, Gd = gadolinium,

O = oxgen, Os = osmium, Pb = lead, Ti = titanium, V = vanadium.

are caused by

Hyperintensities
Gd retention




b) Gd levels remaining in the body are higher after administration

of linear GBCAs compared to macrocyclic GBCAs

KEY POINT

* In both clinical and preclinical studies, levels of gadolinium retained after administration of M-GBCAs
are significantly lower than after L-GBCAs

Clinical study results - example”?

Median ratio of amount of gadolinium retained in the brain
Per gram of tissue per millimole of administered dose

0.2 1
B |-GBCA (Omniscan™): retrospectively
c calculated with the data from
o McDonald 2015% (n=13) p = 0.007
Z © 0151 m mcBCA (Prohance®):
8 E data from Murata 201672 (n=5
NN for the GP and n=3 for the DN)
9 0.1
ES )
S D
== p = 0.007
.2
= 0.051
8%
)
0 N
GP DN

® The study suggests the macrocylic GBCA Prohance® is retained “at a ratio greater than 20 times lower compared with
the Group 1 agent” Omniscan™.

The graphs colors shown on this page have been adopted for presentation purpose.



Preclinical study - example®®

Total gadolinium concentration
In nmol /g of tissue for cerebellum
Individual values, mean, and SD are given
Measured with inductively coupled mass spectrometry

6 -
@ E) *p<0.05vsor**p<0.01 vs saline
.c_)% ap < 0.05vs o p<0.01 vs Dotarem®
"é g m’
-l—v 4- _‘_
c
g € ‘e
c 2 ** *
S
—3 o
< Q0
v
28 2 —
- O
R c M
£ - v
0 - hl | 1 1 1

Saline  Dotarem® Magnevist® Muliihance® Omniscan™
) > < N

M-GBCA L-GBCAs

® "Repeated administrations of the linear GBCAs gadodiamide, gadobenate dimeglumine, and gadopentetate
dimeglumine to healthy rats were associated with progressive and significant T1 signal hyperintensity in the DCN,
along with Gd deposition in the cerebellum. This is in contrast with the macrocyclic GBCA gadoterate meglumine for
which no effect was observed.”

Gd levels remaining
are higher after
L-GBCAs




c) Presence of Gd associated to macromolecules

after injection of linear GBCAs

Gadolinium refention studies refrospectively conducted in humans present several limitations. Further research
is needed fo fully understand the wash-out kinetics of GBCAs and if gadolinium remains chelated over time.
Preclinical studies help providing some answers to limitations met in clinical studies.

Form & kinetics of gadolinium in preclinical data after 24 days 73

A bioanalytical study in rat brain fissue was inifiated to investigate whether the residual Gd is present as infact GBCA
or in other chemical forms after 24 days.

KEY POINTS

* Presence of intact complex of gadolinium (GBCA) for all contrast agents

* Only for L-GBCAs: presence of Gd associated to macromolecules, highly suggestive
of dechelation

* Only for M-GBCAs: absence of Gd associated to macromolecules, demonstrating
higher stability

® 6 groups of 10 rats — 10 IV injections of GBCA at 2.5 mmol/kg/day over 2 weeks
Materials e Sacrifice on day 3 and day 24 after the last injection

& methods e Collection and homogeneization of cerebrum, cerebellum and pons

* Quantification and characterization of Gd in the soluble tissue fraction




Omniscan™

Chromatograms of the soluble fractions of cerebellum homogenates from rats
after 3 days and 24 days

Clearance of chelated
Gd in the brain

Low molecular
weight Gd-complexes

Presence of Gd
associated to
macromolecules,
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of dechelation
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Form & kinetics of gadolinium in preclinical data after 1 year7*

A study was initiated to compare the longferm brain elimination kinefics and gadolinium species in healthy rats after
repeated injections of LGBCA Omniscan™ or M-GBCA Dotarem®.

KEY POINTS

e After repeated injections of the L-GBCA Omniscan™, a large portion of Gd was
trapped with 75% retained in the cerebellum after 1 year, and with binding of soluble Gd to
macromolecules

* After repeated injections of M-GBCA Dotarem®, only traces of the intact chelated Gd were
observed, with time-dependent clearance

¢ Animals received 5 doses of 2.4 mmol Gd/kg over 5 weeks

e Rats were randomized to 7 groups with 0, 1, 2, 3, 4, 5, and 12 months (MO to M12)
Materials of injection free period before sacrifice (n=10/product/time-point)

& methods e Brain sections were sampled to dose total gadolinium

e Right half of the cerebellum at M1, M3, M5 and M12 was used for gadolinium speciation
studies




(Examples of SECICP-MS)

Clearance of chelated

Chromatograms of the soluble fraction of cerebellum extracts after repeated injections
of Dotarem® and Omniscan™ during 12 months of follow-up
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CONCLUSION

W Chemical stability®

The chemical stability of GBCASs differs according fo their structure. The dissociation halHives demonstrate that M-GBCAs
are more sfable than LGBCAs.

® In vitro stability in physiological conditions®”

Over a period of 15 days in human serum and af pH 7.4, Frenzel et al. 2008 showed LGBCAs dissociate from their
original compound whereas M-GBCAs do not (below LOQ).

® No Brain Hyperintensities in normal renal function in adults and pediatric patients®”

No visible brain hyperintensities related to dechelated Gd following repeated injections of MGBCAs have been reported,
contrary fo LGBCAs.

®» Rapid Gadolinium Washout and still chelation after 1 years®. 7374

As any drugs, there is a presence in the brain and cerebellum of all GBCAs after repeated intravenous administrafion.
This presence is explained by a standard prolonged washout of the chelated form of the GBCAs. It has been demonstrated
in a preclinical study®' that Dotarem® has rapid and tofal washout in 5 months and remains chelated even after one year
following the last injection. However, in the same study, following repeated injections of the LGBCA Omniscan™, presence
of Gd associated to macromolecules within the first month was demonstrated, highly suggestive of dechelation.

# Clinical consequences unknown
Today, it remains unknown if gadolinium deposition could lead to potential long-term toxicity.
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