UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

A companion to the preclinical common data elements and case report forms for
in vivo rodent Neuroimaging

A report of the TASK3-WG3 Neuroimaging Working Group of the ILAE/AES Joint
Translational Task Force

van Vliet, E.A.; Immonen, R.; Prager, O.; Friedman, A.; Bankstahl, J.P.; Wright, D.K.; O'Brien,
T.J.; Potschka, H.; Grohn, O.; Harris, N.G.

DOI
10.1002/epi4.12643

Publication date
2025

Document Version
Final published version

Published in
Epilepsia Open

License
CC BY-NC-ND

Link to publication

Citation for published version (APA):

van Vliet, E. A., Immonen, R., Prager, O., Friedman, A., Bankstahl, J. P., Wright, D. K.,
O'Brien, T. J., Potschka, H., Gréhn, O., & Harris, N. G. (2025). A companion to the preclinical
common data elements and case report forms for in vivo rodent Neuroimaging: A report of the
TASK3-WG3 Neuroimaging Working Group of the ILAE/AES Joint Translational Task Force.
Epilepsia Open, 10(S1), S136-S182. https://doi.org/10.1002/epi4.12643

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.
YouMitbe ecatactod adesdpnaspogsitite. University of Amsterdam (htips.//dare.uva.ni)

Download date:20 Apr 2026


https://doi.org/10.1002/epi4.12643
https://handle.uba.uva.nl/personal/pure/en/publications/a-companion-to-the-preclinical-common-data-elements-and-case-report-forms-for-in-vivo-rodent-neuroimaging(a0225909-ab05-4c29-a5ca-b1b73461675f).html
https://doi.org/10.1002/epi4.12643

'.) Check for updates

Received: 12 December 2021 Accepted: 1 February 2022

DOI: 10.1002/epi4.12643

Epilepsia Open®
prepsia e

SPECIAL REPORT

A companion to the preclinical common data elements and
case report forms for in vivo rodent neuroimaging: A report
of the TASK3-WG3 Neuroimaging Working Group of the
ILAE/AES Joint Translational Task Force

Erwin A. van Vliet"? | Riikka Immonen® | Ofer Prager’ | Alon Friedman*®
Jens P. Bankstahl®® | David K. Wright’® | TerenceJ. O'Brien®® |
Heidrun Potschka’ | Olli Grohn® | Neil G. Harris'"!"

ICenter for Neuroscience, Swammerdam Institute for Life Sciences, University of Amsterdam, Amsterdam, The Netherlands
2Amsterdam UMC Location University of Amsterdam, Department of (Neuro)Pathology, Amsterdam Neuroscience, Amsterdam, The Netherlands
3A.1 Virtanen Institute, University of Eastern Finland, Kuopio, Finland

“Departments of Physiology and Cell Biology, Cognitive and Brain Sciences, Zlotowski Center for Neuroscience, Ben-Gurion University of the Negev,
Beer-Sheva, Israel

5Department of Medical Neuroscience and Brain Repair Center, Dalhousie University, Halifax, Nova Scotia, Canada

6Department of Nuclear Medicine, Hannover Medical School, Hannover, Germany

7Department of Neuroscience, Central Clinical School, Monash University, Melbourne, Victoria, Australia

8The Royal Melbourne Hospital, The University of Melbourne, The Alfred Hospital, Monash University, Melbourne, Victoria, Australia
“Institute of Pharmacology, Toxicology, and Pharmacy, Ludwig-Maximilians-University, Munich, Germany

Department of Neurosurgery UCLA, UCLA Brain Injury Research Center, Los Angeles, California, USA

Mptellectual and Developmental Disabilities Research Center, UCLA, Los Angeles, California, USA

Correspondence

Erwin A. van Vliet, Center for Abstract

Neuroscience, Swammerdam Institute for The International League Against Epilepsy/American Epilepsy Society (ILAE/
Life Sciences, University of Amsterdam, AES) Joint Translational Task Force established the TASK3 working groups to
PO box 94246, 1090 GE, Amsterdam, The . L. .
Netherlands. create common data elements (CDEs) for various aspects of preclinical epilepsy
Email: e.a.vanvliet@uva.nl research studies, which could help improve the standardization of experimental
Neil G. Harris, UCLA Brain Injury designs. In this article, we discuss CDEs for neuroimaging data that are collected
Research Center, Department of in rodent models of epilepsy, with a focus on adult rats and mice. We provide

Neurosurgery UCLA, 300 Stein Plaza, Los

Angeles, CA 90095, USA. . . . . . ..
Email: ngharris@ucla.edu manuscript, we discuss the methodologies for several imaging modalities and

detailed CDE tables and case report forms (CRFs), and with this companion

the parameters that can be collected.

KEYWORDS

epilepsy, rat, mouse, magnetic resonance imaging, magnetic resonance spectroscopy, positron
emission tomography, single photon emission computed tomography

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Epilepsia Open published by Wiley Periodicals LLC on behalf of International League Against Epilepsy.

S136 wileyonlinelibrary.com/journal/epi4 Epilepsia Open. 2025;10(Suppl. 1):S136-S182.


www.wileyonlinelibrary.com/journal/epi4
mailto:
https://orcid.org/0000-0001-5747-3202
https://orcid.org/0000-0002-0172-0849
https://orcid.org/0000-0003-4780-8456
https://orcid.org/0000-0003-4735-4490
https://orcid.org/0000-0002-7535-8651
https://orcid.org/0000-0002-7198-8621
https://orcid.org/0000-0003-1506-0252
https://orcid.org/0000-0003-1372-1651
mailto:
https://orcid.org/0000-0002-1965-6750
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:e.a.vanvliet@uva.nl
mailto:ngharris@ucla.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fepi4.12643&domain=pdf&date_stamp=2022-09-22

VAN VLIET ET AL.

S137

Epilepsia Open®

1 | INTRODUCTION

For some time now it has been recognized that there are
many benefits to the sharing and reuse of data across labo-
ratories. Not least is the fact that this may lead to new dis-
coveries that would not have been possible with data from
a single laboratory alone. This potential has been brought
about by new data analytics headed by tools such as ma-
chine and deep learning, spurred on by enhancement
in computer design and storage capabilities. In order to
fully capitalize on this potential, the collected “big data”
must be somewhat uniformly acquired and archived in
a manner that makes it accessible for further processing.
Data acquisition according to a predefined framework
is the idea behind Common Data Elements (CDEs) that
have garnered both clinical and now preclinical sup-
port by NIH (https://commondataelements.ninds.nih.
gov/). Construction and eventual mainstream use of CDE
are advantageous because it embodies the FAIR princi-
ples of Findability, Accessibility, Interoperability, and
Reusability’ that facilitate data and information sharing
in a robust and ethical way.

Preclinical neuroimaging data are commonly ac-
quired in epilepsy research since whole brain coverage
can usually be obtained and imaging is minimally or
noninvasive and therefore allows multiple data snap-
shots to be acquired to follow the disease process.
There are many imaging techniques that can be ap-
plied to study specific pathological alterations in the
epileptogenic brain, on a structural or functional level
(Figure 1). To date, however, there have been no formal
attempts to standardize the acquisition process across
laboratories involved in epilepsy research. Given,
for example, the recent formation of the Epilepsy
Bioinformatics Study for Antiepileptogenic Therapy
(EpiBioS4Rx), a large international, multicenter Center
without Walls (CWOW; https://epibios.loni.usc.edu/)
that requires preclinical data acquisition from multi-
ple sites across the world, there is a pressing need to
formalize common methods to potentiate the current
and future use of these type of data. In a recent paper,
a proposal was made to harmonize a pipeline for pre-
clinical multicenter MRI biomarker discovery in a rat
model for post-traumatic epileptogenesis.” We further
elaborated on that and have organized the CDEs into a
set of case report forms (CRFs) that will provide a more
streamlined approach to reconciling differences in ac-
quisition protocols across sites when data harmoniza-
tion is required for a shared project, with a main focus
on preclinical rodent epilepsy models but also making
the bridge to the clinic.

Key Points

1. This joint ILAE/AES initiative introduces com-
mon data elements (CDEs) related to the meas-
urement of various neuroimaging parameters
in adult rodents.

2. Case report forms (CRFs) and a companion re-
port discussing their use are provided for the
various neuroimaging modalities.

3. Future use of these forms may help to stand-
ardize animal experiments and to improve and
facilitate meta-analysis studies.

2 | METHODS

The Neuroimaging group consists of 10 (pre)clinical epi-
lepsy imaging researchers, selected on their relevant
expertise who developed CDEs and CRFs for 11 neuroim-
aging modules (see following paragraphs).

The CDEs/CRFs are organized around the follow-
ing modules: (1) Technical Information, (2) Physiology,
(3) Contrast-Enhanced Magnetic Resonance Imaging
for blood-brain barrier permeability, (4) Angiography,
(5) Arterial Spin Labeling, (6) Diffusion-Weighted
Magnetic ~ Resonance Imaging, (7) Volumetry,
(8) Manganese Contrast-Enhanced Magnetic Resonance
Imaging, (9) Functional Magnetic Resonance Imaging,
(10) *H Magnetic Resonance Spectroscopy, (11) Positron
Emission Tomography and Single Photon Emission
Computed Tomography. We recommend to complete
the CRFs for modules 1 (Technical information) and 2
(Physiology) independent of the imaging method used
(high priority CDEs/CRFs) and choose from modules 3-11
the one(s) that fits the imaging method used. For longitu-
dinal studies, the modules 2-11 can be used repetitively.
For an overview of the CRFs and their priority, see Table 1.

The forms are constructed in analogy to previous pre-
clinical CDEs by the TASK3 group of the ILAE/AES
Joint Translational Task Force.*® CDEs generated by the
EPITARGET consortium (Targets and Biomarkers for Anti-
epileptogenesis)’ served as useful templates for our work-
ing group. The proposed recommendations originate mostly
from previously published methods in rodent epilepsy
model research. Within the Neuroimaging Working Group,
the 11 modules were divided among the members, taking
into account their expertise. Each subgroup prepared a draft
for the CDE/CRF form and the accompanying part of the
manuscript, presented this to the whole group during one of
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Neuroimaging in the epileptogenic brain

Epileptogenic zone changes:
Microstructural (DWI)

Blood (T2* imaging)

Edema (T2)

Structural circuit changes:
Diffusion Tractography, MEMRI
Volumetry, Angiography

Neurochemical, metabolic &
receptor changes:
MR Spectroscopy, PET, SPECT N A

_ Lesion delineation & brain swelling:
Quantification from T2 imaging

. Cerebral blood flow changes:
g ASL & PET, SPECT
~ Blood-brain barrier permeability:
CE-MRI

Functional circuit changes:
Resting State fMRI

FIGURE 1 Overview of neuroimaging techniques to detect changes in the epileptic brain. ASL, arterial spin labeling; CE-MRI, contrast-
enhanced magnetic resonance imaging; DWI, diffusion-weighted magnetic resonance imaging; fMRI, functional magnetic resonance

imaging; MEMRI, manganese-enhanced magnetic resonance imaging; MRS, magnetic resonance spectroscopy; PET, positron emission

tomography; SPECT, single photon emission computed tomography.

T TABLE 1 Ovewic.aw o.f t}.1e case report
number CRF name s forms (CRFs) and their priority
1 Technical information High
2 Physiology High
3 Contrast-enhanced magnetic resonance imaging for BBB If applicable
permeability
4 Angiography If applicable
5 Arterial spin labeling If applicable
6 Diffusion-weighted magnetic resonance imaging If applicable
7 Volumetry If applicable
8 Manganese contrast-enhanced magnetic resonance imaging If applicable
9 Functional magnetic resonance imaging If applicable
10 1H magnetic resonance spectroscopy If applicable
11 Positron emission tomography and single photon emission If applicable
computed tomography
the 10 Working Group meetings, and the draft was changed 3.1 | Technical information

until a consensus was reached and all members agreed with
the content. The final version includes feedback from mem-
bers of the TASK3 group and the Task Force.

3 | RESULTS

For each neuroimaging module (1-11) we provide a ra-
tionale and an overview of the elements that are included
in the corresponding CRFs. The CDE and CRF modules
linked to this paper are also available as electronic files.

CREF File name: 01 CRF module - Technical information.
docx

CDE File name: 01 CRF module - Technical informa-
tion.xlsx (Supporting information)

3.1.1 | Rationale

Preclinical neuroimaging can be performed with a large
variety of equipment. We aimed to summarize in this CRF
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(see also Figure 2) the technical information of commonly
used equipment for neuroimaging in rodents.

3.1.2 | Measurements

The most commonly used modalities for small animal
in vivo imaging applications are based on computed to-
mography (CT), magnetic resonance imaging (MRI),
angiography, positron emission tomography (PET), and
single photon emission computed tomography (SPECT),
which can be used to identify specific disease processes.
Furthermore, optical imaging and ultrasound can be used,
but these are not covered here. Since each modality has
advantages and limitations, multimodal imaging is be-
coming more popular and by combining several imaging
modalities, complementary information about the patho-
physiological processes underlying epileptogenesis can be
obtained.

Neuroimaging Studies

3.1.3 | Equipment

Today, the main magnetic field strength for neuroimag-
ing in mice and rats is typically above 7 T. Lower field
strengths can be used, but this leads to loss of spatial in-
formation, and therefore, field strengths less than 4.7 T
are not recommended. A modern MRI system has actively
shielded gradients with strengths higher than ~500 mT
and good eddy-current (the electrical current induced by
a changing magnetic field according to Faraday's law of
induction) behavior. The combination of a volume/trans-
mit coil and a local receiver coil, with a good filling factor
(defined as the ratio of the magnetic field energy stored
inside the sample volume versus the total magnetic energy
stored by the radiofrequency coil) size-matched to the tar-
get tissue, and 2-8 receiver channels are optimal for most
applications. Cryogenic radiofrequency coils can provide
significant signal-to-noise improvement. With this kind
of hardware the MRI system should achieve equivalent

Case Report Form: 01 CRF - Technical information.docx

CRF module: Technical information

Date and time that this CRF was filled out:

Name of person filling out CRF:

Project name/Identifier:
Animal ID:

CDE Name

Data Collected

Imaging modality

Imaging modality used

O Computed Tomography

O Magnetic Resonance Imaging

O Positron Emission Tomography

O Single Photon Emission Computed Tomography
O Unknown

O Other

If other, please specify

Main magpnetic field strength

04771
o7o0T
094T1
onrT

O Unknown

O Other

If other, please specify

Imaging scanner manufacturer

O Agilent
O Bruker
O GE Healthcare
O Hitachi

O Mrsolution

FIGURE 2 Technical information case report form (see main text for details)
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O Philips
O Siemens
O Unknown
O Other
If other, please specify
Imaging scanner model name
Imaging scanner software version number
Gradient coil
Gradient coil manufacturer
Gradient coil type
Strength in mT/m
Maximum linear slew rate in T/m/s
Shim coil
Shim coil manufacturer
Shim type 0O Passive

O Active superconductive
O Active resistive
O Unknown

O Other

If other, please specify

Shim method O Auto O Dynamic O Local OO Unknown
O Other
If other, please specify
Radiofrequency coil

Volume transmitter

O Actively decoupled volume transmitter

FIGURE 2 (Continued)

anatomical resolution as in humans and reach a voxel size
of less than 200 um? (in-plane) and 200um to 1 mm slice
thickness'® and be capable of obtaining imaging data with
fast pulse sequences for functional MRI (fMRI) and diffu-
sion tensor imaging (DTI) applications. Of course, older
or less capable hardware can still be employed to conduct
studies and contribute important information. However,
this normally incurs a time penalty due to the longer im-
aging time to achieve a usable image signal-to-noise, or a
spatial penalty, for example, due to longer gradient ramp
times leading to fewer slice acquisitions within a standard
repetition time. An important part of the instrumenta-
tion is the animal holder that should have ear bars, bite
bar, heating element, and mounting for basic physiologi-
cal monitoring probes for accurate, reproducible, and fast
positioning of animals for large-scale longitudinal studies.

The recommended procedure (including the imaging
sequence, which is specific for the disease process studied)

as well as the analysis and interpretation are summarized

for each imaging modality in the following sections.

3.2 | Physiology

CREF File name: 02 CRF module - Physiology.docx

CDE File name: 02 CDE chart - Physiology.xlsx

(Supporting information)

3.2.1 | Rationale

Animals are typically anesthetized for neuroimaging
and it is important to monitor and maintain their physi-
ological condition within an appropriate physiological
range. It is important to consider the choice of anesthesia
carefully, as it has a profound impact on many imaging
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O Multichannel actively decoupled volume
transmitter
O Unknown
O Other

If actively decoupled volume transmitter; please O Linear
specify type O Quadrature
O Unknown
If multichannel actively decoupled volume
transmitter, please specify number of channels
If other type of volume transmitter, please specify
Receiver O Local receiver
O Unknown
O Other
If local receiver, please specify type O Linear
O Quadrature
O Unknown
If other, please specify
Coil size in cm
Cryoprobe O No O Yes
O Unknown
If cryoprobe used, please specify type
Instructions: Please check boxes where applicable. If none of the predetermined options is
appropriate use the default space to specify your answer.
This form is to be filled in for one individual animal.
FIGURE 2 (Continued)

parameters.'"** More imaging method-specific informa-
tion on anesthesia effects is provided with the CDEs/CRFs
where applicable.

The level of monitoring depends on the application;
however, it should be noted that the measurement of typ-
ical brain MRI relaxation times and water diffusivity de-
pends on both temperature and cerebral blood flow, the
latter of which is highly dependent upon blood pCO,,
which has profound effects on arterial spin labeling and
fMRI signal intensity. Maintaining physiological status
within a normal range during anesthesia will not only im-
prove reliability and reproducibility of the imaging data
but also facilitate recovery from anesthesia and an overall
beneficial effect on the animal outcome. In the accompa-
nying CRF (see also Figure 3) the main physiological pa-
rameters are described.

3.2.2 | Measurements

As a minimum requirement, respiration rate and body tem-
perature should be monitored for every experiment, while
oxygenation and CO, level are important for fMRI and

S141

arterial spin labeling experiments. Heart rate and blood
pressure measurements can provide additional information
about the depth of anesthesia. Respiration and cardiac mon-
itoring are also required if the acquisition is to be triggered,
e.g., for high resolution, echo-planar-based acquisitions.

3.2.3 | Equipment

Temperature control is typically performed with a rectal
probe. The animal's body temperature drops rapidly dur-
ing anesthesia and a heating system consisting of either hot
water circulation or warm air is used to maintain normal
body temperature. Optimally, heating is homeostatically
controlled by additional circuitry within the controller.
Respiration rate can be measured using a pressure sensor
positioned beneath, or over, the animal's diaphragm.

3.24 | Procedure

Anesthesia affects brain activity and neurovascular
coupling and this can have profound effects on fMRI
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Neuroimaging Studies

Case Report Form: 02 CRF — Physiology.docx

CRF module: Physiology

Date and time that this CRF was filled out:

Name of person filling out CRF:

Project name/Identifier:
Animal ID:

CDE Name

Data Collected

Anesthesia during preparatory surgery

Anesthesia during imaging

O Yes O No O Unknown

If anesthesia was administered, specify type

[ Isoflurane [J Sevoflurane [ Ketamine/Xylazine
[J Pentobarbitone [ Medetomidine

O Alphachloralose [J Urethane [0 Unknown

[J Other

If other, please specify

Route of administration

[ Intramuscular O Intraperitoneal OJ Intravenous

O Inhalational O Unknown [ Other

If other, please specify

Isoflurane concentration induction %

Isoflurane concentration maintenance %

Sevoflurane concentration induction %

Sevoflurane concentration maintenance %

Ketamine dose in mg/kg

Xylazine dose in mg/kg

Pentobarbitone dose in mg/kg

Medetomidine dose in mg/kg

Alphachloralose dose in mg/kg

Urethane dose in mg/kg

FIGURE 3 Physiology case report form (see main text for details)

studies,'>!° see also Table 2. Unlike structural MRI stud-
ies, isoflurane anesthesia should not be used for func-
tional studies as isoflurane causes vasodilatation and
hypotension, increases basal blood flow, and in higher
doses causes burst suppression activity.'® Medetomidine
sedation has been shown to not suppress epileptiform ac-
tivity'> and the combination of 0.5% isoflurane and me-
detomidine maintains a similar functional connectivity
pattern to that obtained in awake animals'’ and there-
fore both are commonly used for longitudinal studies.'®
Urethane and alpha-chloralose are common choices for
fMRI and have been shown to provide robust fMRI re-
sponses in evoked activity studies."” However, these an-
esthetics can only be used in terminal experiments and
state transitions under urethane anesthesia should be ac-
counted for during the analysis of the data.”® It should be
noted that modulation of functional connectivity by anes-
thesia is not uniform over the whole brain and, for exam-
ple, the cortico-thalamic connection is suppressed already

by a subanesthetic dose of isoflurane, which has mostly
nonsignificant effects on connectivity.?!

Postmortem imaging can also be performed. Typically,
animals are perfused under anesthesia via the ascending
aorta using saline, followed by a fixative (most often for-
malin or paraformaldehyde) and the brain is scanned in
situ, or alternatively, the brain is dissected and immersed
in fixative or a fluorocarbon-based polymer (e.g., Fomblin
or Fluorinert).

3.2.5 | Analysis and interpretation

Itis recommended to maintain the rodent body tempera-
ture at 37 +0.5°C, the respiratory rate between 50 and
75 breaths per minute (under isoflurane anesthesia), and
the total anesthesia time under 2h?* to maintain homeo-
stasis, which is crucial for the assessment of functional/
metabolic parameters measured. It should be noted that
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Other anesthesia dose in mg/kg
Starting time of anesthesia in hours and minutes
Total anesthesia duration in minutes
Time between cessation of preparatory
anesthesia and imaging in minutes
Anesthesia during imaging
Anesthesia during imaging O Yes O No [0 Unknown
If anesthesia was administered, specify type O Isoflurane [J Sevoflurane [J Ketamine/Xylazine
O Pentobarbitone [J Medetomidine
[0 Alphachloralose [J Urethane [0 Unknown
O Other
If other, please specify
Route of administration O Intramuscular O Intraperitoneal [ Intravenous
O Inhalational [J Other
If other, please specify
Isoflurane concentration induction %
Isoflurane concentration maintenance %
Sevoflurane concentration induction %
Sevoflurane concentration maintenance %
Ketamine dose in mg/kg
Xylazine dose in mg/kg
Pentobarbitone dose in mg/kg
Medetomidine dose in mg/kg
Alphachloralose dose in mg/kg
Urethane dose in mg/kg
Other anesthesia dose in mg/kg
Starting time of anesthesia in hours and minutes
Total anesthesia duration in minutes
Animal sacrifice 1 Decapitation LI Perfusion [1 Unknown
O Not sacrificed
Respiration
Ventilation method used 0 No O Yes
FIGURE 3 (Continued)

respiratory and heart rates vary between different types
of anesthesia and may slowly drop.'* A normal undis-
turbed respiratory rate is 70-110/min in rodents, but a
fall of 50% is acceptable during anesthesia. Although ref-
erence values are provided for unanesthetized animals,*
a systematic analysis of these parameters and reference
values for animals under different types of anesthesia is
lacking.

3.3 | Contrast-enhanced magnetic
resonance imaging for blood-brain barrier
permeability

CRF File name: 03 CRF module - Contrast-Enhanced
Magnetic Resonance Imaging for Blood-Brain Barrier
Permeability.docx

S143

CDE File name: 03 CDE chart - Contrast-Enhanced
Magnetic Resonance Imaging for Blood-Brain Barrier
Permeability.xIsx (Supporting information)

3.3.1 | Rationale

Contrast-enhanced magnetic resonance imaging (CE-MRI)
is being used to detect alterations in blood-brain barrier
permeability (BBB) by injecting a paramagnetic contrast
agent into the vascular system. Typically, the contrast agent
does not cross the BBB under normal conditions. However,
during pathological conditions associated with BBB dys-
function, it leaks into the brain neuropil and changes the
signal read in brain areas with increased BBB permeability
(Figure 4). In the accompanying CRF (see also Figure 5)
the most important parameters are described.
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Type of ventilation method used

O Mouth mask

O Endotracheal tube
O Tracheotomy

O Unknown

[ Other

If other, please specify

Company name of ventilation device used

Model of ventilation device used

Respiration recording method used

[ Pulse-oximeter;
[J Respiration sensor

O Unknown

Company name of respiration recording device
used

Model of respiration recording device used

Physiological monitoring

Heart rate recording method used

O No O Yes

Type of heart rate recording method used

O External heart rate sensor
O Pulse-oximeter

O Implanted ECG Telemetry device

O Unknown
[ Other

If other, please specify

Company name of heart rate recording device

used

Model heart of rate recording device used

Temperature recording method used O No O Yes

Type of temperature recording method used

O Feedback-regulated heating pad
O Rectal probe

FIGURE 3 (Continued)
3.3.2 | Measurements

Proton relaxation times are influenced by the presence of
paramagnetic ions from the contrast agent, such as gado-
linium (Gd*"), which shorten the T1 (longitudinal) and T2
(transversal) relaxation times of surrounding water pro-
tons to produce a signal-enhancing effect in T1-weighted
imaging or signal decrease in T2-weighted imaging. The
efficiency of an agent to shorten relaxation times is de-
pendent on the ligand surrounding the Gd** ion and the
influence of extrinsic factors including temperature, mag-
netic field strength, and the tissue environment (water,
plasma, or blood).*

3.3.3 | Equipment

* MR scanner: Various preclinical MR systems are avail-
able. Higher field strengths (e.g., 7 T or higher) are

recommended for measurements in rodents (partic-
ularly mice) to provide enough spatial resolution and
sensitivity to detect subtle BBB leakage.

« Contrast agent. For the detection of BBB leakage,
gadolinium-based contrast agents are most commonly
used, but contrast agents based on other paramagnetic ions
have been developed, including Mn** and iron oxide.”

« Infusion system: The intravenous route is recommended
(although intramuscular injection is an option). In order
to administer the contrast agent intravenously, a cannula
is inserted, most often in the lateral tail vein, and coupled
to an infusion system in which an adjustable pump pro-
vides a bolus injection or step-down controlled infusion.

3.3.4 | Procedure

Measurements are usually performed under inhalation
anesthesia (most commonly used is isoflurane). It is
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Type of blood pressure recording method used

[0 External blood pressure sensor
O Implanted blood pressure sensor
O Unknown

[J Other

If other, please specify

Company name of blood pressure recording
device used

Model of blood pressure recording device used

Post-mortem imaging

Post-mortem imaging O No O Yes
If post-mortem imaging was performed, indicate

post-mortem delay in hours

Fixation 0 No O Yes
If fixation method was used, specify fixative J Formalin

[ Paraformaldehyde
O Unknown

[J Other

O Infrared probe
O Unknown
[J Other

If other, please specify

Company name of temperature recording device

used

Model of temperature recording device used

Blood pressure recording method used O No O Yes

S145

If other, please specify

FIGURE 3 (Continued)

important to note that repeated (or high dose) isoflurane
anesthesia may alter BBB permeability’’ and may exert
antiepileptogenic effects.”* For example, rats that under-
went repeated MR scans using isoflurane (1, 6, and 12h
and 1, 2, and 3days after paraoxon-induced status epilep-
ticus) had reduced BBB leakage when compared to rats
that underwent MR scans using isoflurane once, 48 h after
SE.*

Two imaging procedures can be used to assess BBB
dysfunction: (a) the post-pre semi-quantitative approach
during which a T1 or T1-weighted MR scan is made with
a relatively long duration (e.g., 10-20 min) before and at a
specific time point (typically 10-30 min) after the adminis-
tration of the contrast agent. Since scanning time is not a
limiting factor in this approach, a higher spatial resolution
can be achieved (125 Mmz/voxel, dependent on the system
characterizations); and (b) the dynamic approach during
which fast T1 scans (Look-Locker gradient echo MRI,
scans last in the order of seconds) are made before, during
and after (usually up to 30 min) the infusion of the con-
trast agent.”” Due to the natural tradeoff, the fast acquisi-
tion results in a lower spatial resolution (500 um?/voxel).

The advantage is that both procedures can be used within
the same subject and thereby the high spatial resolution of
the post-pre approach can be combined with the high tem-
poral resolution of the dynamic approach. Typically, T2-
weighted anatomical MR images are also acquired before
these approaches, in order to outline regions of interest,
identify lesions and perform brain atlas registration.

For the infusion of the contrast agent, two approaches
have been reported: a bolus injection during which the
contrast agent is given in a relatively short time window
(<1min), leading to a fast rise and subsequent drop in the
contrast agent blood concentration during its first passage
through the vasculature (“arterial input function” AIF),*
or a step-down infusion that leads to a fast rise of contrast
agent concentration in the blood, which is then main-
tained at a constant level for the duration of infusion (e.g.,
20 min).?* The step-down infusion has been proposed as
a sensitive approach to detect subtle BBB leakage due to
prolonged infusion of the contrast agent.””*® However,
different analysis techniques have been developed to de-
tect both fast and slow kinetics of BBB leakage after single
bolus injection (see following text and*?).
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Parameters

Imaging date and time

Time Point after initial

insult (days)

Heart Rate (min-max
bpm)

Respiration rate (min-max

brpm)

Tidal volume (min-max ml)

Expired Oz (min-max mm
Hg)

Expired CO2 (min-max mm
Hg)

O, saturation (min-max %)

Body temperature (min-

max "C)

Systolic blood pressure

(min-max mm Hg)

Diastolic blood pressure

(min-max mm Hg)

Instructions: Please check boxes where applicable. If none of the predetermined options is
appropriate use the default space to specify your answer.

This form is to be filled in for one individual animal.

FIGURE 3 (Continued)

3.3.5 | Analysis and interpretation

Different approaches can be used to analyze CE-MRI data,
ranging from a relatively simple visual assessment of en-
hancement curves to a more complex fitting of data to
pharmacokinetic models.** BBB permeability to contrast
agents can be assessed using the pre-post approach by cre-
ating a contrast agent “leakage map,” in which the pre-
contrast T1-weighted signal intensity is subtracted from
the postcontrast signal intensity and divided by the pre-
contrast signal intensity (Figure 4). Typically, a threshold
for BBB leakage is set at 20%.% In some studies, an upper
limit is also set (~100%) to exclude enhancement due to
contrast agents within blood vessels.*! A commonly ap-
plied method for the estimation of the rate of vessel-to-
tissue leakage (K"™") is the Tofts model or its modification
by Patlak.>**? An alternative approach to measure a slow,
subtle leakage has recently been shown by measuring the
rate of signal change using linear regression of the signal
change 5-15 min after bolus injection. This approach has
resulted in the detection of BBB dysfunction in epileptic
rats and in human patients with epilepsy.*® To normalize
for inter-individual changes in contrast agent elimination
rates, the signal in the sagittal sinus can be used. Bolus
injection of gadolinium in epilepsy models has demon-
strated acute BBB dysfunction after status epilepticus
but often fails to demonstrate persistent leakage, >34

while a step-down infusion of gadolinium showed persis-
tent BBB dysfunction throughout epileptogenesis.*>~"*
Interestingly, a recent study demonstrates the suitabil-
ity of the novel PET tracer [**Ga]DTPA, [*™Tc|DTPA
SPECT, and contrast-enhanced MRI to quantify BBB
leakage during early epileptogenesis and indicated that
CE-MRI seems to be the most favorable modality due to
the highest diagnostic potential.* It has been shown that
quantitative CE-MRI can also be used in dogs® and in
humans®*~*" with epilepsy, which opens possibilities for
future studies to investigate whether BBB imaging can be
used for early diagnosis and risk stratification of patients
suffering from brain injuries or insults,'”” and to evaluate
novel treatments aimed at restoring the BBB.***’

3.4 | Angiography
CREF File name: 04 CRF module -Aniography.docx

CDE File name: 04 CDE chart -Aniography.xlsx
(Supporting information)

3.4.1 | Rationale

In the current section, we describe two angiography-based
approaches to study the cerebral vasculature and perform
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TABLE 2 Effects of anesthetics

Isoflurane
Sevoflurane
Ketamine
Xylazine
Pentobarbitone

Medetomidine

CBF CMRO, ICp AutoReg CO,Reg
1 W =/1 =/l 1
= " = ! 1
= ? )
) = ! = =
1" 1" i =/\ !
\ = 1 = =

Note: Effect: | reduction; || strong reduction; 1 increase; 11 strong increase; =no change. Please note
that the effects are influenced by several factors and thus may differ in groups of animals and individual
animals. Based on Reimann and Niendorf, Front Syst Neurosci 2020, 14:8.

Abbreviations: Autoreg, cerebral autoregulation; CBF, cerebral blood flow; CMRO,, cerebral metabolic
rate of oxygen consumption; CO,Reg, regulation of the CO, metabolism; ICP, intracranial pressure.
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FIGURE 4 Blood-brain barrier permeability was assessed
after the induction of status epilepticus (SE) in rats using T1-
weighted MR images (gradient echo; repetition/echo time, 160/4
ms; flip angle, 70°; acquisition matrix, 256 X 128; voxel resolution,
125x125um?, slice thickness 1.0mm, that were acquired before
and 45 min after the start of a 20 min step-down infusion with
Gadolinium (Gd) Using the pre-post approach, “leakage maps”
were created, in which the precontrast T1-weighted signal intensity
is subtracted from the postcontrast signal intensity and divided by
the precontrast signal intensity. A threshold of 20% (0.2) was set.
Data acquired by Erwin van Vliet.

quantitative assessment of changes in BBB integrity: the
first is a preclinical invasive method, combining high-
resolution vasculature imaging with quantitative analysis
for the assessment of changes in cerebral blood flow and
permeability in anesthetized rats**™° (Figure 6); the sec-
ond is noninvasive CT and MR angiography, which can

be used in rodents and is also used in clinic>">* (Figure 7.)
In the accompanying CRF (see also Figure 8) the most im-
portant parameters are described.

3.4.2 | Measurements

Direct fluorescent imaging of the cerebrovasculature
This angiography procedure is conducted in an exposed
brain (open-window technique). The method is based on
intravenous administration of a fluorescent tracer while
imaging dynamic changes of the resultant signal in and
surrounding pial (or deeper) vessels. The tracer does not
cross the BBB under normal conditions but may do so
under pathological conditions (such as epileptic seizures).
High-resolution imaging, in time and space, is performed
before, during, and after injection of the dye allowing
quantitative characterization of dynamic changes in re-
gional blood flow and BBB permeability at the level of sin-
gle and multiple vessels.**>°

3.4.3 | Equipment

« Fluorescent microscope equipped with a high-speed
camera (e.g., CCD camera).

« Heating pad and pulse oximeter to measure animal
body temperature and oxygen saturation

A standard electrophysiology system for recording neu-
ronal activity (optional).

« Tracer: a low molecular weight tracer such as Sodium
fluorescein (MW = 376.3Da), or the albumin-binding
high molecular weight tracer such as Evans blue-
albumin (MW = 67KDa).

« Anesthesia protocols depend on the experimen-
tal model and goals of the study (consider the effect of
agents on neuronal activity, blood flow, and permea-
bility). Commonly used are intraperitoneal injection of
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ketamine (100 mg/ml, 0.08 m1/100g) and xylazine (20 mg/
ml, 0.06ml/100g) or continuous inhalation (e.g., oxygen-
enriched isoflurane (1-2%)).

3.4.4 | Procedure

Under deep anesthesia, an intravenous (usually the tail
vein) catheter is inserted and the animal's head is fixed
in a stereotactic frame. A mid-sagittal incision is per-
formed and the soft tissues are removed from the skull.
A cranial window is opened over the selected region of
the cerebral cortex. To image pial vessels, the dura can
be gently opened and removed, or thinned (until it is
transparent). The exposed dura and/or cortex should be
continuously superfused with artificial cerebrospinal
fluid (aCSF) containing (mM): 124 NaCl, 26 NaHCOs;,
1.25 NaH,PO,, 2 MgSO,, 2 CaCl,, 3 KCI, and 10 glu-
cose, pH 7.4.%8750333% Recording of brain activity can be

Neuroimaging Studies

performed in parallel using epidural, subdural, or intrac-
erebral recording electrodes according to the goal of the
experiment. For imaging, a BBB nonpermeable tracer
(e.g., sodium fluorescein, washout ~30min) is injected
intravenously and high-resolution images (~100 um?/
pixel) of surface vessels are acquired (=5 frames/s). To
measure permeability, imaging should be started before
injection, continue during and last for at least 5 min after
the injection (Figure 6B). For the assessment of changes
in blood flow and BBB permeability due to seizures,
injection of tracer and imaging should be done before
and after the induction of an ictogenic agent (applied
peripherally or locally such as the potassium channel
blocker 4-aminopyridine (4-AP) or the GABA receptor
chloride channel blocker picrotoxin (PTX)) (Figure 6A).
For repeated measurement of permeability, the injected
tracer's half-life in blood should be as short as possible,
such that the majority of the tracer has been washed-out
prior to subsequent measurements.**>°

Case Report Form: 03 CRF — Contrast-Enhanced Magnetic Resonance Imaging for Blood-Brain

Barrier Permeability.docx

CRF module: Contrast-enhanced imaging

Date and time that this CRF was filled out:

Name of person filling out CRF:

Project name/Identifier:
Animal ID:

FIGURE 5

CDE Name

Data Collected

Imaging sequence

Quantitative or weighted images

[J Quantitative map [J Contrast-weighted

[0 Unknown

Sequence

[ Fast spin echo [J Gradient echo [J Spoiled GRE
O Steady state GRE O Look-Locker GRE
[ Angiography [0 Unknown

Specify the sequence / sequence name

Dimensions

[0 2D O 3D O Unknown

Isotropic resolution

O Yes O No 0 Unknown

Resolution in mm

X X

Coverage (FOV coverage)

[0 Whole brain O Cerebrum [ Partial coverage

O Unknown

Contrast

O T1-weighted O Fluid-attenuated [J T2-weighted

3 Unknown

Imaging parameters

Repetition time (TR) in ms

Flip angle in degrees

Echo time (TE) / Effective echo time (TEeff) in ms

Base echo time in ms

Contrast-enhanced imaging case report form (see main text for details)
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Echo spacing in ms
Number of echoes
Otherwise: specify echo train in ms
Inversion time (inversion recovery T1) in ms
Specify array (inversion time array) in ms
k-space coverage / encoding
Partially parallel imaging acceleration
Partial-FT acceleration (1 if no acceleration)
Zero-fill acceleration (1 if no acceleration)
Other acceleration method
Read direction [0 S-I (superior-inferior) [J L-R (left-right)
O H-F (head-feet) OJ Unknown
Baseline image
Baseline image before any contrast agent 0 Yes [0 No [0 Unknown
Contrast agent
Contrast agent used 0 None
[0 Gadolinium-DTPA
[0 Ultrasmall SuperParamagnetic Iron Oxide
0 Unknown
0 Other
If other, please specify
Name of contrast agent
Manufacturer of contrast agent
Route of administration contrast agent O Intravenous
O Intra-articular
Dose contrast agent used in mg/kg
Administration contrast agent [0 Bolus injection
O Infusion
Infusion rate contrast agent in ml/min
Scan time point(s) after contrast agent
administration
Parameters
Imaging date and time
Time Point after initial
insult (days)
Instructions: Please check boxes where applicable. If none of the predetermined options is
appropriate use the default space to specify your answer.
This form is to be filled in for one individual animal.
FIGURE 5 (Continued)
3.4.5 | Analysis and interpretation and the arteriole’s curve based on the late period after

Image analysis includes subpixel image registration, seg-
mentation using noise filtration, hole-filling, and adaptive
threshold to produce a binary image, separating blood ves-
sels from extravascular regions. Pixel-wise signal intensity
changes over time are calculated (intensity vs time, IT) for
arteriole, venous, and extravascular compartments.“s'50
A BBB permeability index (PI) is calculated for each
extravascular pixel as the ratio between the IT curve

injection.*®*° Fitting a PI to each extravascular pixel ena-

bles spatial mapping of BBB permeability (Figure 6C).

Magnetic resonance angiography (MRA)

Noninvasive angiography approaches, such as CT and
MR-angiography (MRA), are based on the injection of con-
trast agent (commonly Gd-based) for accurate imaging of
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cerebral vasculature. These methodologies are commonly
used in the clinic for the detection of cerebrovascular pa-
thologies such as aneurysms, stroke, and stenosis.>*>%>%
Although it is not one of the prevalent neuroimaging tech-
niques of epilepsy, MRA can be performed in epileptic pa-
tients (alongside other MRI sequences) for the detection
of disturbed vasculature in and surrounding the epilepto-
genic focus in high spatial resolution.”’

3.4.6 | Equipment

Magnetic resonance angiography requires high spatial
resolutions and therefore benefits from the use of ana-
tomically shaped surface-receive coils and phased-array
technology in order to increase signal-to-noise ratios.

3.4.7 | Procedure

Two different methods for performing MRA are the time
of flight (TOF, Figure 7) and phase contrast angiography
(PCA) while methods such as Fourier Velocity Encoding
(FVE) allow mapping the average blood velocities inside the
vessels. TOF angiography utilizes short TRs and a relatively
large flip angle to saturate the surrounding stationary tis-
sues while blood flowing into the imaging plane has “fresh”
nonsaturated protons and therefore appears hyperintense.

For 2D TOF, a large number of thin slices (~250 pum)
to cover the whole FOV can be acquired with high flip
angles (>75 degrees). For 3D, comparatively smaller flip
angles (~20 degrees) are used to avoid saturation of mov-
ing spins in the FOV and hence have typically lower ves-
sel/tissue contrast. High resolutions can be acquired with
partial k-space where necessary to reduce scan times.
Importantly, for 2D acquisitions, blood in vessels running
parallel to the slice plane can be subjected to multiple ex-
citation pulses and therefore lose contrast. The same is
true for slow-moving blood flowing through the FOV in
3D acquisitions.

Phase contrast angiography uses bipolar flow-encoding
gradients to encode protons in the tissue of interest.
Stationary tissue spins undergo equivalent phase shifts
with each forward and reversed gradient and therefore
cancel out, while moving spins within the blood vessels
have a residual phase angle depending on their velocity in
the direction of the applied gradients.

3.4.8 | Analysis and interpretation

MRA images are typically analyzed and interpreted quali-
tatively using maximum intensity projections (MIPs).

While this improves contrast between vessels and tissue,
it is important to keep in mind that resolution is decreased
in the process.

3.5 | Arterial spin labeling
CRF File name: 05 CRF module - Arterial spin labeling.
docx

CDE File name: 05 CDE chart -Arterial Spin Labeling.
xlsx (Supporting information)

3.5.1 | Rationale

Arterial Spin Labeling (ASL) is a completely noninvasive ap-
proach for quantitative measurement of cerebral blood flow
(CBF) using endogenous contrast from blood flowing into
the brain. The pulse sequence is based upon magnetically
labeling hydrogen in water within inflowing blood using
radiofrequency pulses. As CBF is closely linked with me-
tabolism and neural function, it is one of the key parameters
defining the state of the tissue. In epilepsy patients, ASL is
used to characterize CBF in the ictal and interictal state and
to localize the epileptic focus.” In preclinical settings, ASL
has been used to assess the contribution of compromised
CBF to hippocampal damage in the rat pilocarpine status
epilepticus model,” and to follow CBF changes over time
in the rat post-traumatic epilepsy model (Figure 9).%° In this
section and in the accompanying CRF (see also Figure 10),
we describe the most important parameters for ASL.

3.5.2 | Measurements

There are multiple variants of ASL. As a general rule,
pulsed ASL (PASL) techniques based on subtraction of
slice selective vs. global inversion, such as flow alternated
inversion recovery (FAIR),61 works well for mice, when
the volume/transmit radiofrequency coil covers most
of the animal for efficient global inversion. Continuous
ASL (CASL, or pseudocontinuous PCASL) with a
radiofrequency-saturation band in the neck and control
measurements with a saturation band outside of the head
at the opposite side of the imaging slice are used for rat. A
long radiofrequency pulse with a slice selective gradient
causes flow-driven adiabatic inversion for inflowing spins
only if B1 of the saturation is high enough to maintain
adiabatic conditions. Therefore, careful Bl calibration
and validation of the inversion efficiency are key steps in
the implementation, especially as the neck is often in the
peripheral area of the volume/transmit coil, which may
behave suboptimally. Alternatively, a separate tagging coil
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FIGURE 6 Fluorescent angiography A. ECoG
to study BBB integrity. (A) Following
craniotomy, electrocorticography (ECoG) Control

is recorded, and seizures are induced
using 4-AP. (B) The BBB nonpermeable
tracer sodium fluorescein is injected
intravenously and simultaneously

0.1mV

high-frequency images of pial vessels 20sec
are repeatedly obtained before (control)
and following 4-AP-induced seizures.
(C) Permeability maps, before (left) and
following seizures (right). Warm colors
over the extravascular regions indicate
BBB dysfunction. Data acquired by Ofer
Prager and Alon Friedman.

Aty
.

for the neck is recommended in preclinical experiments;
however, this requires additional hardware. Background
suppression is recommended for better contrast to noise.*
The ASL signal increases with label duration; however,
the optimum is typically reached with a labeling duration
that is shorter than T1 of blood in the given field strength,
as labeling duration also affects TR. Postlabeling delay is
another important parameter requiring optimization and
the optimal delay depends on multiple issues including
anesthesia and field strength, that influence basal CBF
and T1, respectively. If the delay time is too short, it does
not allow enough delivery of the labeled blood to the tis-
sue, while if it is too long, poor signal-to-noise occurs due
to T, decay.®* As a readout imaging sequence, both fast

. I

Xk

% %k .
100ms

" Postseizures (+4-AP)

2

Permeabilityindex

spin echo and EPI-type sequences can be used. 3D se-
quences are recommendable over 2D sequences. FSE (or
segmented EPI) results in less image distortion and is typi-
cally used when more time can be used to obtain higher
quality data, while (single shot) EPI is used for dynamic
studies. As a control, B1 map should be acquired as labe-
ling efficiency is dependent on BI.

3.5.3 | Equipment

Arterial Spin Labeling benefits from a high magnetic field
more than most other MRI techniques as T1 is field depend-
ent and longer T1 at a higher field increases the lifetime of
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FIGURE 7 Magnetic resonance
angiography in a mouse brain. Time

of flight (TOF) images were acquired

at 9.4T using a 4-channel receive only
cryocoil in ~5min with an isotropic spatial
resolution of 75 um?. Vessel enhancement
filtering!>"'** and maximum intensity
projections were reconstructed using
MATLAB. Data acquired by David
Wright.

Neuroimaging Studies
Case Report Form: 04 CRF Module — angiography.docx
CRF module: Angiography

Date and time that this CRF was filled out:
Name of person filling out CRF:

Project name/Identifier:
Animal ID:

CDE Name Data Collected

Angiography

Cranial window O Open window O Closed window [0 Unknown

Imaging protocol

Duration [J306s O Unknown O Other

If other, please specify

Frame rate [J5/s O Unknown O Other

If other, please specify
Magnification O x30, O x40, O Unknown O Other

If other, please specify

Name of tracer O Sodium Fluorescein (MW=376.3 g/mol)
O Lucifer Yellow (MW=442.3 g/mol)

O Evans Blue (MWee=960.8g/mol

MW aibumin=67kg/mol,)

O Other

If other, please specify

Wavelength [0 488 nm O 595 nm O Unknown O Other

If other, please specify

FIGURE 8 Angiography case report form (see main text for details)

the labeling. A large, efficient transmit coil is required to en- MRI-compatible equipment for extensive physiological
able global inversion at the level of the heart or flow-driven =~ monitoring and mechanical ventilation are needed as CBF
adiabatic inversion at the level of the neck. Alternatively, a depends on temperature, CO, level, and anesthesia (type
separate tagging coil in a different channel can be used. and depth) (see Physiological monitoring for details).
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Route of administration O Intravenous (bolus) CJ Unknown O Other
If other, please specify
Dose in mg/kg

Time of Flight (TOF) Magnetic Resonance Angiography
Geometry 03D
O 2D multi-slice
O Unknown
Flip Angle in degrees
Flow Saturation O No O Yes O Unknown
If yes, please specify direction [ Rostral [J Caudal [J Unknown
Distance in mm
Thickness in mm
Phase Contrast Angiography (PCA)
Geometry [J 3D O 2D multi-slice J Unknown
Flip Angle in degrees
Phase contrast direction O All O Read O Slicel Phase] Unknown
Estimated Maximum Flow Velocity in cm/s
Twister Gradient O No O Yes O Unknown
Parameters
Imaging date and time
Time Point after initial
insult (days)
Instructions: Please check boxes where applicable. If none of the predetermined options is
appropriate use the default space to specify your answer.
This form is to be filled in for one individual animal.
FIGURE 8 (Continued)
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FIGURE 9 Cerebral blood flow maps acquired with continuous arterial spin labeling (CASL) from sham-operated (A) or traumatic brain
injury (B) rats at 8 months after induction of lateral fluid percussion induced injury. The yellow arrow indicates a hypoperfused area within

the perilesional cortex, and the white on the image indicates a hyperperfused area of thalamus. Quantification of the CBF in corresponding

ipsilateral and contralateral areas (C, D). Figure reproduced with modifications from '** with permission of Mary Ann Liebert, Inc.

3.54 | Procedure

Arterial Spin Labeling is typically performed in anesthe-
tized animals. The depth and type of anesthesia have a
direct influence on CBF and there is currently no agree-
ment in the field regarding the best anesthesia for pre-
clinical ASL studies. Animals under isoflurane anesthesia
have abnormally high basal CBF while animals under

medetomidine sedation have lower than normal CBF.%

CBF in combination with medetomidine and isoflurane,
or with urethane anesthesia is closer to normal. In all
cases, careful monitoring of physiological parameters is
required as, for example, CO, is a vasodilator with direct
effects on cerebral blood volume and CBF. With most an-
esthetics, mechanical ventilation is required to maintain
normal CO, levels. If preparatory surgery is performed,
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Neuroimaging Studies

Case Report Form: 05 CRF- Arterial spin labeling.docx

CRF module: Arterial spin labeling

Date and time that this CRF was filled out:
Name of person filling out CRF:

Project name/Identifier:
Animal ID:

CDE Name

Data Collected

Arterial spin labeling (ASL)

ASL imaging method

0 Unknown

O Other

O continuous ASL (CASL)
O pseudo-continuous ASL

O pulsed ASL (PASL)

If other, please specify

Specify sequence name

Radiofrequency coil

Separate labeling coil

[0 Yes O No [J Unknown

Volume coil as labeling coil

0 Yes O No [0 Unknown

Dimensions of the volume coil in cm

Label

ling pulse

Pulse shape

Pulse duration in ms

Pulse bandwidth in kHz

Pulse power in kW

Location

[0 Neck O Other J Unknown

If other please specify

Labeling slab thickness in mm

FIGURE 10 Arterial spin-labeling case report form (see main text for details)

time spent under isoflurane anesthesia and the time be-
tween cessation of isoflurane anesthesia and the begin-
ning of ASL should be kept constant and documented.
Special attention should be paid for fixing the animal's
head using ear bars and a tooth bar, as ASL is a subtraction
technique and therefore inherently very sensitive to move-
ment. Probes for physiological monitoring are attached to
the animal and the animal is inserted into the magnet bore
for ASL measurements. Physiological monitoring is per-
formed continuously and values are recorded. Blood gases
should be analyzed at least once during the experiment
but preferably at the beginning and at the end of the ASL
scan.

3.5.5 | Analysis and interpretation

ASL allows for quantitative CBF and therefore is well
suited for longitudinal studies or multicenter studies. The
values needed for calculation include blood T1, partition
coefficient, and labeling efficiency.

3.6 | Diffusion-weighted magnetic
resonance imaging

CREF File name: 06 CRF module - Diffusion-weighted im-
aging.docx

CDE File name: 06 CDE chart - Diffusion-weighted im-
aging.xIsx (Supporting information)

3.6.1 | Rationale

Diffusion-weighted imaging (DWI) exploits the micro-
scopic Brownian motion of water molecules as they dif-
fuse through tissues of interest. Contrast is generated as the
water is obstructed or restricted by cell membranes, neur-
ites, and macromolecules, and as such, DWI is sensitive to
microstructural changes to the tissue that can be invisible
to conventional structural imaging techniques (Figure 11).
The raw data are conventionally fit to the diffusion tensor
construct from which numerous indices are derived to re-
port on local tissue microstructure. These include fractional
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Inversion time (TI) in ms

Post labeling delay in ms

Control image: control slab location

Number of label-control image pairs acquired

T1 map acquired

0 Yes O No [0 Unknown

Imaging parameters

Dimension

[0 2D O 3D O Unknown

Number of slices (1 if 3D)

Slice thickness / slab thickness in mm

Slice gap in mm

FOV in mm

Matrix / number of points

Repetition time (TR) in ms

Echo time (TE) in ms

Assumptions for CBF calculations

Constant T1 assumed:

O Yes O No [J Unknown

Partition coefficient / blood tissue distribution
coefficient

Movement correction applied

O Yes O No [0 Unknown

Other details

Analysis pipeline

Parameters

Imaging date and time

Time Point after initial

insult (days)

Instructions: Please check boxes where applicable. If none of the predetermined options is

appropriate use the default space to specify your answer.

This form is to be filled in for one individual animal.

FIGURE 10 (Continued)

anisotropy, axial (parallel) diffusivity, radial (diffusivity),
and mean diffusivity among others. Alternatively, or in addi-
tion, extended or multi-shell data can be fit to various diffu-
sion models to derive indices that may reflect more detailed
structural changes related to extra and intracellular com-
partments. The numerous parametric indices derived from
DWI datasets can provide information about various patho-
biologies related chiefly to microstructural changes, status
of myelination, cellular edema, and structural connectivity.
DWTI has been usefully employed in preclinical epilepsy re-
search models.**® In this section and in the accompanying
CRF (see also Figure 12), we provide the minimal frame-
work for parameter reporting that would be required for
joint analysis of data acquired from multiple sites.

3.6.2 | Measurements

For in vivo imaging in rodents, echo-planar imaging
(EPI)-based acquisitions with isotropic resolutions are

preferred. The FOV should be orientated in the axial ori-
entation (i.e., with the slice, or second phase-encode, di-
rection orientated superior-inferior) as this requires the
fewest slices/phase-encode steps, when imaging rodents
and therefore minimizes the total scan time. Fat suppres-
sion should be on, and where necessary, outer-volume
saturation can be employed to reduce the field of view.
This has the advantage of reducing the required matrix
size to achieve a given resolution and therefore ultimately
reduces the minimum echo time required.

Two of the most important parameters to set are the max-
imum b-value(s) and the number of diffusion directions.
The reconstruction of white matter fibers orientation and
intra-axonal water diffusion requires both a sufficiently high
b-value and a sufficient number of uniformly distributed
diffusion directions. However, high b-values necessitate lon-
ger diffusion gradients, which increase TE and reduce the
signal-to-noise ratio. While TE can be reduced by acquiring
multiple shots, both the number of shots and the number
of required diffusion directions both impact on the total
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scan time. For in vivo rodent imaging, a b-value of 3000 s/
mm? and 60 diffusion directions are recommended. If more
time is available, a second, lower b-value can be added (e.g.,
b-value = 1500 s/mm?) or additional diffusion directions
can be acquired. In order to improve data consistency and
to facilitate collaboration across multiple centers, there is
a need for reporting b-values and making vectors available
since not only are the derived quantitative indices b-value
dependent,®® mono-exponential signal fitting is invalid at
very high b-values, and would require careful processing to
obtain accurate values.

Apart from BO field strength and shim homogeneity,
the variability in gradient performance and stability at dif-
ferent sites is the biggest single factor that may determine
whether multi-site data can be credibly pooled. Indeed,
the least capable gradient system among different sites be-
comes the lowest common denominator for determining
the type of sequence used (e.g., 2- vs 3-dimensional image
acquisition, the number of slices, TE, matrix size, b-value
and the duration of the diffusion gradient (so-called “little
delta”), as well as the time between diffusion-sensitizing
gradients (so-called “Big Delta”), of which the latter will
affect the specific amplitude of diffusion that the diffusion
sequence is sensitive to). Careful and thorough reporting
of these parameters should go a long way to facilitate suc-
cessful multi-site collaborations.

FIGURE 11 Diffusion-weighted
imaging (DWI) in the adult mouse brain.
Example fractional anisotropy (FA,

left column) and tractography images
(right column) acquired in vivo at 9.4

T using a single-channel, anatomically
shaped surface coil. Two diffusion shells
(b-values = 1500 and 3000s/mm?) with
81 directions were acquired at 250 pm
isotropic resolution in <10 min. DWIs
were upsampled to 125 um isotropic
resolution, and FA and tractography
images were reconstructed using MRtrix3
software. Color bar shows FA values
from 0 (black) to 1 (white). Tractography
streamlines are color-encoded according
to orientation: red, medial-lateral; green,
anterior-posterior; and blue, superior-
inferior. Data acquired by David Wright.

3.6.3 |

Equipment

As outlined in the notes above, gradient performance
and stability are of paramount importance. For quantita-
tive analysis of diffusion, images must be acquired over
multiple diffusion gradients and often, with multiple b-
values (shells). Although the diffusion tensor can be es-
timated using six directions, for a rotationally-invariant
DTI reconstruction, 30 uniformly distributed, noncolin-
ear vectors are needed, with over 45 required for char-
acterizing fiber orientation distributions (FODs).* This
need for large numbers of imaging shells necessitates
rapid image acquisitions, typically EPI-based, which
benefit from high-powered gradients with short rise
times.

Sequence optimization requires that diffusion times
are long enough to ensure that water molecules interact
with the boundaries of the tissue of interest and with
sufficient diffusion weighting to increase the angular
diffusion profile sharpness and fiber orientation speci-
ficity. Together with a requirement for sufficiently high
isotropic resolution, these factors combine to increase
echo times and decrease the signal-to-noise ratio. As
such, and similar to other neuroimaging techniques,
DWI benefits from the use of anatomically shaped
surface-receive coils and phased-array technology and
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Case Report Form: 06 CRF - Diffusion-weighted imaging.docx
CRF module: Diffusion-Weighted Imaging
Date and time that this CRF was filled out:
Name of person filling out CRF:
Project name/ldentifier:
Animal ID:
CDE Name Data Collected
Diffusion weighted imaging (DWI)
Imaging sequence O Echo Planar Imaging
[J Spin-Echo [J Unknown
Imaging Parameters
Dimension 002D O 3D O Unknown
Isotropic resolution O Yes O No [0 Unknown
Resolution in mm X X
Coverage (FOV coverage) [0 Whole brain 0 Cerebrum [ Partial coverage
O Unknown
Segmented / single shot acquisition O Single shot [0 Segmented [J Spiral CJ Unknown
Number of segments
Repetition time (TR) in ms
Echo time (TE) in ms
EPI echo spacing in ms
Spectral width in kHz
k-space coverage / encoding
Partially parallel imaging acceleration [ Yes [0 No [0 Unknown
Partial-FT acceleration [ Yes [0 No [J Unknown
Zero-filled acceleration 0 Yes [0 No [0 Unknown
FIGURE 12 Diffusion-weighted imaging case report form (see main text for details)

order to either/both increase signal-to-noise and reduce
acquisition times.

3.6.4 | Procedure

After induction of anesthesia, the rodent is securely fixed
with a 3-point stereotaxic-like cradle, which is important
to prevent head movement that will result in image ghost-
ing or at least signal deviations that affect the calculation
of the final indices. Mice can have labored, gasping respi-
ration that can be alleviated by a slower anesthetic induc-
tion with isoflurane or using a different sedation agent.
Gating the acquisition to respiration does improve image
quality, but at the expense of significantly prolonged im-
aging time, variable TR values, and increased exposure to
anesthetic. The recommendation is to avoid gating and
use the extra time to acquire images along more gradient
vectors and use a priori-defined criterion to determine

those scans that should be removed for excessive head
motion. Correction of phase distortion due to locally ad-
jacent air/bone/brain at the ears and the thick frontal
bones can be somewhat corrected by acquiring a reverse
phase-encode b0 image and then processing the data with
FSL's Topup.”

3.6.5 | Analysis and interpretation

A number of freely available software tools have been
developed for processing DWI, each with its own unique
methodologies. However, there are a number of universal
preprocessing steps that should be undertaken irrespec-
tive of the tool used:

« Denoising and Gibbs ringing removal
« Motion correction either at the slice or at least the vol-
ume level.
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Other acceleration method

Read direction

[ S-I (superior-inferior) O L-R (left-right)
[0 H-F (head-feet) (O Unknown

Phase1 direction

[0 S-I (superior-inferior) OJ L-R (left-right)
O H-F (head-feet) C1 Unknown

Respiration gating

O Yes O No [0 Unknown

Reverse phase encode acquisition

O Yes O No 0 Unknown

Fat suppression

O Yes O No [0 Unknown

Outer volume suppression

0 Yes O No [0 Unknown

Diffusion Parameters

Diffusion gradient duration (§) in ms

Diffusion gradient separation (A) in ms

Number of b-values (no of shells)

Number of Directions @ b-value (shell 1) in

s/mm?

Number of Directions @ b-value (shell 2) in

s/mm?

Number of Directions @ b-value (shell 3) in

s/mm?

(Insert additional rows for each shell)

(Insert additional rows for each shell)

Number of Non-Diffusion Images (boimages)

Parameters

Imaging date and time

Time Point after initial

insults (days)

Instructions: Please check boxes where applicable. If none of the predetermined options is

appropriate use the default space to specify your answer.

This form is to be filled in for one individual animal.

FIGURE 12 (Continued)

« Distortion correction, including eddy-current distortion
correction (typically performed in one step)

« B1 field inhomogeneity correction

« Outlier detection of vector images with signal
abnormalities

Although voxel-based statistics are most suited to an
unbiased analysis, where a priori hypothesis testing ne-
cessitates a restricted regional analysis, for example, to
directly compare MRI connectomic data to EEG data
within the same animals, then an analysis using a region-
of-interest approach would be expected to be the most ap-
propriate methodology.

3.7 | Volumetry

CRF File name: 07 CRF module—Volumetry.docx

CDE File name: 07 CDE chart—Volumetry.xlsx
(Supporting information)

3.71 | Rationale

Anatomical MR imaging assesses: (a) the lesion size, lo-
cation, and structural changes due to the initial insult
launching the epileptogenic processes, and (b) the pro-
gressive atrophy during the epileptogenesis and epilepsy,
which is commonly included in preclinical imaging stud-
ies. Anatomical information on ventricular enlargement
or local atrophy and major volumetric changes is neces-
sary for the correct analysis of data from other imaging
modalities, e.g., PET. Moreover, the volumetric informa-
tion extracted describes tissue atrophy, swelling, cortical
thinning etc. that are features both relevant as comorbidi-
ties and potentially reflecting epileptogenic processes.”*”"*
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Acute edema, hemorrhagic lesion and progressive atrophy

2 days post-injury

5 months post-injury

Volumetry

FIGURE 13 T2-weighted images of the lateral fluid percussion injury rat model of post-traumatic epilepsy in the acute and chronic

stages. Two representative animals (A and C) shown 2 days postinjury, and 5 months later (B and D). T2-weighted images show the acute

edema in the cortex (white arrow in A), along white matter tracts (arrowhead in A), and in the hippocampus (white arrowhead in C). Five

months later, the progressive atrophy has formed a cortical CSF-filled cavity (asterisk in B). Note, how despite the similar edema size at

2days, the chronic lesion size differs evidently (B versus D). On T2-weighted images, intracortical hematomas (black arrow in A) and white

matter bleeds (black arrowhead in C) are also evident. Atrophy can be quantified by whole brain volumetry (E), or by segmenting, e.g., the

enlarged ventricles and lesion cavity (F). These examples are made by ITK-SNAP on isotropic 3D high-resolution images in (G). Images were

acquired at 7T with actively decoupled volume transmitter and quadrature surface receiver coils. Fast spin echo sequence (TurboRARE,
effective TE = 45 ms, TR = 3400 ms, RAREfactor = 8) was used to obtain T2-weighted images, 23 slices 0.8-mm-thick with 117 X117 um
in-plane resolution in 5 min. 3D images with T1/T2* mixed contrast and 160 um? isotropic resolution were obtained with a multi-echo

gradient echo sequence (TR = 66 ms, 13 echoes with TE from 2.7 ms to 43 ms, flip angle 16°, averaged over echoes) in 11 min. Courtesy of

EpiBioS4Rx project, data acquired by Riikka Immonen.

Anatomical MRI contrast is most often obtained in preclin-
ical imaging with T2 weighting (Figure 13), even though
various other MRI contrasts and sequences can be used to
interrogate anatomical/structural information. Imaging
parameters, preparation and acquisition schemes, and the
encoding details are all crucial for the correct interpreta-
tion and identification of potential artifacts. While the
scan time available and the desired spatial resolution set a
framework for the volumetric information, the scan can be
sensitized to various epilepsy-related brain abnormalities:
T2-weighted imaging for example is sensitive to edema
and decreased cell density (conditions that alter the free
water content in the tissue), and can also depict hemato-
mas (Figure 13). Quantitative T2 alterations can be used to
detect hippocampal sclerosis,”>’® regions affected and le-
sioned after traumatic brain injury,””’® after pilocarpine-
induced status epilepticus,” and after febrile seizures.*
T2*-weighted imaging or susceptibility weighted imag-
ing (applying a phase mask) will distinguish microbleeds
associated with diffuse axonal and vascular injury, and
thalamic calcifications typical for post-traumatic epilepsy
models.®! T1-weighted high-resolution 3D images are fast

to acquire and allow segmentation and quantification of
brain white matter and gray matter, detection of white
matter abnormalities, and elimination of the cerebrospi-
nal fluid component by fluid attenuation techniques. In
the following paragraphs and in the accompanying CRF
(see Figure 14) we list some of the main methods for struc-
tural and anatomical imaging, and the key parameters to
record and report.

3.7.2 | Measurements

Typically, T2-weighted images or a series of T2-weighted
images are acquired, allowing for the calculation of echo-
averaged T2-weighted image and the quantitative map.
Quantitative mapping requires a set of images with vary-
ing echo time to which a signal decay curve is fitted to
create a map with absolute values. Quantitative mapping
allows, in principle, parameter comparison across stud-
ies and imaging centers; however, T2 time is pulse se-
quence and field dependent. T1-weighting/mapping can
also be used; however, anatomical and lesion contrast are
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Case Report Form: 07 - Volumetry.docx
CRF module: Volumetry

Date and time that this CRF was filled out:
Name of person filling out CRF:

Project name/Identifier:
Animal ID:

CDE Name

Data Collected

Anatomical imaging / Volumetry

Quantitative or weighted images

[ Quantitative map O Contrast-weighted [1 Unknown

Sequence

O Fast spin echo [J Gradient echo [J Spoiled GRE
[ Steady state GRE [J Unknown

Specify the sequence / sequence name

Dimensions

[J 2D O 3D O Unknown

Isotropic resolution

O Yes O No [0 Unknown

Resolution in mm

X X

Coverage (FOV coverage)

[J Whole brain O Cerebrum [J Partial coverage

O Unknown

Contrast

O T2-weighted [J T1-weighted [J Fluid-attenuated
0 T2* / SWI O Mixed [0 Unknown

Imaging parameters

Repetition time (TR) in ms

Flip angle in degrees

Echo time (TE) / Effective echo time (TEeff) in ms

Base echo time in ms

Echo spacing in ms

Number of echoes

Otherwise: specify echo train in ms

FIGURE 14 Volumetry case report form (see main text for details).

typically better in T2-weighted images at the high mag-
netic field strengths used for preclinical imaging.

A fast spin echo sequence (T2 decay) is less sensitive
to susceptibility artifacts and shimming than a gradi-
ent echo sequence (T2* decay), while gradient echo se-
quences are advantageous for fast 3D imaging as a small
flip angle and a shorter repetition time can be used. A
short TR and moderate flip angle with a short echo
time yield T1-weighted contrast, and the longer the TE
the more T2*weighting is added. In steady-state gra-
dient echo sequences, the “dynamic equilibrium,” i.e.,
the steady state, is achieved after a set of dummy scans
(>5*T1) and a higher signal-to-noise ratio per time pe-
riod can be achieved typically with mixed T1 and T2 con-
trast. In balanced steady-state free precession (bSSFP)
acquisitions when all gradients are balanced, contrast is
more T2-weighted. Phase cycling can be used to mitigate
the banding artifacts that are typical of this acquisition
scheme. Inflowing blood appears bright.

Multi-slice (2D) or 3D data with isotropic or anisotro-
pic voxels, and the exact spatial resolution are all critical
features. The higher the resolution, the more averaging
is needed for a sufficient signal-to-noise ratio, at a cost in
scan time. Partial k-space sampling and phase-encoding
direction are to be specified, but placing the readout along
the long axis of the brain can be used to reduce scan time by
decreasing the number of phase-encoding steps required.
Typical resolution in rats is in-plane from 80x 80 um?” to
200%200 um? when the slice thickness is 0.5-0.8 mm.
Isotropic resolution is preferable, especially if contem-
porary analysis pipelines (including co-registration) are
used. Typical isotropic resolution for the rat brain is 150-
300 um?>.

Anatomical images can have T2-weighted, T1-
weighted, T2*-weighted or mixed contrast. Typically,
T2-weighted gives the best white matter/gray matter con-
trast and best highlights the lesion in high Bo strength. If
fluid attenuation is used it has to be stated for the correct
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Inversion time (inversion recovery T1) in ms
Specify array
k-space coverage / encoding
Partially parallel imaging acceleration [0 Yes O No [0 Unknown
Partial-FT acceleration 0 Yes [0 No [0 Unknown
Zero-filled acceleration 0 Yes [0 No [0 Unknown
Other acceleration method
Read direction O S-I (superior-inferior) O L-R (left-right)
O H-F (head-feet) (O Unknown
Analysis
Image reconstruction and analysis pipeline
Parameters
Imaging date and time
Time Point after initial
insult (days)
Instructions: Please check boxes where applicable. If none of the predetermined options is
appropriate use the default space to specify your answer.
This form is to be filled in for one individual animal.
FIGURE 14 (Continued)

interpretation of images. Susceptibility-weighted images
and quantitative susceptibility maps can be generated by
exploiting the phase information in T2*-weighted images.
The signal intensity and image contrast depend on the
repetition time (TR), flip angle, effective echo time (TE)
or the echo train, and the inversion time in inversion re-
covery T1-weighted imaging. In gradient echo sequences,
the flip angle for the highest signal intensity is given by the
Ernst angle, which can be calculated for the selected TR if
tissue T1 is known.

3.7.3 | Equipment

Anatomical imaging does not set any extra requirements
for equipment beyond that mentioned in the Technical in-
formation section.

3.7.4 | Procedure

No prepreparation of the animal is needed. Animals are
scanned under inhalation anesthesia (typically isoflu-
rane), head-fixed by ear bars and a teeth bar to elimi-
nate movement artifacts. Breathing rate and temperature
should be monitored to maintain the anesthesia level, ani-
mal stability, and temperature.

3.7.5 | Analysis and interpretation

A wide variety of methods and toolboxes are available
for volumetric analyses. In the injured rodent brain, they
often require study-specific optimization, user interfer-
ence, and manual refinement. The first preprocessing
step of the analysis pipeline is often the skull stripping/
brain extraction. The next steps, co-registration and/or
segmentation, strongly rely on sufficient tissue contrast
and signal-to-noise ratio. Brain atlases are available for
different rat/ mouse strains, and different MRI contrasts.
Atrophy can be assessed via ROI analysis, voxel-based
morphometry, tensor-based morphometry, and deforma-
tion matrices, shape analyses, or surface analyses. Key
toolboxes include FSL,%*%* ANTs,?* ITK-SNAP,?® and SPM
(https://www fil.ion.ucl.ac.uk/spm/). See, e.g., Feo and
Giove™ for a critical review regarding rodent applications,
and software listing with references.

3.8 | Manganese contrast-enhanced
magnetic resonance imaging

CRF File name: 08 CRF module - Manganese contrast-
enhanced MRI.docx

CDE File name: 08 CDE chart - Manganese contrast-
enhanced imaging.xlsx (Supporting information)
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3.8.1 | Rationale

Manganese-enhanced MRI (MEMRI) can be utilized
in preclinical epilepsy research to visualize anatomical
details, brain activity, or circuitry reorganization such
as axonal sprouting.®”*® The paramagnetic manganese
ion, Mn?*, is an MRI contrast agent and a Ca®* analog.
Sharing the same transport systems as Ca**, Mn** is taken
up during neuronal depolarization/action potential. As
such, manganese can be transported along axons both an-
terogradely and retrogradely, and across synapses, high-
lighting thereby the entire fiber tract, and pathological

alterations therein (Figure 15). Structural MEMRI allows
also discerning cortical laminar architecture.”
Manganese uptake is neuronal activity-dependent;
however, it is often limited by low BBB penetration, and
experimental protocols/methodology that utilize different
types of stimulation schemes are called activity-induced
manganese-dependent MRI (AIM-MRI),”*** or dynamic
AIM (DAIM) when the dynamics of Manganese accumula-
tion is captured.®® In this section, as well as in the accompa-
nying CRF (see also Figure 16), we describe the details for
structural MEMRI, while for dynamic activity-dependent
imaging the reader is referred to the literature.”>*%>

Manganese enhanced MRI of mossy fiber sprouting

12 days post-KA

3 months post-KA

FIGURE 15 Manganese-enhanced MRI (MEMRI) highlights the perforant pathway and mossy fiber sprouting in the dentate

gyrus, allowing longitudinal studies of hippocampal axonal plasticity during epileptogenesis. Panel shows T1-weighted images 24 h after
intraperitoneal MnCl, administration 12days (A, A2) and 3 months (B, B2) after kainic acid (KA)-induced status epilepticus. The area of
manganese-enhanced signal in the dentate gyrus (black arrows) increases upon axonal sprouting. Intensity profiles across hippocampi
(lines) allow assessing the thickness of different hippocampal layers. Histological assessment has shown manganese to accumulate into
mossy fibers but also co-located astrogliosis may contribute to the contrast.®” T1-weighted 3D images were acquired at 4.7T with quadrature
surface RF coil using gradient echo sequence with an adiabatic 70-degree BIR-4 excitation pulse to reduce the influence of B1 inhomogeneity
(TR = 120ms, TE = 2.7ms, volume of 2.5% 2.5x 3.5cm’ was covered with 192 x 64 X 256 points). Data acquired by Riikka Immonen.
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Neuroimaging Studies
Case Report Form: 08 CRF- Manganese contrast-enhanced imaging.docx
CRF module: Manganese contrast-enhanced imaging

Date and time that this CRF was filled out:
Name of person filling out CRF:

Project name/Identifier:
Animal ID:

Epilepsia Open®

CDE Name Data Collected

Manganese (ll) chloride (MnCl;) administration

Route of administration

O Intraperitoneal [J Intravenous O Intracerebral O

Subcutaneous [J Unknown [ Other

If other, please specify

Dose mg/kg

Concentration in mM

Buffer

pH

Volume administered ml

Time of MnCl, administration pre-scan (time prior
to scan) in hours and minutes

Number of seizures between MnCIz2 injection and

start of imaging session

MEMRI imaging

Baseline scan without manganese [J Yes J No O Unknown

Imaging time points after MnCl, administration

Quantitative or weighted images O Quantitative map
O Contrast-weighted

[0 Unknown

S163

Sequence

[ Fast spin echo [J Gradient echo [J Spoiled GRE

FIGURE 16 Manganese contrast-enhanced magnetic resonance imaging case report form (see main text for details)

3.8.2 | Measurements

A baseline scan prior to any MnCl, contrast agent can be
acquired, but it needs to be in a separate scanning session
in the case of systemic administration, for it takes man-
ganese several hours to reach the brain structures of in-
terest. For intracerebral injection, the animal needs to be
removed from the scanner for MnCl, delivery. The pattern
of MEMRI contrast in the brain depends on the time point
for imaging from the MnCl, administration (see below,
the procedure paragraph).

Manganese shortens both the longitudinal and the
transverse relaxation time, creating a positive contrast en-
hancement in T1-weighted and negative in T2-weighted
images. Typically for MEMRI, the T1-weighted imaging is
utilized and it shows the white matter tracts and other sites
of manganese accumulation with high signal intensity.
Quantitative T1 mapping allows for indirect assessment
of the manganese concentrations, that is, the amount of
the accumulated manganese in the target structures. T1

mapping is done by inversion recovery sequence or sat-
uration recovery. Regarding the sequence and spatial
resolution, the same principles apply to the anatomical/
volumetry imaging (see CRF7).

3.8.3 | Equipment

No extra requirement for hardware beyond that described in
the Technical details section is needed. However, MEMRI
benefits from a high field magnet system, since the contrast
enhancement is magnetic field strength-dependent and a
high spatial resolution for anatomical details is desired.

3.8.4 | Procedure

For structural MEMRI, the contrast agent is often given
several hours before the scan, even 24 h earlier. The tim-
ing depends on the route of administration and whether
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[ Steady state GRE [J Unknown

Dimensions

[J 2D O 3D O Unknown

Isotropic resolution

O Yes O No [0 Unknown

Resolution in mm

X X

Coverage (FOV coverage)

[0 Whole brain O Cerebrum [ Partial coverage

[0 Unknown

Contrast

[0 T2-weighted [0 T1-weighted [J Mixed O Inversion

recovery T1 O Fluid-attenuated [J Unknown

Echo time (TE) in ms

Repetition time (TR) in ms

Flip angle in degrees

Inversion time (TI) in ms

Specify array

k-space coverage / encoding

Partially parallel imaging acceleration

0 Yes O No [0 Unknown

Partial-FT acceleration

[0 Yes O No [0 Unknown

Zero-filled acceleration

[0 Yes [J No [0 Unknown

Other acceleration method

Read direction

O S-I (superior-inferior) O L-R (left-right)
[0 H-F (head-feet) [0 Unknown

Analysis

Analysis pipeline

Parameters

Imaging date and time

Time Point after initial
insult (days)

Instructions: Please check boxes where applicable. If none of the predetermined options is

appropriate use the default space to specify your answer.

This form is to be filled in for one individual animal.

FIGURE 16 (Continued)

any stimulation paradigm is applied during manganese
accumulation into the brain. The route of administration,
timing relative to the scan, the compound, dose, and pH
are to be reported as CDEs. Conditions (stimulation or sei-
zure activity) during the manganese accumulation should
also be noted. Anesthesia during the scan does not play a
major role in the case of structural MEMRI where Mn**
accumulation occurs prior to the scan itself.

3.8.5 | Systemic administration of
manganese

A manganese chloride (MnCl,) buffer is usually bicine
and the pH needs to be adjusted to the physiological range.
MnCl, can be administered systemically via intraperito-
neal or subcutaneous injection. For dosage and method-
ological details, see.”**” Typical systemic MnCl, doses
range from 30 to 175 mg/kg. For systemic administration,
it takes 5-8 h for the contrast agent to pass across the cho-
roid plexus and reach the ventricular system (ventricles

are highlighted after 7 h, while parenchyma remains
unaffected), and then, the final accumulation pattern
highlighting the axonal tracts/fiber bundles/pathways is
found 20-24 h after the injection. The MEMRI contrast is
sustained until approximately 48 h and decays thereafter.
The complete clearance of manganese has been reported
to take 10 days.”® Intravenous MnCl, injection may induce
heart issues (increased heart rate, cardiac arrest) and has
to be tested in each animal model. For structural MEMRI,
the dose can be fractionated, e.g., dose divided into three
injections with fewer side-effects.”” Subcutaneous injec-
tions may evoke skin irritation.

Intracerebral administration of manganese

MnCl, injections directly into the brain allow targeting of
acertain pathway, e.g., direct injections into the thalamus
have been utilized to assess thalamocortical projections,’’
or injections into the cortex, the cortico-thalamic,®® or in-
terhemispheric cortico-cortical connectivity.”
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A drawback of manganese is its cellular toxicity and
therefore manganese contrast agents are not used for
brain research in the clinic. In the study design, the poten-
tial adverse effects of manganese should be accounted for,
e.g., showing in a control group the absence of any effect
by contrast agent alone.

In epilepsy studies, manganese accumulation will de-
pend on any seizure activity during the contrast agent
absorption period. Hence, the seizure activity should be
monitored after the manganese administration until the
scan. Animals with seizures can then be analyzed as a sep-
arate group, or the seizure activity should be taken into
account as a confounding factor.

3.8.6 | Analysis and interpretation
In structural MEMRI studies the snapshot situation, e.g.,
24 h postsystemic MnCl, is captured instead of following
the dynamics of contrast agent accumulation.

Analysis approaches are (a) characterization of the
properties of the white matter tracts enhanced: disconti-
nuity, thickening, axonal sprouting, (b) relative signal en-
hancement in an ROI, or (c) quantitative T1 alterations.

3.9 | Functional magnetic resonance
imaging

CREF File name: 09 CRF module - Functional MRI.docx
CDE File name: 09 CDE chart - Functional MRI.xIsx
(Supporting information)

3.9.1 | Rationale
fMRI detects brain activation indirectly as neuronal ac-
tivity is closely linked to the vascular response (so-called
neurovascular coupling). As a result, cerebral blood vol-
ume (CBV), cerebral blood flow (CBF), and blood oxy-
genation increase during brain activation, all of which
can be detected by MRI. Most often blood oxygenation
level-dependent (BOLD) contrast is used, which is based
on different magnetic susceptibilities of oxygenated and
deoxygenated hemoglobin in blood, leading to signal inten-
sity changes in T2(*)-weighted images. In addition, intra-
vascular iron-based T2(*) contrast agents can be utilized to
sensitize T2(*)-weighted imaging to CBV changes, which
provides better contrast to noise than BOLD. However, this
requires i.v. contrast agent injections and normalization for
contrast agent washout, and is therefore more complicated
in practice, especially in longitudinal study designs.
Typically, fMRI is used to measure changes in brain
activity over time. The change can be due to external

stimulations, epileptiform activity or seizures, brain state
changes, or naturally occurring resting-state fluctuations
in brain activity, which are correlated with functionally
connected brain areas. In the context of epilepsy, epilepsy-
related brain activity is most often measured simultane-
ously with fMRI and electrical recordings, or the resting
state fMRI signal is recorded to analyze changes in large-
scale functional connectivity during epileptogenesis/epi-
lepsy. In this section, as well as in the accompanying CRF
(see also Figure 17), we describe the details for fMRI.

3.9.2 | Measurements

Before the actual fMRI part, high-resolution anatomical
imaging with a T2-weighted (TE~T2, TR = 1.5-3s) fast
spin-echo sequence is performed to provide an anatomi-
cal reference to which lower-resolution functional images
are co-registered.

fMRI requires the mapping of temporal changes in sig-
nal intensity with high temporal resolution. In practice,
this is achieved by single-shot EPI. Prior to EPI scanning,
automated 3D field map-based shimming should be per-
formed and linewidth documented. Gradient echo EPI
provides better contrast-to-noise than SE-EPI and better
temporal resolution can be used by combining less than a
90-degree flip angle with shorter TR; however, spin-echo
EPI can also be used especially in cases where magnetic
field homogeneity is compromised by implanted elec-
trodes or invasive surgery. The echo time should be in the
order of T2 for SE-EPI and T2* for GE-EPI, and TR of 1-2s
should be used. Isotropic resolution is preferable, typical
resolution of 0.3-0.4 mm?>. High readout bandwidth (~200
kHz, typically limited by gradient performance and heat-
ing) should be used to limit the length of echo train and to
reduce field inhomogeneity-related artifacts. Fat suppres-
sion is typically used and outer-volume suppression can
also be used for the smaller field of views.

New fMRI pulse sequences with zero echo time and
very high bandwidth in three directions are becoming
available for fMRI with an extremely high tolerance for
magnetic susceptibility artifacts and small induction of
EEG artifacts, features that make them optimal for fMRI
studies with animals with implanted electrodes.'®

3.9.3 | Equipment

fMRI benefits from a high magnetic field, which increases
BOLD contrast and the signal-to-noise ratio. In experi-
ments where magnetic susceptibility difference related
to field inhomogeneity is an issue (e.g., implanted elec-
trodes), the high magnetic field can, however, be non-
advantageous, as the magnetic susceptibility scales with
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the magnetic field. A well-performing gradient system
is an absolute requirement because EPI with high read
bandwidth has to be used to limit susceptibility-related
artifacts. A standard transmit/volume coil-quadrature/
multichannel surface receiver coil -pair can be used in
most cases. In animals with head implants (e.g., chroni-
cally implanted EEG electrodes) a linear single loop sur-
face coil (either receive only or transceiver) can be used
around the implant or implanted on the skull."”"

In addition to standard physiological monitoring
(breathing rate, temperature), blood oxygenation and
CO, should also be monitored. The recommended way is
to use a blood gas analyzer and measure the blood gases
from arterial blood samples. In longitudinal studies, re-
peated cannulation for blood sampling can be a problem
and noninvasive measurements using a pulse oximeter

Neuroimaging Studies

Case Report Form: 09 CRF - Functional MRIl.docx

CRF module: Functional MRI

Date and time that this CRF was filled out:

Name of person filling out CRF:

Project name/Identifier:
Animal ID:

and a capnography device can be used. These are clearly
less reliable approaches than blood gas analysis in small
animals, and this kind of noninvasive setup should be al-
ways validated against blood gas analysis. Either a volume
or pressure-controlled ventilator for mechanical ventila-
tion is often needed to maintain normal blood gases under
anesthesia.

3.9.4 | Procedure

Animals are typically anesthetized for fMRI even though
awake fMRI approaches exist.! The type of anesthesia
influences the results and there is currently no agree-
ment in the field about the best anesthesia.'*'**'** For
longitudinal studies, medetomidine or the combination

CDE Name

Data Collected

Resting state fMRI

Imaging sequence

O Gradient echo - Echo Planar Imaging
[0 Spin-Echo - Echo Planar Imaging
0 Unknown

[ Other

If other, please specify

Contrast agent (CBV fMRI)

O Yes O No [0 Unknown

Contrast agent Name/Type

Contrast agent dose in mg/kg

fMRI imaging parameters

Dimension

[0 2D O 3D O Unknown

Isotropic resolution

O Yes O No [0 Unknown

Number of slices (1 if 3D)

Slice thickness / slab thickness in mm

FOV coverage

[0 Whole brain O Cerebrum [ Partial coverage

0 Unknown
FOV in mm X X
Matrix / number of points X X

Repetition time (TR) in ms

Flip angle in degrees

FIGURE 17 Functional parcellation of a normal rat brain obtained by independent component analysis with 45 components (A).
Functional connectivity matrices from correlation analysis between atlas-based brain areas from 20 rats before (B) and 10days after
traumatic brain injury (C). Data acquired by Lenka Dvorakova and Olli Gr6hn at the University of Eastern Finland. _c, contralateral to
injury; _i, ipsilateral to injury; AU, auditory cortex; CA, Hippocampus; cG, cingula cortex; CPu, caudate putamen; HTh, Hypothalamus;
M1M2, motor cortex; mPFC, medial prefrontal cortex; MTh, medial thalamus; PtA, parietal cortex; RSc, retrosplenial cortex; S1S2,
somatosensory cortex; V1V2, visual cortex; VLTh, ventrolateral thalamus.
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Echo time (TE) / Effective echo time (TEeff) in ms
base echo time in ms
echo spacing in ms
Number of echoes
otherwise: specify echo train in ms
Read Bandwidth in kHz
Fat suppression O Yes O No OJ Unknown
Outer volume suppression O Yes OO No O Unknown
Number of dummy scans
Number of images
k-space coverage / encoding
Partially parallel imaging acceleration [ Yes [0 No [J Unknown
Partial-FT acceleration O Yes OO No OO Unknown
Zero-filled acceleration O Yes [0 No 0 Unknown
Read direction [0 S-I (superior-inferior) I L-R (left-right)
[ H-F (head-feet) [J Unknown
Phase1 direction [ S-I (superior-inferior) O L-R (left-right) OJ H-F
(head-feet) O Unknown
fMRI analysis
Pre-processing
Slice-timing correction O Yes OO No O Unknown
Motion correction O Yes OO No OO Unknown
Co-registration to a template brain O Yes O No O Unknown
Smoothing with a Gaussian, FWHM sigma in mm
Analysis
Method [0 ROI-based resting state maps
[0 Group resting-state ICA
O Unknown
O Other
If other, please specify
Functional connectivity analysis pipeline
Parameters
Imaging date and time
Time Point after initial
insult (days)
Instructions: Please check boxes where applicable. If none of the predetermined options is
appropriate use the default space to specify your answer.
This form is to be filled in for one individual animal.
FIGURE 17 (Continued)

of medetomidine and isoflurane are good choices, while
alpha-chloralose and urethane can be used in terminal
studies (see Physiology section for details). Animals
often undergo surgery before fMRI scanning, for exam-
ple, cannulation allowing arterial blood sampling and/
or infusion of a sedative/anesthetic when needed. Any
immediate prescanning surgical procedures should be
conducted under general anesthesia, typically isoflu-
rane, after which the animal is transferred to the animal

S167

holder. With most anesthetics, mechanical ventilation
per os (longitudinal studies) or via the trachea (termi-
nal studies) is required. After preoperation, the animal
is switched to a different sedation/anesthesia for fMRI.
Time spend in isoflurane anesthesia and time between
cessation of isoflurane anesthesia and the beginning
of fMRI should be kept constant and documented. The
animal's head is fixed with ear bars and a teeth bar and
probes for physiological monitoring are attached to the
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animal (this can still be done during deeper anesthesia).
Physiological monitoring is performed continuously and
values recorded. Blood gases should be analyzed mini-
mum once during the experiment, preferably at the be-
ginning and at the end of the fMRI scanning.

3.9.5 | Analysis and interpretation

The purpose of fMRI analysis is to identify small signal
changes, on the order of a few percent of the baseline sig-
nal, or to investigate temporal correlations of signal fluc-
tuations. A myriad of different fMRI analysis approaches
and software packages, such as Statistical Parametrical
Mapping (SPM, https://www fil.ion.ucl.ac.uk/spm/), the
FMRIBSoftware Library (FSL, https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/) and Analysis of Functional Neurolmages
(AFNI, https://afni.nimh.nih.gov/), exist. Typically, an
fMRI analysis pipeline consists of the following steps:
slice timing correction, motion correction, co-registration
to a common template for group-level analysis, and spa-
tial smoothing. When the duration of the activation is
known from the stimulation paradigm or simultaneous
EEG measurements, a general linear model can be used
to determine activated voxels. For that, the assumed brain
activation time course is convolved with a hemodynamic
response function (HRF) to obtain the presumed fMRI
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FIGURE 18 fMRI case report form (see main text for details)

time course. It should be noted that many fMRI software
packages use human HRFs as a default, and for the rodent
fMRI analysis that should be changed to shorter HRF cor-
responding better to rodent HRF.'* In the actual analysis,
correlations of presumed signal time courses and meas-
ured signal time courses are analyzed voxel-wise. As fMRI
volumes consist of thousands of voxels, multiple com-
parison bias becomes a major issue for statistical analy-
sis. There are multiple demonstrations of false-positive
findings'® if correction is not done, while more stringent
multiple comparison correction approaches result in false
negatives and loss of true activation. Currently, the family-
wise error (FWE) correction, Bonferroni correction, and
false discovery rate (FDR) correction are widely used.

For the analysis of functional connectivity, similar pre-
processing steps are performed followed by seed-based or
predetermined regions of interest (ROI)-based correla-
tion analysis. Here, clear hypotheses, whenever possible,
should be used to reduce the number of multiple compar-
isons. Graph theory-based approaches (see'® for review)
are nowadays gaining popularity, as they allow for the
analysis of data at the network level. Also, data-driven ap-
proaches such as independent component analysis (ICA)
can be used (Figure 18). These are especially useful for the
initial screening of new data.

For all interpretations, it is important to realize
that fMRI measures brain activity indirectly through
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neurovascular coupling, and in damaged brain areas, this
neurovascular coupling may be disturbed.

3.10 | q Magnetic resonance
spectroscopy

CRF File name: 10 CRF module - 1H Magnetic resonance
spectroscopy.docx

CDE File name: 10 CDE chart - 1H Magnetic resonance
spectroscopy.xlsx (Supporting information)

3.10.1 | Rationale

Proton magnetic resonance spectroscopy (1H-MRS) ena-
bles the noninvasive detection and quantification of brain
metabolites including the excitatory neurotransmitter
glutamate as well as GABA and glutamine. As such, 1H-
MRS is a potentially powerful tool for epilepsy research
enabling not only the investigation of metabolic mecha-
nisms underlying epilepsy'®’ and/or may provide useful
biomarkers to predict seizures, for example, markers of

0.019

gliosis and astrocyte activation, or together with
more general markers of cell death.””” The volume of inter-
est from which 1H-MRS spectra are acquired (Figure 19)
can be positioned anywhere in the brain parenchyma and
therefore offers distinct advantages over serum and CSF-
based biomarkers. Furthermore, MRS has been shown to
detect metabolite changes in normal-appearing tissue and
therefore may be a powerful biomarker for the early detec-
tion of pathophysiology. In this section, as well as in the
accompanying CRF (see also Figure 20), we describe the
details for MRS.

108-110
111

3.10.2 | Measurements

Point-RESolved SpectroScopy (PRESS) with outer-volume
suppression is the default acquisition scheme for single
voxel-based data acquisition on the majority of preclinical
scanners. Water suppression is a requirement and typical
suppression schemes are CHESS and VAPOR. The typical
square or rectangular volume of interest (VOI) should be
carefully chosen using a detailed anatomical scan for cor-
rect positioning. Placement of the VOI in brain tissue to

0.27
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9.117 3% 1.056 Glu
0.136 62% 1.6E-02 GBC
1.468 6% 0.170 PCh
1.964 6%  0.228 GSH
5.190 4% 0.601 Ins
1.946 11%  0.225 Lac
6.926 3%  0.802 NAA
1.068 14%  0.124 NAAG
0.000 999%  0.000 Scyllo
| 11.087 2%  1.284 Tau
0.440 46% 5.1E-02 -CICH2
1.605 3% 0.186 GPC+PCh
7.995 3%  0.926 NAA+NAAG
8.632 23  1.000 Cr+PCr
12.605 3% 1.460 Glu+Gln
1.570 53%  0.182 Lipl3a
0.000 999%  0.000 Lipl3b
0.715 43% 8.3E-02 Lip09
9.299 9%  1.077 MMO9
0.303 79% 3.5E-02 Lip20
7.750 18%  0.898 1M20
2.282 24%  0.264 mM12
10.266 16%  1.189 MMld
4.788 24% 0.555 MM17
1.570 53%  0.182 Lipl3a+Lipl3b
14.118 13%  1.635 MM14+Lipl3a+L
10.014 8%  1.160 MMO9+Lip09
8.052 17%  0.933 MM20+Lip20
DIAGNOSTICS
Doing Water-Scaling
- MISCELLANEOUS OUTPUT
FWHM = 0.021 ppm S/N = 21
Data shift = 0.051 ppm
Chemical Shift (ppm) Ph: 10 deg 6.5 deg/ppm

INPUT CHANGES

FIGURE 19 Example spectra acquired from the mouse hippocampus. A cryogenically cooled 4-channel surface coil and PRESS
sequence were used to acquire 384 averages in 16 min. The volume of interest had dimensions of 2x1x1.5mm?®. The spectra were processed

with LCModel using an additional acquisition without water suppression. Data acquired by David Wright.
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Case Report Form: 10 CRF - 1H Magnetic resonance spectroscopy.docx

CRF module: 1H Magnetic resonance spectroscopy

Date and time that this CRF was filled out:
Name of person filling out CRF:

Project name/ldentifier:
Animal ID:
CDE Name Data Collected
1H - Magnetic resonance spectroscopy (1H-MRS)
MRS Localization method O PRESS O STEAM O semi-LASER [ Unknown
O Other
If other, please specify
Voxel #1
Voxel-1 location target structure
Voxel-1 location O Unilateral
[ Bilateral
3 Unknown
Voxel-1 size in mm X X
Voxel #2
Voxel-2 location target structure
Voxel-2 location O Unilateral
O Bilateral
3 Unknown
Voxel-2 size X X mm
(repeat for all voxels) (repeat for all voxels)
Repetition time (TR) in milliseconds
Echo time (TE) in milliseconds

FIGURE 20 MRS case report form (see main text for details)

maximize the volume filled with uniform brain structure
and minimize the inclusion of areas with CSF or edema
will improve the shimming and thus the signal quality.
The size of the VOI will not only affect interpretation of
the data by the degree of normal-appearing tissue or mul-
tiple brain regions included within the VOI, but it will
directly affect the length of the scan. Since the signal is
proportional to the square root of the acquisition time,
larger VOIs will produce more signal/scan at the expense
of inclusion of multiple tissue types, and thus require less
time scanning to reach a target signal-to-noise.

3.10.3 | Equipment

There is no substitute for increased field strength when
trying to separate metabolites of interest. The long re-
covery times necessitated for 1H-MRS place less demand
on gradient systems, however, as with other imaging

modalities, small voxel sizes benefit from the increased
sensitivity afforded by anatomically shaped surface coils
or small, single-turn surface coils. Short, high bandwidth
RF pulses should be used to minimize chemical shift dis-
placement, which requires RF amplifiers and transmits
RF coils that can produce high B1.

3.104 | Procedure

Sedation medication is pertinent to the acquisition, espe-
cially for GABA levels, which reduce by up to 38% under
isoflurane.''* 1H-MRS is greatly affected by field inhomo-
geneity and therefore care should be taken in positioning
the sample at the iso-center of the magnet and optimizing
shims for the voxel of interest. Furthermore, in models of
post-traumatic epilepsy, the focal injury site can also be a
source of significant susceptibility changes and should be
considered when positioning the voxel and designing the
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Bandwidth in kHz

Number of points

Number of averages

OVS/ Saturation bands

O Yes O No [J Unknown

Water suppression method

OO0 VAPOR O CHESS O Unknown [ Other

If other, please specify

Water reference scan

O Yes O No [0 Unknown

Shimming method

O FASTMAP; (O MAPSHIM; 0 Unknown [0 Other

If other, please specify

Obtained water linewidth in Hz

Analysis

Spectral analysis method

O LC model [0 JMRUI, Amares [J Unknown
O Other

If other, please specify

Parameters

Imaging date and time

Time Point after initial
insult (days)

Instructions: Please check boxes where applicable. If none of the predetermined options is

appropriate use the default space to specify your answer.

This form is to be filled in for one individual animal.

FIGURE 20 (Continued)

study. Shimming should be conducted ideally using the
automated algorithms from the spectrometer manufac-
turer using a cube region of interest placed inside the vol-
ume of interest. The line width of the water peak should
be recorded. Both the outer-volume saturation and water
suppression settings should be carefully checked accord-
ing to the manufacturers’ procedures before proceeding
with the acquisition. Ensure the system is on resonance
according to the latest voxel-optimized shim and in order
to quantify metabolite levels, an un-suppressed reference
spectrum should also be acquired.

3.10.5 | Analysis and interpretation

LCModel is considered the gold standard for the analy-
sis of 1TH-MRS spectra and can provide absolute quan-
tification of a large range of metabolites. Although
metabolite levels are often reported as a ratio to total
choline or creatine, these metabolite levels may also
be changing due to disease pathology and therefore
can confound results. As such, wherever possible abso-
lute values should be reported. Metabolites of interest
include:

NAA—classically neuronal marker and a marker of neu-
ronal injury—but is also found in oligodendrites/myelin.'*?

Glutamate and glutamine—as their molecular struc-
tures are very similar, separating glutamate and glutamine

can be difficult, particularly at lower field strengths and
therefore these are often reported as a combined mea-
sure “Glx.” Glutamate, localized to neurons, is the brain's
most abundant excitatory neurotransmitter. Glutamate is
stored as glutamine in glia, and alterations in glutamate-
glutamine cycling have been observed in the hippocampus
of epilepsy patients.** Elevated levels of glutamate lead to
increased excitotoxicity. Glutamate is the precursor to both
y-aminobutyric acid (GABA) and glutathione (GSH).'*
Myo-inositol—specific to glial cells with increases
thought to reflect gliosis or hyperosmolarity,''® Elevated in
the brain of patients with temporal lobe epilepsy and hip-
pocampal sclerosis, myo-inositol may allow to distinguish
between the focus and seizure spread.’'® Furthermore,
myo-inositol was elevated in the pilocarpine poststatus ep-
ilepticus rat model. In this model, it predicted which rats
developed epilepsy after an acute injury, thus serving as a
potential early biomarker of epileptogenesis.'***°

3.11 | Positron emission tomography
and single photon emission
computed tomography

CREF File name: 11 CRF module - PET and SPECT imag-
ing.docx

CDE File name: 11 CDE chart - PET and SPECT imag-
ing.xIsx (Supporting information)
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3.11.1 | Rationale

Epilepsies are typically associated with various changes
in cerebral cellular and molecular functions. These
functions can be analyzed by nuclear in vivo imag-
ing techniques like PET or SPECT using radioisotope-
labeled compounds (radiotracers). Due to the relatively
short half-life of the most commonly used isotopes, ra-
diotracers are usually labeled in specialized radiochem-
istry laboratories located close to the imaging site. The
laborious process of radiotracer synthesis and the need
for a dedicated infrastructure to work with radioactivity
in laboratory animals limits the availability of these val-
uable techniques. Nevertheless, the option to visualize
molecular changes associated with brain inflammation
(Figure 21), neurotransmission, metabolism, perfusion,
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or BBB integrity, as well as the direct clinical translata-
bility makes PET and SPECT important tools in preclini-
cal and clinical epilepsy research.''”'?° In this section,
as well as in the accompanying CRF (see also Figure 22),
the most important details are described.

3.11.2 | Measurements

Results of dedicated molecular imaging methods are
subject to impact by various experimental factors.'*!
Furthermore, a broad variety of imaging systems, numer-
ousradiotracerslabeled with differentisotopes, and various
data analysis methods underline the need to standardize
the reporting of molecular imaging procedures, particu-
larly to enable the comparison of results originating from
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Translocator Protein (TSPO) positron emission tomography (PET) targeting activated microglia during epileptogenesis

in rats (systemic pilocarpine poststatus epilepticus (SE) model). (A) Coronal and horizontal brain PET images of [''C]PK11195 uptake
before and at different time points during epileptogenesis. (B) Microglia staining (CD11b) in control and 14-d post-SE rats (CA1 region of
hippocampus; insert displays 4-times-higher magnification of pyramidal cell layer). (C) Semiquantitative evaluation of microglial activation
during epileptogenesis. Data are mean + SEM. Significant changes are indicated by asterisk (P <0.05). (D) Spearman correlation analysis
of 11C-PK11195 in vivo binding potential BPy and immunohistochemistry scores. The figure was originally published in the Journal of

Nuclear Medicine (Brackhan et al. 2016,'** © SNMMI).
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Case Report Form: 11 CRF - PET and SPECT imaging.docx
CRF module: PET and SPECT imaging
Date and time that this CRF was filled out:
Name of person filling out CRF:
Project name/Identifier:
Animal ID:
CDE Name Data Collected
Other CRFs to be filled in with regards to a
complete data set: CRF1 Technical Information;
CRF2 Physiology (H)
Imaging Modality
Imaging modality 0O PET O SPECT
Radiotracer
Radioisotope g™o O®BN O"YC O%Ga O 'F [ 8%2zr
gomTe O2% O "Min
O Other
If other, please specify
Imaging target [0 Metabolism
O Perfusion
[J Neuro-receptors
O Inflammation
[ Blood-brain barrier
[0 Cell tracking
O Unknown
O Other
If other, please specify
Specific radiotracer
Imaging protocol
Scan protocol | O Dynamic
FIGURE 22 PET and SPECT case report form (see main text for details)

different imaging laboratories. Standardization of imaging
procedures and analysis itself, as needed for multicenter
preclinical studies,>'*isa challenge for which the current
efforts to standardize reporting might represent the basic
first step.

3.11.3 | Equipment

« PET and SPECT scanners: Various preclinical nuclear
imaging systems are available. Differences in sensitiv-
ity, resolution, acquisition settings, or field of view can
strongly influence the results of a specific study.'**'**
While the use of dedicated clinical scanners is also
possible in principle, the respective resolution has to
be considered as insufficient for most epilepsy-related
preclinical studies, particularly in mice. Today, most
nuclear imaging scanners are multi-modality systems,
i.e., they are combined with a second modality like CT

for anatomical co-registration. In recent years, and es-
pecially in brain research, MR scanners, combined with
PET or SPECT became more common. Importantly,
these modalities are not only available as side-by-side
systems but also as fully integrated multimodal scan-
ners,'?° allowing simultaneous functional PET/MRI
studies.

Radiotracer: For many imaging targets more than one
radiotracer is available, with different target affin-
ity or labeled with different radioisotopes,’’” and it is
often difficult to decide which one to establish on-site.
Sometimes, new radiotracers with high in vitro target
affinity show unwanted unspecific binding when being
tested in vivo. '* The formation of brain-penetrating ra-
diolabeled metabolites with reduced or no target affinity
might also impede data interpretation.'®” Furthermore,
a molecular change believed to be specific for a cer-
tain cell type or pathological situation might also occur
in other situations or cell types.'*® The choice of the
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[0 Static

0 Unknown

Route of radiotracer administration

O Intravenous
[ Intraperitoneal
0 Unknown

0 Other

If other, please specify

Activity dose in MBq

Activity concentration in kBg/ml

Specific activity MBqg/ug

Date/Time of injection of dose

Injection volume in ml

Administration protocol

[J Bolus injection
O Infusion
0 Unknown

0 Other

If other, please specify

Scan duration in minutes

Blood sampling

[ Full arterial input function;
[0 Single/repeated arterial sample(s);
[0 Single/repeated venous sample(s);

[0 No blood sample(s);

0 Unknown
O Other
If other, please specify
Anatomic co-registration scan OCT OMRI O None

Individual attenuation correction scan

0 Yes [0 No [0 Unknown

Analysis

Analysis software, please specify

Image reconstruction and analysis pipeline

Parameters

Imaging date and time

Time Point after initial insult (days)

Instructions: Please check boxes where applicable. If none of the predetermined options is
appropriate use the default space to specify your answer. This form is to be filled in for one individual

animal.

(Continued)

radiotracer will also be influenced by the availability of
respective precursor molecules and the radioisotopes
needed for radiolabeling. For short half-life isotopes
like oxygen-15 (~2 min), nitrogen-13 (~10 min), or car-
bon-11 (~20 min), an on-site cyclotron is a prerequisite
for effective radiochemistry, while other cyclotron-
generated isotopes like fluorine-18 (~110 min) might
be transported over medium distances. Isotopes like
gallium-68 (~67 min) or technetium-99m (~6 h) can be
produced in on-site generators containing the parent
isotope. Longer living isotopes like indium-111 (~67 h)

or zirconium-89 (~78 h) often used for cell or antibody
labeling, have no major transport range limitations. The
study design and the scientific question will also influ-
ence the choice of PET and SPECT isotopes. For preclin-
ical PET, different positron ranges of different isotopes
limit the achievable image resolution, which may be
crucial when using mouse models. Concerning half-life,
the isotope needs to be chosen according to the phar-
macokinetic properties of the radiotracer. If the distri-
bution to the target and the elimination from the blood
is fast, a short half-life might be desirable. If a molecule
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stays in the bloodstream for long periods resulting in
high unspecific background values, like antibodies, or
cells that should be tracked over days, longer living iso-
topes might be needed.

3.11.4 | Procedure

Animal state/Preconditioning: As preclinical nuclear im-
aging visualizes changes on a molecular level, it is rela-
tively sensitive to external influences, like the time of
day, metabolic state, type of anesthesia etc.'*! Therefore,
detailed protocols and standardization of parameters are
mandatory. Unfortunately, there is no general agreement
or validated guideline available for preclinical molecular
imaging studies. Nevertheless, various efforts are made
to better understand and reduce variability within multi-
center imaging studies®'*"#*

Anesthesia: The anesthesia protocol has been identified
as a relevant factor in various molecular imaging studies
with a focus on [**F]FDG PET.'*™3! Unfortunately, for
many other nuclear imaging protocols, the influence of
anesthesia still remains unclear. Again, there can be no
general recommendation on which anesthesia is the best
choice for molecular imaging. In recent years, there is a
clear trend towards inhalation anesthesia with isoflu-
rane as the most commonly used anesthetic. Inhalation
anesthesia has the advantage that depth is adjustable,
and the duration of anesthesia is principally not limited.
Nevertheless, the impact on molecular imaging outcome
parameters probably increases as a function of anesthe-
sia length. Furthermore, the influence of isoflurane, e.g.,
on brain perfusion has been described,"** and there is also
evidence of therapeutic effects of repetitive isoflurane
anesthesia.**

Scan protocol: The choice for the type of acquisition
(dynamic or static) highly depends on the intended anal-
ysis method for the respective imaging data. The gold
standard, i.e., full kinetic modeling with individual arte-
rial input functions, is usually not possible in longitudinal
preclinical studies. Shorter protocols based on static scans
with an uptake phase between radiotracer injection and
acquisition facilitate higher throughput, which might be
desirable for a laborious and expensive technique like nu-
clear imaging. Nevertheless, all efforts for more simplified
protocols need to be carefully validated in healthy animals
and disease models before being used for bigger cohorts.

The most commonly used radiotracer administration
route in laboratory rodents is intravenous injection via
the lateral tail vein. If trained properly, high success rates
well above 90% are not only possible'** but also needed
to avoid high drop-out rates in longitudinal studies.
Alternative administration routes such as intraperitoneal

injections might be chosen under specific circumstances
but will considerably influence the pharmacokinetics
and therefore also the choice of the analysis method,
as most kinetic models are based on intravenous bolus
injection. Another option is the application of infusion
protocols, which might be used to reach steady-state ra-
diotracer blood levels in order to directly obtain kinetic
parameters.'**

Activity doses required for sufficient image quality
will be highly dependent on the applied radiotracer and
the type of nuclear scanner. Usually, higher amounts of
activity are needed for SPECT imaging as collimators are
part of the scanners, which allow only limited amounts of
the radiation reaching the detectors. Especially for longi-
tudinal studies, one must also keep in mind that injected
amounts of radioactivity might reach levels that result in
systemic effects.'*

The injection volume of radiotracers is a parameter
that is sometimes problematic in laboratory animals, par-
ticularly in mice. If radiotracers are also used for clinical
applications, the radioactivity concentration might be rel-
atively low, potentially resulting in too high application
volumes for preclinical use. Recommendations and vari-
ous guidelines for applications in laboratory rodents limit
amounts of maximal volumes for intravenous injection,
and severe systemic effects might occur when injecting
higher volumes."*® Thus, specific radiotracer preparation
for preclinical use resulting in small volumes needs to be
achieved beforehand.

As indicated in the preceding text, blood sampling
might be needed for some kinetic models. In laboratory
rodents, (arterial) blood sampling is limited due to the in-
vasiveness of the sampling procedure, blood volume, and
accessibility of animals during the scan. Instead of arterial
blood sampling, venous samples might also be considered
after proper validation, and also single blood samples can
be of value to adapt population-based blood curves for sin-
gle animals."*” Alternatively, an image-derived input func-
tion (IDIF) might be extracted from the imaging datasets
during data analysis."*’

Anatomical co-registration using CT or MRI is often
included in molecular imaging protocols as correct po-
sitioning of regions of interest is crucial for reliable data
analysis, but difficult to achieve in case the analysis is
solely based on the nuclear scan. For anatomical co-
registration, short MRI or low-dose CT scans are usually
sufficient. Particularly for longitudinal studies, including
multiple imaging time points, the potential impact of cu-
mulating radiation doses needs to be considered when
using CT for co-registration."**'*’

Attenuation correction accounts for the interaction of
radioactive irradiation with the tissue. There is increasing
evidence that it should be applied even to mouse scans.**
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The most usual methods to obtain a transmission scan are
to apply a CT scan or to use, e.g., a cobalt-57 transmission
source. More recently, setups were established to use also
MRI data for attenuation correction.'*! If this is done on
an individual basis it will add some time to the total scan
duration. In the case that animals are reproducibly posi-
tioned and of comparable weight, population transmis-
sion scans might also be acquired independently from the
individual scan, therefore facilitating throughput.

3.11.5 | Analysis and interpretation
Information on data reconstruction used in the specific
scanner software needs to be considered and included in
the analysis pipeline description. The software used for
data analysis represents another important parameter
that might provide various analysis options. Data analy-
sis of (preclinical) nuclear imaging studies is complex and
needs to be adapted to the individual study.!” The chosen
imaging protocol already strongly determines the options
for data analysis. There is no general guideline on how
to choose the optimal analysis approach, and respective
methods are under constant development and improve-
ment. To account for individual variation, reference re-
gions might be included in the data analysis. Atlas-based
regional analysis is often applied to generate different
types of standardized uptake values or to perform kinetic
modeling (using a reference tissue method, blood input
functions, or IDIF). In addition, the generation of para-
metric maps for uptake or kinetic data might be highly
useful. Without doubt, each method needs proper vali-
dation beforehand. In the context of this CRF module,
it seems not possible to account for all options available
for data analysis. Nevertheless, at least a detailed analysis
pipeline should be given.

4 | DISCUSSION

It is hoped that the detailed case report forms (CRFs) and
common data elements (CDEs) provided with this manu-
script will aid existing cross-laboratory collaborations,
and even provide the impetus to stimulate further col-
laborative efforts to acquire large datasets of size and com-
plexity required to solve problems that are too large for
any single laboratory alone. The current increasing trend
toward the funding of multiple laboratories for preclini-
cal projects over multiple academic centers both nation-
ally and internationally for epilepsy (EpiBioS4Rx Center
without Walls, NIH) and for traumatic brain injury bio-
markers (Translational Outcome Project in Neurotrauma,
TopNT NIH) has already given rise to the adaptation of

protocols for harmonization of preclinical data acquisition
and processing among centers. While the work is ongo-
ing and beginning to yield fruit,>***'** the harmonization
procedures are continuing to evolve.

A challenge yet to be addressed for multicenter MRI re-
search is the absence of any standard preclinical phantoms
to facilitate internal calibration of signal quality, and serving
as a possible external control for detecting variation in pro-
ton relaxation times and signal quality across laboratories
with spectrometers operating at the same field strength. Of
not trivial importance allied to this issue, is the creation of
a standardized, diffusion weighting imaging phantom with
a fiber size small enough to simulate axon diameters in the
rodent brain. Additionally, the problem of combining data
obtained at different field strengths, and the inherent differ-
ences in relaxation times and signal sensitivity that it brings,
has yet to be sufficiently solved. Current practice requires
the use of sham controls to create a population-based sta-
tistical analysis at each field strength from which to identify
signal abnormalities relate to disease progression for final
combination across the centers.

The attached CDEs and CRFs are biased toward image
acquisition and general analytics pipelines with fewer
technical details of analysis provided, apart from the gen-
eral suggestions within each result section. This was done
intentionally since the preclinical field has yet to arrive at
a consensus with regard to standard processing pipelines.
While a large number of published manuscripts follow
clinical methods to some degree, methods diverge due
to the different brain anatomy or physiology within pre-
clinical species and compared to that of the human brain.
We suggest that current efforts by preclinical consortia
(EpiBios4Rx, TOPNT) to generate multi-site data, together
with the recent initiative by the US Veterans Affairs to cre-
ate an Interagency Resource Coordinating Center (IRCC)
for Preclinical TBI Research focusing on CDEs, will act to
strengthen preclinical CDEs efforts and extend into addi-
tional areas such as analytical pipelines.

In the field of nuclear imaging, and particularly for
PET, generating quantitative data has always been a major
goal. Therefore, manufacturers agreed early on the stan-
dardized NEMA phantom to compare systems perfor-
mances of different preclinical PET imaging systems.'*
Nevertheless, two recent publications showed that both
imaging system-based variation (including reconstruction
algorithms) and laboratory-specific imaging procedures
lead to an immense inter-laboratory variation of imaging
data.'**!** Potential sources of variation are diverse and
might include environmental factors such as room tem-
perature, humidity or light conditions during the scan,
transport conditions between animal facilities and scan-
ning areas, animal sources, anesthesia equipment, and
many more. Reassuringly, both publications indicate, that
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harmonization of procedures can lead to decreased varia-
tion and principally enables multicenter nuclear imaging
studies, but they also show that more research is needed to
fully understand the sources of variation of data obtained
at different imaging sites. The recent development of pre-
clinical (and clinical) simultaneous PET/MRI scanners'?
and their commercial availability will further enable the
generation of subject-individual multimodal datasets and
also foster the need for imaging standardization including
multiple modalities.

The significant utility of preclinical MRI or nuclear im-
aging is not merely confined to the acquisition of multi-
ple, longitudinal imaging snapshots of disease progression
and identification of early biomarkers for epilepsy. The
bridge to the clinic that it provides via clinical research
imaging is a significant factor that raises the possibility
of not just simply allowing forward clinical translation of
new techniques and preclinically identified biomarkers
but allowing for the possibility of reverse translation to
validate existing preclinical models for clinical relevance,
and giving rise to newer models informed directly from
clinical work. The continued prevalence of this highly
flexible research modality is ensured by recent publica-
tions showing the potential of combining calcium im-
aging or electrophysiology with MRI for simultaneous
acquisition of signals at multiple spatiotemporal scales
and signal sources.'**** Given the significant potential
of multiscale data for informing on brain networks at the
cellular level, and by correlation, diagnosing simultane-
ous acquired MRI or PET imaging voxel-based signals for
physiologically relevant phenomena, the stage appears set
for a continued flow of clinically translatable information
from preclinical imaging studies. Also relevant to this
combinatorial, technological arsenal is the employment
of chemogenetics to manipulate circuits, with readout by
all preclinical imaging modalities in order to assign cau-
sality to network-level events.'***>° These and other de-
veloping technologies were not covered for combinatorial
use within the currently written CRFs. However, the sheer
size and complexity of these newly combined datasets as
well as the pace of technological innovation, suggests
that continued effort is required for developing CDEs and
CRFs to meet future demands for multi-site collaboration
at the scale of 4 and 5-dimensional dataset acquisition.
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