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ABSTRACT

Introduction and Aims: The European Academy of Neurology (EAN) joined the Horizon Europe EBRAINS 2.0 research
consortium to co-develop recommendations for prospective acquisition and integration of clinical and research core multi-scale
human datasets for connectome analysis in stroke, Parkinson's disease (PD), and glioma (GBM).

Methods: Using an online Delphi survey method, expert consensus was sought on 28 statements for each of the following pro-
tocols in stroke, PD and GBM: clinical core/research brain MRI, minimum/extended clinical outcomes, minimum/extended
cognition assessments, case report forms (CRF). The level of agreement for each statement was predefined as >80%. 536 experts
from four EAN Scientific Panels (SP) (SP Neuro-oncology [n=70], SP Movement Disorders [n =206], SP Neuroimaging [n=112],
SP Stroke [n=148]) were invited to participate in this Delphi process.
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Results: Two Delphi voting rounds were conducted to reach the predefined level of agreement (>80%; range: 80.49%-100%) for

all items to establish consensus on protocol recommendations for stroke, PD and GBM. Cumulative response rate from SP experts
was 25% (n=135 from 30 European countries) for the first, and 32% (n=173 from 35 European countries) for the second Delphi

voting round.

Discussion: These consented protocols provide a pragmatic framework for harmonizing multi-scale data acquisition for connectome

analyses in stroke, PD, and GBM. Further, these protocols allow future modular extensions for other datasets, e.g., neurophysiological

data or non-imaging biomarkers, and serve as a role model for brain network analyses in other neurological disorders.

1 | Introduction

The increasing availability of large-scale, multimodal health
data presents valuable opportunities to advance neurologi-
cal research and improve clinical care in Europe. However,
meaningful integration and analysis of such data, i.e., conven-
tional, functional and advanced imaging, clinical measures
and their outcomes, require harmonized acquisition protocols
and standardized procedures across institutions and countries.
Variability in clinical and research practices (particularly in the
acquisition, management, and sharing of neurological data) re-
mains a significant barrier to reproducibility, interoperability,
and large-scale collaborative research within Europe.

Within this context, the EBRAINS 2.0 consortium partnered with
the European Academy of Neurology (EAN) to support a specific
EBRAINS 2.0 research task, namely the development of standard
operating procedures (SOPs) to standardize acquisition protocols
and facilitate harmonization of prospective health data across
both routine clinical and research settings, enabling consistent ap-
proaches to data collection for connectome analyses for three com-
mon neurological conditions: stroke, Parkinson's disease (PD), and
glioma, specifically glioblastoma (GBM). These three conditions
were predefined by the scope of EBRAINS 2.0 Work Package 2
and were selected as complementary exemplars: stroke and glioma
represent two focal disorders of distinct etiology and constitute the
pillar of the task, whereas PD serves as a proof-of-concept for neu-
rodegenerative conditions. This design was intended to provide
prototype protocols that can subsequently be extended to other
neurological and psychiatric diseases.

To ensure that the proposed protocols reflect broad European
neurological expert consensus and are feasible across diverse
clinical institutions, including research settings, a structured
consensus methodology is required. The Delphi method is a
well-established technique for systematically eliciting and refin-
ing expert opinion through iterative rounds of evaluation and
feedback, allowing consensus to emerge among geographically
distributed specialists [1, 2].

The resulting consented protocols for clinical core/research
brain MRI, minimum/extended clinical outcomes, minimum/
extended cognitive assessments, and case report forms are in-
tended to serve as recommended templates for the acquisition,
management, and analysis of large-scale, multimodal human
datasets. By promoting harmonized data practices, the proposed
framework aims to facilitate data acquisition in routine settings,
enable collaborative research, enhance reproducibility, and
support the development of advanced analytical approaches in
European neurology.

While the clinical protocol is intended to provide a feasible ac-
quisition framework (<20min) suitable for routine clinical set-
tings, ensuring standardized structural imaging and minimum
clinical/cognitive assessments across European centers, the
research protocol is designed to enable comprehensive connec-
tome reconstruction through advanced multi-modal imaging
sequences (<40min), including resting-state functional brain
MRI, multi-shell diffusion-weighted imaging, and perfusion
mapping, supporting network-level analyses of brain structure
and function in stroke, PD, and GBM.

A central rationale for the development of harmonized research
protocols lies in the growing recognition that the brain connec-
tome (i.e., the comprehensive map of structural and functional
connections), represents a shared biological substrate underly-
ing diverse neurological diseases (Figure 1). Although stroke,
PD and GBM, have fundamentally different etiology, in each of
them the analysis of the connectome provides valuable insights
into network disruption and reorganization that affect clinical
presentation, progression and prognosis [3-6].

In stroke, the brain connectome provides a framework for un-
derstanding how focal vascular lesions produce widespread
network disruptions far beyond the site of injury. This phenom-
enon, known as “diaschisis”, manifests as altered functional
and structural connectivity between remote, structurally intact
brain regions [7, 8]. Critically, the degree of post-stroke func-
tional connectivity normalization has been identified as a key
biomarker of recovery, with the emergence of a reorganized “re-
covery connectome” supporting regained functions rather than
a simple restoration of pre-stroke network architecture [8, 9].

In GBM, the connectome perspective has revealed that brain tu-
mors cannot be considered purely focal pathologies but rather
diseases of large-scale brain networks. GBM infiltrates and per-
turbs structural and functional connectivity beyond visible tumor
margins, producing remote network disruption analogous to
stroke-related diaschisis [3, 5]. Importantly, structural connectiv-
ity measures from normative (and harmonized) imaging proto-
cols have demonstrated prognostic value, with white matter tract
density at the lesion site significantly predicting overall survival
[10-12]. Moreover, experimental evidence has shown that glioma
cells form functional synapses with neurons and exploit activity-
dependent plasticity mechanisms, positioning the tumor as an ac-
tive pathological node within the connectome [13].

In neurodegenerative diseases, the connectome is a central
feature [4, 14-16], serving as a potential biological substrate
for the spread of misfolded proteins and with therapeutic
implications [17, 18]. Regarding PD, a-synuclein aggregates,
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FIGURE 1 | Convergent network-level alterations across neurological diseases. The figure illustrates how distinct brain disorders converge on

large-scale network disruption, linking local pathology to system-level dysfunction. Left panel: Stroke lesions induce distal alterations through

structural disconnections. These changes are associated with patterns of hypo- and hyper-connectivity across the brain. Network-level normaliza-

tion may support behavioral recovery. Middle panel: Subcortical alterations in Parkinson's disease are linked with abnormal increases in functional
connectivity within the motor cortex. These alterations are associated with clinical phenotype and pharmacological response. Right panel: Tumors
affect both local and global functional connectivity patterns. Notably, structural connections interacting with the tumor are associated with overall

survival.

the molecular hallmark of this disorder, are hypothesized to
propagate along structurally and functionally connected brain
networks in a “prion-like” manner, thereby determining the
onset and progression of both motor and non-motor symptoms
of the disease [19]. Consistent with this, longitudinal analyses
suggest that connectivity changes may also precede cognitive
symptoms, supporting a model in which connectome disrup-
tions mediate cognitive decline [20]. More recently, emerging
evidence links alterations in the so-called somato-cognitive
action network with PD pathophysiology, in which hyper-
connectivity between disease-affected nuclei and this large-
scale circuit correlates with disease severity and treatment
response [6].

These findings underscore the need for standardized multi-
modal acquisition protocols (both conventional, functional, and
advanced imaging for connectome measurements) to enable
network-based prognostic and therapeutic approaches in stroke,
neuro-oncology, and neurodegenerative conditions.

2 | Methods

Consensus on best-practice protocols for prospective data ac-
quisition was developed using a structured Delphi panel meth-
odology involving iterative rounds of expert evaluation for
stroke, PD and GBM combined with three protocol tiers (“Core”,

“Extended”, and “Case Report Form”). The candidate sequences
and protocol items were first developed centrally and in a shared
manner by the EBRAINS 2.0/WP2 group, constituting a com-
mon transdiagnostic framework. From this shared pool, the
Delphi voting was subsequently performed separately for each
condition by the respective expert panels.

For each neurological condition, a total of seven protocols un-
derwent the Delphi process:

1. Clinical Core MRI Protocol; 2. Research Core MRI Protocol;
3. Minimum Clinical Outcome Protocol; 4. Extended Clinical
Outcome Protocol; 5. Minimum Cognition Assessment Protocol;
6. Extended Cognition Assessment Protocol; 7. Case Report
Form (CRF).

Each item/question of the seven protocols offered five agree-
ment categories (strongly agree/agree/neutral/disagree/strongly
disagree) and a feedback/comment text field.

2.1 | Steering Group and Delphi Process
Multi-Step Workflow

A Delphi process Steering Group composed by TB (EAN),
MC (EBRAINS 2.0, Work Package [WP] 2 lead), LoP (WP2),
PR (WP2), RR and AP (co-chairs EAN SP Neuro-oncology),
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TABLE1 | The Delphi technique by implementing a multi-step approach.

1. In-person meeting with WP2 to discuss and decide initial items. WP2 held an in-person meeting in October of 2024.
One of the goals of the meeting was to discuss potential items to be subjected to the Delphi process.

2. Establishment of the Steering Committee and review of items for voting. This group prepared and developed the
Delphi process, analyzed the voting results, integrated comments/feedback, and wrote the final report.

3. Generation of items for voting. Based on the discussions and feedback at the in-person meeting, the voting items were

finalized.

4. Establishment of the Delphi Voting Panel. This group represented the voting participants and comprised the EAN
Scientific Panels on Neuroimaging, Neuro-oncology, Stroke, and Movement disorders.

5. 1st voting round. The first voting round took place in February and March 2025.

6. Analysis, refinement, and preparation for the next voting round. The results were analyzed and refined by the Steering
Committee, and the Steering Committee prepared them for the next voting round.

7. 2nd voting round. The second voting round took place in June-July 2025.

8. Refinement and finalization of items for publication. The Steering Committee reviewed the voting results and adjusted
the items accordingly, producing a final list ready for use and publication.

| 1) In-person meeting WP2 to discuss and decide initial items |

!

| 2) Establishment of Steering Committee and review of items for voting |

| 3) Generation of items for voting |

v

4) Establishment of Delphi Voting Panel

| 5) First voting round |

6) Analysis, refinement, and preparation for next voting round

| 7) Second voting round |
v

8) Refinement and finalisation of items for final report and publication

FIGURE 2 | The governance and multistep performance of the
Delphi process.

CK and AT (co-chairs EAN SP Movement Disorders), AS and
TT (co-chairs SP Stroke), MR and RW (co-chairs EAN SP
Neuroimaging), LuP, ML and DR (EAN Scientific Department-
EAN Head Office), prepared and developed the Delphi survey
items, analyzed the voting results, integrated all comments/
feedback, and wrote the final analysis of all Delphi survey
rounds, the summary of consensus results and the final report.

The steering group pre-defined consensus for every single pro-
tocol item/question as >80% agreement on “strongly agree” and
“agree”.

Details of the Delphi multi-step workflow are shown in Table 1
and Figure 2.

2.2 | Design, Content and Procedure of the Survey

To develop the consensus-based protocol criteria, this study fol-

lowed an iterative, quasi-anonymous, multistage approach with
controlled feedback according to the Delphi technique [21-23].

Initial voting items were developed from suggested protocols
for clinical core/research MRI, minimum/extended clinical out-
comes, minimum/extended cognition assessments, and CRFs
received by the WP2 EBRAINS 2.0 partners for the three spec-
ified diseases.

Delphi voting questionnaires were set up in Survey Monkey:
Online Survey Software.

With the invitation letter, accompanied by a cover sheet outlin-
ing Delphi's aims in the context of this project and a full descrip-
tion of the procedure, the SP experts received the SurveyMonkey
link to access the first Delphi voting round. In the second round,
a document with detailed feedback on responses from the first
Delphi voting round was shared.

Protocol items, which did not reach the predefined > 80% thresh-
old of agreement (cumulative of “strongly agree” and “agree”) in
the first voting round, were re-asked, newly phrased, or newly
added (based on participants’ comments in the first voting
round) by the steering group for the second voting round.

For the second voting round, participants were asked to refrain
from voting “neutral” unless they intended to abstain. Thus, fol-
lowing an appropriate and usual methodological approach, for
every question in the second voting round, the number of par-
ticipants who had voted “neutral” was subtracted from the total
number of participants for every question. In consequence, vot-
ing results for (strong) agreement/(strong) disagreement were
recalculated based on the final number of participants (total
voters for a particular question minus “neutral voter” for that
particular question).

2.3 | Delphi Panel Recruitment and Participants

The expert members of four EAN SP, i.e., Stroke, Movement
Disorders, Neuro-Oncology, and Neuroimaging represent
broad geographical inclusion of subject-matter expertise from
48 EAN member countries and ensure diverse clinical and
research perspectives. All experts from the above-mentioned
four EAN SP were, thus, approached with a personalized elec-
tronic invitation to participate in this Delphi process. The final
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TABLE 2 | Clinical core MRI protocol (to be acquired in <20min and typically at 24-48 h post-stroke and post-treatment; for DWI/FLAIR, also

pretreatment scans if and where available).

Time Delphi agreement

Sequence Description (minutes) Goal >80% (given in %)
3D T2-FLAIR AXI, VS=1mm iso ~4' (~3") WM stroke lesion, 100%
(replaceable with 2D (AXI, ST<3mm, in-plane segmentation,
T2-FLAIR) resolution 1 mm) morphometry
SWI/SWAN 3D GRE, SAG, FA=12° on 2-4' Microhemorrhages 100%

3T, 20° on 1.5T, TR shortest

or 30ms on 3T, shortest or

60mson 1.5T. ST <1.5mm
SS 2D DWI SS-EPI, AXI, ST=]2 4] mm, 2/ ADC, diffusion 100%
or number of directions > 3, 4’

SS 3D DWI in-plane resolution <1mm,
TR>5000ms, b=0, 1000s/mm?
if available pre-treatment for
definition of the ischemic core:
SS-EPI, AXI, number of
directions > 30, 2.5 mm isovoxel,

TR >5000ms, b=0, 1000s/mm?

Abbreviations: ADC, apparent diffusion coefficient; AXI, axial; DWI, diffusion-weighted imaging; FA, flip angle; GRE, gradient recalled echo; SAG, sagittal; SS-EPI,
single-shot echo planar imaging; ST, slice thickness; SWAN, susceptibility-weighted angiography; SW1I, susceptibility-weighted imaging; TE, echo time; TR, repetition

time; VS, voxel size; WM, white matter.

Delphi panel consisted of those SP members who declared no
conflicts of interest and were interested to join their disease-
specific Delphi survey and to contribute to consensus devel-
opment through structured, iterative feedback. Members of
the SP Neuroimaging were invited to join all disease-specific
Delphi voting rounds.

3 | Results

In total, 536 members of the four EAN SPs were invited to par-
ticipate in this Delphi process. The cumulative response rate
across the three disease protocols was 25% (n=135 from 30
European countries; response rates from the respective SP be-
tween 16% and 19%) for the first Delphi and 32% (n =173 from 35
European countries; response rates from the respective SP be-
tween 22% and 25%) for the second Delphi voting round.

3.1 | Stroke Protocols

260 members of the EAN SPs Stroke (n=148) and Neuroimaging
(n=112) were invited to validate the 7 stroke protocols. The re-
sults are presented below.

3.1.1 | First Voting Round

The first Delphi voting round included 42 experts (response
rate of 16%) representing 22 countries, all with recognized
clinical and imaging expertise in stroke. A total of 16 out of
27 items reached the predefined consensus threshold of >80%
agreement and were therefore excluded from the second vot-
ing round. In addition, based on participant feedback and

review by the steering group, one item was exchanged for an-
other test (Patient Health Questionnaire should replace the
Geriatric depression scale), and three new items were intro-
duced, resulting in a total of fourteen items included in the
second voting round (eleven retained from the first round and
three newly added).

3.1.2 | Second Voting Round

The second Delphi voting round included 56 experts (response
rate of 22%) representing 25 countries, reflecting sustained in-
ternational engagement across both voting rounds.

In the second voting round, 14 questions were evaluated. After
excluding “neutral” responses, a consensus of >80% agreement
was achieved for all remaining questions except one, thereby
completing the validation process for the seven stroke protocols.

3.1.3 | Final Validated Protocols

Overall, 30 items were validated through the Delphi consensus
process. The final set of validated connectome acquisition pro-
tocols for stroke is presented below. The protocols are summa-
rized in Tables 2-8, reflecting the consensus-derived standards
agreed upon through the Delphi process.

3.2 | PD Protocols
318 members of the EAN SPs Movement Disorders (n=206)

and Neuroimaging (n=112) were invited to validate the 7 PD
protocols.

European Journal of Neurology, 2026
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Delphi agreement
>80% (given in %)
95.12%

Reference
Z.S. Nasreddine, N. A. Phillips,
V. Bedirian, et al., “The Montreal

Cognitive Assessment, MoCA: a brief

Goal
A well-established scale to evaluate cognition

| Minimum cognitive assessment protocol for stroke.
Description
30-point scale assessing

Cognition
assessment
MoCA

TABLE 6

in patients who suffer primarily from
memory, attention, and executive deficits

cognition in multiple
domains: visuospatial/

screening tool for mild cognitive
impairment,” Journal of the American

Geriatrics Society 53 (2005): 695-699.

executive, language,
attention, memory,

orientation

Abbreviation: MoCA, Montreal Cognitive Assessment.

3.2.1 | First Voting Round

The first Delphi voting round included 62 experts (response rate
of 19%) representing 27 countries, all with recognized clinical and
imaging expertise in movement disorders, specifically PD. A total
of 17 out of 25 items reached the predefined consensus threshold
of >80% agreement and were therefore excluded from the second
voting round. In addition, based on participant feedback and the
steering group's review, no new items were introduced, resulting
in a total of 8 items included in the second voting round.

3.2.2 | Second Voting Round

The second Delphi voting round included 80 experts (response
rate of 25%) representing 31 countries, reflecting sustained in-
ternational engagement across both voting rounds.

In the second voting round, eight questions were evaluated.
After excluding “neutral” responses, consensus above the
predefined threshold of >80% agreement was achieved for
five questions. Further, for one question, >80% agreement
was achieved for the question to be deleted from the protocol.
For two items, the predefined agreement threshold was not
reached.

3.2.3 | Final Validated Protocols

The final set of validated connectome acquisition protocols
for PD is presented below. The protocols are summarized in
Tables 9-15, reflecting the consensus-derived standards agreed
upon through the Delphi process.

3.3 | GBM Protocols

182 members of the EAN SPs Neuro-Oncology (n=70) and
Neuroimaging (n=112) were invited to validate the seven pro-
tocols for GBM.

3.3.1 | First Voting Round

The first Delphi voting round included 32 experts (response
rate of 27%) representing 14 countries, all with recognized
clinical and imaging expertise in Neuro-Oncology, specifi-
cally in glioma. A total of 22 out of 28 items reached the pre-
defined consensus threshold of >80% agreement and were
therefore excluded from the second voting round. In addition,
based on participant feedback and the steering group's review,
two new items were introduced, bringing the total to eight in
the second voting round (six retained from the first round and
two newly added).

3.3.2 | Second Voting Round
The second Delphi voting round included 41 experts (response

rate of 35%) representing 19 countries, reflecting sustained in-
ternational engagement across both voting rounds.

European Journal of Neurology, 2026
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TABLE 8 | Case report form for stroke.

Item

Delphi agreement

Description >80% (given in %)

Age of person
Sex of person

Disease onset

Expressed in years from the execution of the MRI
The dichotomous variable for biological sex at birth

Expressed in years at the time of the

97.56%
97.56%
97.56%

event related to the collected data

Family history

(i) Family history of stroke (presence of stroke

82.93%

in first-degree relatives); (ii) prevalence of risk
factors (diet, smoking, obesity, sleep habits,
depression and anxiety); (iii) race and ethnic
group; (iv) socio-economic background (education
level, income level, occupational status, living
conditions, access to healthcare, social support
and networking, geographic mobility)

Co-morbidities

Hypertension, diabetes, hyperlipidemia,

95.12%

atrial fibrillation, heart disease, carotid artery
disease, atherosclerosis, chronic kidney disease,
chronic obstructive pulmonary disease

Current medication(s)

Acute treatment (thrombolysis, mechanical
intervention/thrombectomy)

List of all medications currently in use

87.80%

Intravenous thrombolysis: Yes/No 100%*
Mechanical thrombectomy: Yes/No

2After the second voting round.

In the second voting round, eight questions were evaluated.
After excluding “neutral” responses, a consensus of >80%
agreement was achieved across all remaining 8 questions,
thereby completing the validation process for the seven gli-
oma protocols.

3.3.3 | Final Validated Protocols

Overall, 30 items were validated through the Delphi consensus
process. The final set of validated connectome acquisition proto-
cols for GBM is presented below. The protocols are summarized
in Tables 16-22, reflecting the consensus-derived standards
agreed upon through the Delphi process.

4 | Discussion

Consensus on core and extended protocol recommendations
for stroke, PD, and GBM was achieved through a structured
Delphi process involving brain MRI parameters, clinical out-
comes, cognitive assessments, and CRF items. The result-
ing recommendations reflect broad expert agreement from a
total of 35 European countries and define standardized data
elements suitable for implementation across clinical and re-
search settings in Europe.

These consensus-based protocols provide a pragmatic frame-
work for harmonized multi-scale data acquisition to support
neuroimaging, clinical, and neuropsychological analyses in rou-
tine clinical practice and in research applications across three
major neurological diseases. The following sections discuss how

the specific protocol components align with current evidence on
both clinical features and network-level mechanisms for each
condition.

4.1 | Clinical Core Protocols

The Core MRI protocols were designed to characterize key le-
sion features, including location and volume (in stroke and
GBM), as well as associated pathological changes such as perile-
sional edema and blood-brain barrier disruption (GBM).

In PD, the core protocol has the main purpose of ruling out any
underlying cause of symptomatic parkinsonism (e.g., vascular,
traumatic, space-occupying or toxic brain injury, hydroceph-
alus) and to support the identification of imaging markers of
atypical Parkinsonism (e.g., the hummingbird sign, hot-cross
bun sign and putaminal atrophy) and early indicators of de-
mentia, such as medial temporal lobe atrophy. Importantly, the
core MRI protocol also provides the basis for indirect connec-
tome analyses, obtained by embedding lesions (stroke, GBM)
or regions of atrophy (PD) into normative structural and func-
tional atlases derived from healthy populations [24-26]. These
analyses allow identification of structurally and functionally
disconnected brain regions and networks. Disconnection map-
ping can then be used for behavioral correlations both cross-
sectionally by identifying which disrupted networks best
explain specific clinical or cognitive impairments, or longitudi-
nally by predicting outcomes such as functional recovery after
stroke, survival in GBM, or the onset of dementia in PD. We
note, however, that the indirect lesion network mapping ap-
proach has recently been subject to important methodological
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TABLE 10 | Research core MRI protocol for PD (to be obtained in <40min).

Sequence Description

Time (minutes)

Delphi agreement
Goal >80% (given in %)

Minimum
length: 10’

rsfMRI 2D SS-EPI. TR<2s,
ST between [2 3] mm.
Iso voxels. AP or PA
PEp. No slice gap.
Additional sequences:
1SE AP-PEp+1SE
PA-PEp, same geometry

as rsfMRI (max 30”)

DWI multi
shell (MB¥)

2D SS-EPI, ST=2mm. <13’
b=300,1000,2000.
With approximately
10 b300, 32 b1000, 64
b2000 (directions per
shell). Distribution on
the unit sphere shared
with bvec/bval files.
Additional BO
acquired with opposite
PEp, minimum 5
volumes (max 30”)

3D T2 VS=1mm iso, matched ~5-6'
to T1, T2-FLAIR

Functional connectome (parcel- 93.02%*
wise) and voxel-wise connectivity

maps (seed-ROI, ICA)

Structural connectome 95.45%*
(probabilistic/deterministic/global
tractography) and microstructural

parameters (DTI, NODDI, DKI...)

To improve structural analysis 95.74%*
and machine learning

algorithm for segmentation

Abbreviations: AP, anterior-posterior; DKI, diffusion kurtosis imaging; DTI, diffusion tensor imaging; DWI, diffusion-weighted imaging; ICA, independent
component analysis; MB, multiband; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; NODDI, Neurite Orientation Dispersion and Density
Imaging; PA, posterior-anterior; PEp, phase encoding polarity; ROI, region of interest; rsfMRI, resting-state functional MRI; SE, spin echo; SS-EPI, single-shot echo

planar imaging; ST, slice thickness; TR, repetition time; VS, voxel size.
2After the second voting round.

and biological criticisms [27, 28]. This limitation further under-
scores the value of the patient-specific connectome measure-
ments enabled by the research protocols proposed here. A key
strength of the core clinical MRI protocol is its efficiency: all
sequences can be acquired in less than 20 min, enabling seam-
less integration into routine clinical workflows. Moreover, all
sequences are standard on the most widely used MRI plat-
forms, facilitating broad implementation across centers. It was
beyond the scope of these recommendations to provide specific
parameter recommendations (i.e., repetition time, echo time,
inversion time or flip angle prescriptions), since MR protocol
parameters vary across scanners and vendors as well as during
hardware innovation cycles. Rather, our intention was to enable
vendor agnostic and robust protocol recommendations to create
a pre-specified and balanced reading environment, as well as to
facilitate automated and large-scale quantitative image analy-
sis across Europe. Our recommendations target harmonization
at the point of acquisition (prospective harmonization). This
is complementary to well-established post hoc statistical (e.g.,
ComBat) or more recent deep-learning harmonization methods
[29], which aim to remove residual scanner- and site-related
variance after data collection. Prospective standardization re-
duces the non-biological variability that such methods must
subsequently model, an advantage that is particularly relevant
for pathological datasets.

4.2 | Research Connectome Core and Acquisition
Principles

The research MRI protocol for each pathology was designed to
enable direct physiological and structural assessment of dis-
ease effects on brain networks through resting-state fMRI (for
functional connectivity) and multi-shell diffusion-weighted
imaging (for structural connectivity and microstructural
white-matter features). The central diffusion recommenda-
tion is the principle of acquiring multi-shell, multi-directional
data, rather than any specific set of b-values. These principles
are shared across all three diseases. Multiple diffusion shells
enable advanced non-Gaussian diffusion models beyond the
basic tensor (e.g., NODDI, DKI) and distributed gradient di-
rections improve crossing fibers identification for robust trac-
tography. The scheme reported here (b=300/1000/2000s/
mm?, with approximately 10/32/64 directions per shell) is
provided as one feasible example that balances modeling
flexibility against a clinically realistic acquisition time. The
precise shell and direction values may be adapted to the local
scanner and research question without compromising harmo-
nization. A similar general principle applies to fMRI, where
a minimum duration is recommended for stable connectivity
estimation. In both diffusion and functional imaging, isotro-
pic voxels (equal size along all axes) are preferable to avoid
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TABLE 15 | Case report form for PD.

Delphi agreement > 80%
Item Description (given in %)
Age of person Age at the time of MRI scan 98.39%
Sex of person The dichotomous variable for biological sex at birth 95.16%
Disease onset Date of first symptom(s) at onset 98.39%
Date of diagnosis
Family history Significant hereditary neurological conditions 93.55%
Co-morbidities Other significant co-existent clinical conditions 90.32%
Current medication(s) Medication the patient was assuming 88.70%

at the time of diagnosis

orientation-dependent biases in tractography and provide
uniform spatial resolution for functional connectivity, respec-
tively. Where appropriate, perfusion imaging further provides
complementary metabolic information. These advanced mea-
sures are expected to become increasingly important as ma-
chine learning based-approaches, such as foundation models,
explanaible AI, and deep learning (especially convolutional
and graph neural networks increasingly used for imaging),
are integrated into classification and diagnostic pipelines, as
they offer a substantially richer set of discriminative features.
As with the clinical protocol, all sequences included in the re-
search protocol are available on the major scanner platforms
and can be acquired within a feasible time window (< 40 min).
The 10-min minimum for resting-state fMRI reflects a
consensus-derived suggestion rather than a fixed threshold.
This range offer a reasonable reliability trade-off, while lon-
ger acquisitions are more reliable and enable more nuanced
analyses. Clinical and cognitive protocols were designed to
provide standardized characterization of neurological impair-
ment and its longitudinal evolution across pathologies, as well
as their impact on cognition, functional status, and disabil-
ity. Impairment, function, and disability represent the three
core axes of the World Health Organization's International
Classification of Functioning framework and are all recog-
nized as critical outcome domains for evaluating the effective-
ness of emerging therapies.

4.3 | Disease-Specific Considerations

For stroke, the research protocol is designed to capture the
connectome signatures that have been shown to drive both
acute impairment and long-term recovery. The inclusion of
resting-state functional MRI and multi-shell diffusion imag-
ing enables the computation of both functional and structural
connectomes. Current evidence demonstrates that stroke-
related behavioral deficits are strongly shaped by alterations
in large-scale brain networks rather than by lesion volume
alone, and that the degree of functional connectivity normal-
ization at follow-up represents a meaningful biomarker of
recovery potential [9, 30-32]. Furthermore, a recent longitu-
dinal study has revealed that structural connectivity under-
goes widespread degeneration in the months following stroke,
while functional recovery appears to depend on synaptic

reweighting of residual structural connections, a finding that
underscores the complementary value of both diffusion and
functional MRI sequences included in these protocols [33].
The addition of non-contrast imaging (pCASL/ASL) and
MR angiography in the stroke research protocol further en-
ables the assessment of cerebrovascular architecture and its
relationship with the structural and functional connectome,
providing a multi-modal characterization of the post-stroke
brain. Clinical outcome measures, including the NTHSS at ad-
mission and at 24-48h and the mRS at 3months, align with
the time points at which informative connectivity changes
have been documented [34], facilitating the development of
predictive models linking acute network disruption to func-
tional recovery trajectories.

For GBM, these protocols address the growing recognition
that brain tumors produce a “disconnectome-like” condition
in which network-level alterations critically shape clinical out-
comes [3, 5]. The inclusion of multi-shell diffusion imaging
and resting-state functional MRI enables the computation of
both structural and functional connectivity measures that have
demonstrated significant prognostic value. Notably, structural
disconnection derived from white matter tract density at the
lesion site has been shown to outperform conventional clinical
predictors of overall survival, including lesion volume, degree
of surgical resection, and genetic markers [10]. In contrast, in-
direct functional connectivity measures derived from norma-
tive datasets appear to have limited clinical predictive value in
GBM [35], reinforcing the importance of patient-specific, direct
connectome assessments as enabled by the present protocols.
Furthermore, the DSC T2* perfusion sequence included in the
clinical core protocol provides information on cerebral blood
volume that complements the connectomic assessment. The
extended cognitive assessment battery (MoCA, ROCF, TMT,
phonemic fluency, digit span) captures the cognitive domains
most affected by network disruption in GBM patients, while the
CRF items on genetic markers (IDH, MGMT) and WHO classi-
fication enable the integration of molecular and network-level
data for comprehensive prognostic modeling. The homogenized
protocol will further enable the incorporation of automated and
longitudinal lesion segmentation at larger scale and prepare for
successful federated learning initiatives across Europe, as pre-
viously demonstrated in international network cooperations
[36, 37].
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Delphi agreement > 80% (given in %)
96.88%

Reference
V.Jammula, J. L. Rogers, E. Vera, et al., “The
Montreal Cognitive Assessment (MoCA) in neuro-

Goal
A well-established scale

Description
30-point scale
assessing cognition
in multiple domains:
visuospatial/executive,

Minimum cognitive assessment protocol for GBM.

Cognitive assessment

MoCA

TABLE 20

to evaluate cognition

oncology: A pilot study of feasibility and utility
in telehealth and in-person clinical assessments,”

in glioma patients
who suffer primarily

Neurooncological Practice 9 (2022): 429-440.

of memory, attention,

language, attention,

and executive deficits

memory, orientation

Abbreviation: MoCA, Montreal Cognitive Assessment.

For PD, the protocols are designed to capture the progres-
sive network degeneration that characterizes this neurode-
generative condition. The resting-state fMRI sequence in the
research protocol enables the assessment of functional con-
nectivity disruptions that have been consistently reported in
PD [38], including altered connectivity between frontal and
posterior cortical regions and disrupted integration within the
default mode and sensorimotor networks [39-41]. The multi-
shell diffusion imaging protocol allows for the computation
of structural connectomes and microstructural parameters
that can reveal the axonal pathways along which a-synuclein
pathology may propagate [19, 42]. The SWI/SWAN sequence
included in the clinical core protocol provides additional in-
formation through visualization of the nigrosome-1 signal,
which has demonstrated high sensitivity and specificity in
the diagnosis of PD, making it a reliable imaging biomarker
for distinguishing affected patients from healthy individuals.
Finally, the clinical outcome scales (UPDRS, PDQ-8) and ex-
tended assessments (SCOPA-AUT) are well-suited for track-
ing the motor and some non-motor manifestations of network
dysfunction across disease stages. In addition to the MoCA
test, widely recognized as a comprehensive screening tool for
cognitive impairment in patients with PD, the extended cog-
nitive battery, including the ROCF, the Stroop Test, and the
TMT, captures visuoconstructional ability, visual memory,
and executive function deficits. These domains have been
closely linked to connectivity alterations in PD and may serve
as potential early predictors of cognitive decline and progres-
sion to dementia [43].

4.4 | Cross-Disease Design and Harmonization

A key strength of the present framework lies in its cross-disease
design. By adopting harmonized acquisition protocols across
stroke, GBM, and PD, these recommendations enable direct
comparisons of connectome alterations across conditions with
fundamentally different etiologies. This approach is supported
by accumulating evidence that these diseases share common pat-
terns of network dysfunction, including the characteristic trajec-
tory from initial hyperconnectivity to progressive network failure
[44]. The shared MRI sequences (3D T1, T2-FLAIR, resting-state
fMRI, multi-shell DWT) across all three disease protocols allow
for the extraction of comparable brain features, facilitating cross-
disease analyses. Crucially, resting-state fMRI, for capturing the
functional connectome, and multi-shell DWI, for the structural
connectome, represent the connectome core common to all three
conditions. Furthermore, the use of MoCA as a minimum cogni-
tive assessment provides a standardized cognitive endpoint that
can be related to network measures across disease boundaries.
This cross-disease analytical capability is particularly relevant for
identifying shared vulnerability patterns, such as the preferential
involvement of network hubs and rich-club connections observed
across neurological disorders, and for developing transdiagnostic
network-based biomarkers that may inform therapeutic strategies
applicable across multiple conditions.

Importantly, the framework is designed to remain adaptable,
allowing modular extensions to incorporate additional data
domains such as neurophysiological measures or non-imaging
biomarkers. Beyond the diseases addressed here, this approach
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TABLE 22 | Case report form for GBM.

Delphi agreement > 80%
Item Description (given in %)
Age of person Age at the time of MRI scan 100%
Sex of person The dichotomous variable for biological sex at birth 100%
Disease onset Date of first symptom(s) at onset 100%
Date of diagnosis
Family history Significant hereditary oncological 81.26%
or neurological conditions
Co-morbidities Other significant co-existents clinical conditions 90.63%
Current medication(s) Medication the patients was assuming 87.51%
at the time of diagnosis
Genetic testing: IDH, MGMT promoter IDH: Are essential enzymes that participate in 81.25%
methylation, others several major metabolic processes with a significant
biological, prognostic, and therapeutic role in
gliomas. Specify if mutated or wild type and in case
of mutation specify the mutated isoform (IDH1/2/)
MGMT promoter methylation: when the
methylation is present, it is associated with
a better response to alkylating agents (e.g.,
Temozolomide) representing a predictive factor.
Specify if the methylation is present or not.
Others: report if any other molecular
test were performed (e.g., TP53, PTEN,
EGFR, NF1, BRAF, FGFR, NTRK)

2021 WHO classification Indicate diagnosis according to WHO classification 100%
Seizures at onset Yes/No 100%*

Abbreviations: IDH, isocitrate dehydrogenase; MGMT, O%-methylguanine-DNA methyltransferase; WHO, World Health Organization.

2After the second voting round.

may serve as a model for developing network-oriented study
frameworks for other neurological disorders.

These protocols will provide European neurologists with ro-
bust procedures for operating and securely sharing sensitive
health data, while also strengthening data owners' confidence
in their validity for both research and clinical applications. The
broader vision is to enable not only major hub hospitals in ter-
tiary medical centers, but also smaller spoke hospitals across
Europe to actively participate in clinical research through
GDPR-compliant platforms for sensitive data sharing. By con-
tributing to large-scale AI models, Europe can leverage the
unique strengths of its national health systems to play a lead-
ing global role in medical artificial intelligence and advanced
health analytics.

4.5 | Limitations

Several limitations should be acknowledged. First, although 536
experts from four EAN Scientific Panels were invited, the cu-
mulative response rate was modest. This attrition may introduce
self-selection bias, with responders potentially differing from
non-responders (e.g., greater interest or expertise in connecto-
mics), and participation may have been unevenly distributed

across countries and panels despite representation from around
thirty countries; future iterations may benefit from broader con-
sultation. Second, some imaging metrics (e.g., diffusion-based)
should be interpreted with caution in pathological brains, as le-
sions, oedema, or tumor infiltration can increase measurement
uncertainty, so structural connectome estimates require careful
interpretation. Finally, the protocols were not benchmarked
against existing large-scale imaging initiatives (e.g., the Human
Connectome Project); however, within EBRAINS 2.0 a multi-
modal connectome in healthy controls is being prospectively ac-
quired and will provide a physiological reference against which
disease-related connectome alterations can be calibrated in fu-
ture work.

4.6 | Conclusions

In conclusion, by enabling standardized, multi-modal data
acquisition across European centers, the present framework
facilitates the transition from traditional lesion-based or region-
specific analyses to a network-based understanding of neuro-
logical disease. This paradigm shift, from studying isolated
brain regions to investigating large-scale network dynamics,
has the potential to reveal shared mechanisms of vulnerability
and resilience across neurological conditions and to support the
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development of personalized, connectivity-informed therapeu-
tic interventions. The EBRAINS 2.0 research infrastructure,
with its capacity for large-scale data integration, multi-center
collaboration, and advanced computational modeling, provides
the ideal platform for realizing this connectome-based vision of
European neurology.
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