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ABSTRACT

Introduction Integrated digital diagnostics can support
complex surgeries in many anatomic sites, and brain
tumour surgery represents one of the most complex
cases. Neurosurgeons face several challenges during brain
tumour surgeries, such as differentiating critical tissue
from brain tumour margins. To overcome these challenges,
the STRATUM project will develop a 3D decision support
tool for brain surgery guidance and diagnostics based

on multimodal data processing, including hyperspectral
imaging, integrated as a point-of-care computing tool in
neurosurgical workflows. This paper reports the protocol
for the development and technical validation of the
STRATUM tool.

Methods and analysis This international multicentre,
prospective, open, observational cohort study, STRATUM-
0S (study: 28 months, pre-recruitment: 2 months,
recruitment: 20 months, follow-up: 6 months), with

no control group, will collect data from 320 patients
undergoing standard neurosurgical procedures to: (1)
develop and technically validate the STRATUM tool

and (2) collect the outcome measures for comparing
the standard procedure versus the standard procedure
plus the use of the STRATUM tool during surgery in

a subsequent historically controlled non-randomised
clinical trial.

Ethics and dissemination The protocol was approved
by the participant ethics committees. Results will be
disseminated in scientific conferences and peer-reviewed
journals.

Trial registration number NCT07036783.

STRENGTHS AND LIMITATIONS OF THIS STUDY

= This study is a baseline description before the im-
plementation of a new tool that uses an interna-
tional multicentre, prospective, observational cohort
design with a 6-month follow-up period.

= Three clinical sites with previous experience in the
use of multimodal imaging for intraoperative brain
tumour detection participate in the study.

= This study encompasses a prospective collection of
multimodal preoperative, intraoperative and post-
operative medical data of more than 200 variables,
including innovative imaging modalities.

= Technical validation will be performed using a ro-
bust data partition for measuring the performance of
the developed artificial intelligence models.

= The complexity of the clinical context and the type of
surgery could potentially lead to under-recruitment
and under-representation of less prevalent tumour

types.

INTRODUCTION

Brain and central nervous system cancer
was the 12th most common cause of cancer-
related mortality worldwide in 2020 affecting
both sexes and all age groups. Notably, it was
the second leading cause of cancer mortality
in young populations (<84 years).' Neurosur-
gery remains one of the primary treatment
modalities for brain tumours, where surgeons
aim to achieve a gross total resection of the
tumour with the aid of neuronavigation,
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intraoperative ultrasound and/or fluorescence guided
techniques. Additionally, intraoperative pathology
provides a preliminary diagnosis of the tumour type
based largely on microscopic analysis. Other adjunctive
techniques such as intraoperative neurophysiological
monitoring help preserve critical brain functions and
prevent neurological damage, ultimately improving the
patient’s quality of life.* Despite these advancements,
neurosurgeons continue to face several challenges during
brain tumour surgeries. These include: (1) the difficulty
in differentiating tumour margins, since brain tumours
(especially gliomas) diffusely infiltrate the surrounding
brain tissue’; (2) the brain-shift phenomenon caused by
the movement of the brain after performing the crani-
otomy and starting the resection that affects the accuracy
of neuronavigation®; (8) long waiting times for intraoper-
ative pathology consultation that can take up to 45min,
providing a preliminary diagnosis of the tumour type
by analysing a small piece of resected tissue and (4) the
lack of tools to ensure complete low-grade tumour resec-
tion that has been shown to significantly impact patients’
outcomes,” (especially in paediatric cases®). Moreover, the
integration and interpretation of vast amounts of intraop-
erative data from multiple devices add another layer of
complexity to the surgical decision-making process.

To address these challenges, STRATUM’ ® aims to
develop a 3D decision support tool for brain surgery
guidance and diagnostics integrating augmented reality
and multimodal data processing powered by artificial
intelligence (AI) algorithms. This tool will function as
a point-of-care computing system (online supplemental
Figure S1A) and will be developed using a co-creation
methodology that actively involves end-users and other
stakeholders. The STRATUM tool will include hyper-
spectral (HS) imaging (HSI) as an emerging imaging
modality in the medical field to enhance intraopera-
tive guidance and diagnosis during the neurosurgical
procedures (online supplemental Figure S1B and S2).
Previous works from several members of the STRATUM
consortium in different research projects (HELICoiD,"
ITHaCA'' and NEMESIS-3D-CM'?) have demonstrated,
as a proof-of-concept, that this technology is suitable
for the intraoperative identification and delineation of
brain tumours in real time.'"”” Additionally, the tool is
expected to provide a real-time deformation of the MRI
within the exposed brain surface for brain-shift compen-
sation during surgery. This will be performed by using
advanced mathematical models in combination with the
intraoperative multimodal data (HSI, depth information
and standard surgical microscope imaging) captured by
the STRATUM tool.

The system will be developed and clinically evaluated
in three main stages (online supplemental Figure S3). In
Stage 1, a customised multimodal data acquisition system
was developed to be used in the observational study of
Stage 2 (STRATUM-OS), which will focus on collecting
multimodal data imaging to support the developmentand
technical validation of the STRATUM tool. In Stage 3, the

tool will undergo clinical validation through a subsequent,
non-randomised, historically controlled, clinical trial
(STRATUM-NRCCT). The historic control in STRATUM-
NRCCT will be the subjects recruited in STRATUM-OS.
Overall, the STRATUM project aims to: (1) optimise the
integration and processing of existing and emerging data
sources, facilitating timely, efficient and accurate surgical
decision-making; (2) maximise tumour resection while
minimising the risk of neurological deficits; (3) reduce
anaesthesia duration and related risks; (4) decrease waste
associated with repeated pathology analysis and (5) opti-
mise healthcare resource utilisation.

The general objective of STRATUM-OS is to collect the
necessary data from a cohort of patients affected by intra-
axial brain tumours with the standard surgical procedure
established in current clinical protocols. STRATUM-OS
will pursue the following main objectives:

1. To collect pre-stored and in situ multimodal data for
the development of an intraoperative 3D decision sup-
port tool for brain surgery guidance and diagnostics in
real-time leveraging Al-based multimodal data process-
ing (STRATUM tool).

2. To technically validate the STRATUM tool, aiming for
(1) the intraoperative distinction between tumour and
non-tumour areas in the exposed brain surface and
(2) the identification of contrast-enhancing tumour
(CET) or non-contrast-enhancing tumour (nCET/
FLAIR-positive) regions in MRI, through Al-driven
processing.

3. To compile a historical control group dataset includ-
ing patient clinical data, health outcomes, surgical
and tumour characteristics, and hospital resource
utilisation and costs. This dataset will be used in the
subsequent non-randomised controlled clinical trial
(STRATUM-NRCCT), to assess the safety, effectiveness
and cost-effectiveness of the STRATUM tool in brain
tumour surgery.

METHODS AND ANALYSIS

Study design

STRATUM-OS is an international multicentre, prospec-
tive, open, observational cohort study, with a follow-up
duration of 6 months, in which the data generated from
brain tumour surgeries, including a wide range of intra-
axial tumour types, will be collected to meet the objec-
tives of the study. In STRATUM-OS, patients will receive
standard care as per established clinical protocols, with
no modification to their treatment. However, patients
will be asked to grant access to their clinical information,
complete questionnaires and provide relevant preopera-
tive, intraoperative and postoperative information related
to the surgical intervention. STRATUM-OS is planned for
a duration of 28 months (figure 1) divided into (1) a pre-
recruitment period of 2 months for the installation of and
surgeon training on the acquisition system, (2) a recruit-
ment period of 20 months and (3) a follow-up period
of 6 months, including 1 month for the integration and
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Figure 1 STRATUM-0OS Gantt diagram.

technical validation of the fully-working STRATUM
tool. We anticipate that 320 consecutive patients can be
recruited during this study in the three clinical sites. The
protocol has been drafted in accordance with the Stan-
dardised Protocol Items: Recommendations for Observa-
tional Studies statement (online supplemental Table S1).

Recruitment and eligibility criteria
Adult participants (=18 years) with an intra-axial brain
tumour will be eligible for inclusion. Recruitment will
follow a consecutive enrolment process, selecting subjects
who meet all the inclusion criteria and none of the exclu-
sion criteria (see table 1) at the participating clinical insti-
tutions. Patients will be invited to participate and will be
required to sign a written, informed consent form prior
to inclusion in the study. They will continue to receive
care at their originally assigned medical centre, with no
patient transfers between institutions. Members of the
research team at each hospital site will introduce the
study to subjects who will receive written information
describing the study. Researchers will discuss the study
details with participants, ensuring they have a thorough
understanding before making a decision. Participants will
have the opportunity to engage in an informed discussion
with their physician before consenting. Written informed
consent will be obtained from participants or, when appli-
cable, from their designated tutor or legal representatives.
Patients will be identified in the routine work of the
three neurosurgical departments participating in the
study. Tumour malignancy and potential eligibility will
be determined by preoperative MRI, which has high

STRATUM-OS Month

sensitivity and specificity in the detection of malignant
brain tumours.'® % Tumour malignancy will be confirmed
by intraoperative or definitive pathological analysis of the
histological sample obtained in the surgery. However, all
patients with suspected intra-axial brain tumours will be
included in the study to train the Al models with cases
in which preoperative MRI and definitive pathological
analysis do not match, using the pathological diagnosis as
golden standard.

Settings

Patients will be recruited at three clinical sites: Hospital
Universitario de Gran Canaria Doctor Negrin (Las
Palmas de Gran Canaria, Spain), Karolinska University
Hospital (Solna, Sweden) and Hospital Universitario 12
de Octubre (Madrid, Spain).

These clinical sites are part of the STRATUM consor-
tium, and the neurosurgical departments from these
hospitals are actively participating in the project and have
previous research experience in the use of HSI as a novel
imaging technique or the use of multimodal imaging to
improve intraoperative guidance and diagnosis of brain

13-16 23 24
tumours. 252

Data collection

The data collection procedure will include data extracted
from the electronic health record (EHR) of the patient,
self-reported questionnaires, information collected from
the different professionals involved in the neurosurgical
workflow, recorded through an electronic case report
form (eCRF), and data collected intraoperatively using

Table 1 Eligibility criteria for STRATUM-OS

Inclusion criteria

Exclusion criteria

1. Adult patients (>18 years).

2. Patients with planned surgery for suspected intra-axial
brain tumours (both primary and secondary) at any of the
participating clinical institutions.

3. Patients delivering informed consent prior to any study-
mandated procedure. In cases where the participant is
unable to provide personal consent, written informed
consent must be obtained from a legally authorised
representative or a family member, in accordance with
local regulations, provided there is no evidence of prior
refusal by the participant.

1. Participants in this study who have already undergone brain

surgery during STRATUM-OS and need a revision surgery.
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the STRATUM acquisition system along with detailed
information about the surgery (using the eCRF). The
STRATUM eCRF is built on the REDCap (Research Elec-
tronic Data Capture) platform® and securely stored in
an anonymised and standardised format within a secure
repository at the Institute for Applied Microelectronics
(IUMA) of the University of Las Palmas de Gran Canaria
(ULPGC). REDCap is a secure, web-based software plat-
form designed to support data capture for research
studies.”® *" It provides an intuitive interface for validated
data capture, audit trails for tracking data manipulation
and export procedures, automated export procedures for
seamless data downloads to common statistical packages
and procedures for data integration and interoperability
with external sources. All patient data will be assigned by
a unique coded ID (identification) number linked to the
subject to ensure pseudo-anonymisation. Only the local
clinical team will be aware of each participant’s identity.
A locally and securely managed document will link each
study ID with the corresponding participant. The data
collection procedure will be divided into three main
phases.

Preoperative phase

Patients who meet the inclusion criteria and none of
the exclusion criteria and after giving consent to partic-
ipate in the study will be identified by the data collector
(DC) at each clinical site. The DC will extract preliminary
information from the EHR and confirm the eligibility
with the principal investigator at the site before surgery.
Preoperative data, including tabular patient informa-
tion and various preoperative imaging modalities, will
be collected, anonymised and transcribed by the DC
from several sources (EHR, self-reported questionnaires
and interviews/questionnaires/reports from healthcare
professionals involved in the neurosurgical workflows).
These data will be entered into the STRATUM eCREF.

Intraoperative phase

During surgery, the operating surgeon will be assisted by

the DC in carrying out the following tasks:

» Collection of intraoperative data: the STRATUM
acquisition system will be used to capture in situ HS
and standard RGB (Red-Green-Blue) images, depth
data and other relevant intraoperative information of
the exposed brain surface.

» Tumour identification and resection: the operating
surgeon will identify and resect suspicious tumour
tissue based on neuronavigation guidance and their
surgical judgement according to the standard proce-
dure. At least one tissue sample should be resected
from the centre of the tumour site. If possible, the
operating surgeon will decide to excise and separately
store one to seven additional suspicious tissue samples
for definitive pathological diagnosis as part of their
routine clinical practice, identifying them within
both the STRATUM and the neuronavigation systems
for subsequent correlation analysis. Resected tissue

samples will be processed according to local protocols
at each clinical site. A specific coding system linking
the project, clinical site, patient and tissue sample will
be used to enter the data in the eCRF. These suspected
tumour samples will subsequently undergo histolog-
ical analysis. Additional samples will be taken from
surgical margins where tumour presence is suspected,
aligning with the standard surgical procedure. There-
fore, no extra sampling of tissue not suspected to be
tumorous will be performed.

» Neuronavigation procedure documentation: the
entire neuronavigation process will be recorded,
including multiple positioning points of the
neuronavigator marker in relation to the navigable
MRI at key stages of the surgical procedure. At least,
the neuronavigator marker should be documented
within the neuronavigation system (and captured
by the STRATUM acquisition system) at the exact
tumour site location where the tissue sample will be
resected for pathological diagnosis. At least three
HS images will be captured during surgery: (1) a full
capture of the exposed brain surface following crani-
otomy and durotomy; (2) a capture taken at an inter-
mediate stage of the surgery, in which the tumour
tissue is clearly exposed, and the biopsy sample will
be taken and (3) a final capture after completing
the tumour resection. Prior to each HS image, the
surgeon will ensure that the exposed area is carefully
cleaned to prevent artefacts in the imaging data.
When feasible, additional images corresponding to
point (2) will be captured throughout the surgery
to obtain the clearest possible representation of the
brain tumour area.

» Identification and recording of non-tumour brain
tissue data: at least one highly reliable non-tumour
brain tissue area will also be identified and docu-
mented based on neuronavigation and the operating
surgeon’s judgement. These positions should be
recorded within both the neuronavigation system and
the STRATUM acquisition system for further corre-
lation analysis, but no tissue sample will be resected.
The same coding protocol will be used in the eCRF to
label the captured images of non-tumour brain tissue.

» Intraoperative data storage: immediately after surgery,
the DC will download the captured data from the
STRATUM acquisition system and the neuronavigator
and store them in an external, encrypted, hard drive
for subsequent pseudo-anonymisation. Once pseudo-
anonymised, all multimodal data (HS and RGB
images, depth data, different MRI modalities, etc)
will be uploaded to the secure, dedicated STRATUM
server at [IUMA-ULPGC.

Postoperative phase

Postoperative data will be collected by the DC from
the EHR at 1, 3 and 6months after surgery (see online
supplemental Tables S2 — S20). The same anonymisation
protocol will be applied, ensuring that all multimodal
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data are securely stored on the STRATUM server, while
tabular data are entered into the STRATUM eCREF.

Once data collection is completed for each patient,
the study monitor, who is independent of the research
team, will review the database for errors and missing data,
ensuring data quality. If necessary, the study monitor will
collaborate with the site DC to resolve errors or discrep-
ancies between the eCRF and the primary source data
(eg, EHR and questionnaires) and make direct revi-
sions in the eCRF. In case a participant ceases participa-
tion in the study or is lost to follow-up, the anonymised
data generated until that moment will be employed, if
possible, for the technical validation, but the observation
will be excluded from the analyses where the missing data
are necessary to compute the outcomes in the subsequent
clinical trial.

Outcomes

Primary outcome measure for technical validation

The primary outcome measure consists of the histopatho-
logical classification of resected tissue samples as ‘tumour’
or ‘non-tumour’, which will serve as the reference stan-
dard for technical validation (online supplemental Table
S21). The STRATUM tool’s performance in intraop-
erative tumour tissue identification will be evaluated
against this reference using a three-way data partitioning
approach (training, validation and test sets), with evalua-
tion metrics including sensitivity, specificity, positive and
negative predictive values, and/or receiver operating
characteristic (ROC) curve analysis. These performance
metrics will be calculated at the tissue sample level using
the test set. Assessment will be completed between 3 and
4weeks postsurgery for the last patient recruited once
definitive histopathological results are available.

Secondary outcome measures for technical validation

The secondary outcome measure consists of the radio-
logical classification of tumour regions as CET or nCET
(FLAIR-positive) based on preoperative and postoper-
ative MRI scans, which will serve as the reference stan-
dard for the evaluation of STRATUM’s intraoperative
imaging-based segmentation (online supplemental Table
S21). Using a three-way data partitioning approach at
the patient level (training, validation and test sets), the
agreement between STRATUM-based segmentation and
radiological diagnosis will be assessed in the test set using
sensitivity, specificity, positive/negative predictive values,
Jaccard Index and/or the Dice-Sgrensen coefficient.
These secondary outcomes will be assessed between 3
and 4weeks postsurgery for the last patient recruited,
following completion and assessment of the postopera-
tive MRI.

Data collection for technical validation and the generation of a
historical control group

All data collected from patients enrolled in STRATUM-OS
will serve as a historical control group for the subsequent
study (the non-randomised controlled clinical trial,

STRATUM-NRCCT). This trial will compare standard

neurosurgical procedures with and without the use of the

STRATUM tool for decision support during surgery. The

STRATUM-NRCCT will be conducted on the completion

of STRATUM-OS (see online supplemental Figure S3).

The collected measures will span from patient enrolment

to the end of the 6-month follow-up period after surgery

and will be categorised in the following main domains

(table 2):

» Patient characteristics: tabular data from the patient,
such as age, year of birth, weight, sex, etc (online
supplemental Table S2).

» Patient’s symptoms: tabular data from the patient
symptoms related to neurological consequences of
the tumour (online supplemental Table S3).

» PROMs (patientreported outcome measures):
scores obtained from the KPS (Karnofsky Perfor-
mance Status) scale,”® the ECOG (Eastern Cooper-
ative Oncology Group) performance status scale,”
the 5-level EQ-5D version (EQ-5D-5L) instrument,”
the EORTC (European Organization for Research
and Treatment of Cancer) QLQ- BN20 brain tumour
module®’ and the EORTC QLQ Core Questionnaire
(EORTC QLQ-C30)* (online supplemental Table
S4).

» Visually AcceSAble Rembrandt Images (VASARI)
guide variables: the variables related to the radiolog-
ical characteristics of the brain tumours follow the
VASARI MRI visual feature guide (online supple-
mental Table S5).%* Such variables will be measured
using the minimum requirements to allow lesion volu-
metry and diagnosis using a 1.5 T MRL***

» Surgery details: these variables represent the informa-
tion related to the personnel, tools, materials involved
in the surgery, as well as the duration of the different
parts and tasks of the surgery (online supplemental
Table S6). These variables will help to quantify the
cost and efficiency of the surgery.

» Intraoperative pathology: variables related to
the intraoperative tissue diagnosis provided after
analysing frozen section samples for rapid diagnosis
during surgery according to the local routine prac-
tices at each site (online supplemental Table S7).
In case more than one intraoperative tissue analysis
is performed, these data will be collected for each
sample independently.

» Definitive pathology: variables related to the defin-
itive tissue diagnosis provided by histopathology
(online supplemental Table S8). The College of
American Pathologists protocol for the examination
of tumours of the brain and spinal cord (version
1.0.0.0, September 2022)*° will be followed to diag-
nose intra-axial primary brain tumours. Molecular
information will be provided according to the fifth
edition of the WHO Classification of Tumours of
the CNS (central nervous system),” where it is spec-
ified that molecular information should be inte-
grated into many of the tumour types, such as diffuse

Fabelo H, et al. BMJ Open 2026;16:6106584. doi:10.1136/bmjopen-2025-106584

5

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw erep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold

* BIISIH4 uoneonp3 eoaol|qig 1odag
/B3ISI4 1DV 22 2V4/09d1N Te 9202 ‘2 YdJel\ uo /wod fwg-usdolway/:diy woly papeojumoq ‘920z Areniga LT U0 #8G90T-GZ02-uadolwa/oeTT 0T se paysijgnd 1siy :uadQ NG


https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
https://dx.doi.org/10.1136/bmjopen-2025-106584
http://bmjopen.bmj.com/

Open access

3

Table 2 Study measure categories and timing

Post: Post: 30 Post: 90 Post: 180
Study measure category Any-time Pre Peri Post 48/72hours days days days
Patient characteristics X
Patient’s symptoms X X X X
PROMs X X X X
VASARI guide variables (MRI) X
Surgery details X
Intraoperative pathology X
Definitive pathology X
Definitive pathology (STRATUM-related samples) X
Exitus X
Postoperative MRI outcomes X
Complications X Xt Xt Xt
Medication X X+t e el
Emergency and hospital readmissions Xt X+t Xt
Follow-up MRI bl Yl x+t
Treatments Xt
Hospital admission and discharge X
Follow-up visits to professionals Xt
Follow-up tests Xt
End of study X X X X X

*Categories that can be completed at any time during the follow-up period, but monitored at 30, 90 and/or 180 days after surgery.
TThese records may be included as many times as they occur.
Peri, perioperative timing; Post, postoperative timing on availability of the histopathology reports; Pre, preoperative timing; PROMs, patient-
reported outcome measures; VASARI, Visually AcceSAble Rembrandt Images.

gliomas and embryonal tumours (online supple-

mental Annex 1).

Definitive pathology (STRATUM-related samples):
variables related to the definitive tissue diagnosis
provided by histopathology of the additional resected
suspected tumour samples for STRATUM technical
validation (online supplemental Table S9). This only
includes the specimen size and the tissue type (non-
tumour or tumour). The same standard procedures
as presented before will be applied to this histopatho-
logical analysis.

Exitus: variables related to the patient’s death in case
it occurs (online supplemental Table S10).
Postoperative MRI outcomes: variables related to the
extent of resection and volume of residual tumour
on postoperative 48/72hour MRI using 1.5 T MRI
(online supplemental Table S11).

Complications: set of variables representing the
possible postoperative complications related to the
brain tumour surgery, including the type of complica-
tion, its treatment and the diagnostic tests performed,
if necessary (online supplemental Table S12).
Medication: set of variables representing the group
type of the medication (painkillers, steroids, antisei-
zures, other) administered to the patient after brain

surgery and related to it (online supplemental Table
S13).

Emergency and hospital readmissions: variables
representing the hospital admission and discharge
dates of the patient, including the visits to emer-
gency room, due to causes related to brain tumour
surgery, but different from the hospital stay due to
the surgical operation (online supplemental Table
S14).

Follow-up MRI: variables indicating the date of the
follow-up MRI, the reason and whether or not progres-
sion has occurred (online supplemental Table S15).
Treatments: this group of variables represents the
class of postoperative treatment (chemotherapy or
radiotherapy) applied to the patient related to the
brain surgery, including the types and subtypes of
treatment, the number of cycles or sessions and the
dose (in case of chemotherapy) (online supplemental
Table S16).

Hospital admission and discharge: dates of admission
and discharge measured from the moment the patient
enters (prior surgery) and leaves (after surgery) the
hospital, including those related to the time spent at
neurosurgical care ward (online supplemental Table

S17).
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» Follow-up visits to professionals: variables representing
the number of follow-up visits to different healthcare
professionals in relation to the brain tumour surgery,
including the professional type (ie, neurosurgeon,
neurologist, oncologist, physiotherapists, speech and
language therapists, occupational therapists or other)
and the date of the visit (online supplemental Table
S18).

» Follow-up tests: variables representing the number of
follow-up tests performed to the patient in relation to
the management of the brain tumour, including the
type of test (ie, blood test, brain MRI and CT scans
or others) and date performed (online supplemental
Table S19).

» End of study: variables related to the end of a patient’s
participation in the study, including the date and the
reason for stopping participation (online supple-
mental Table S20).

Sample size

In total, it is estimated that 26 patients will undergo brain
surgery per month across the three clinical sites. Of these,
approximately 70% of patients (~18 patients/month) are
expected to meet the inclusion criteria, satisfy none of
the exclusion criteria and provide the informed consent
for study participation. A 90% success rate in obtaining
usable samples is anticipated (~16patients/month).
Consequently, STRATUM-OS is expected to collect data
from 320 consecutive patients over 20 months of recruit-
ment, followed by a 6-month follow-up period (total
duration: 28 months). Given an average of 4.5 samples
per patient (accounting for potential sample loss during
pathological analysis), a total of approximately 1440 tissue
samples are expected to be collected.

These estimations have been obtained based on
previous experiences from the project partners. Partic-
ularly, from the HELICoiD' and ITHaCA"! projects in
which the same HS acquisition system was employed, a
total of 85 HS images were obtained from 41 different
subjects captured in three data acquisition campaigns at
the Hospital Universitario de Gran Canaria Dr. Negrin,
covering a 24months period in total. From this dataset,
28% of HS images were excluded (17% of subjects),
resulting in 61 HS images from 34 eligible subjects.'* Addi-
tionally, the study conducted at the Hospital Universitario
12 de Octubre within the NEMESIS-3D-CM'® project was
able to obtain a multimodal dataset composed of HS
images from 193 different subjects, also in a 24months
period.**

Although patient-level data are important for clinical
context and for using them as historical controls in the
subsequent STRATUM-NRCCT study, in this study the
primary unit of analysis for the main outcome measure is
the individual tissue sample, which will be histologically
classified as ‘tumour’ or ‘non-tumour’ and serve as the
reference standard for technical validation. Therefore,
the effective sample size for the statistical analysis is deter-
mined by the number of validated tissue samples. This

volume of data is expected to provide sufficient statistical
power to estimate key diagnostic performance metrics of
the STRATUM Tool—such as sensitivity, specificity and
predictive values—with acceptable precision.

A preliminary evaluation of inclusion rates will be
conducted after the first 3 months of recruitment, to
identify potential barriers to enrolment. If necessary,
corrective measures will be implemented to ensure that
the study reaches its target sample size.

Data partition for technical validation

In Al-based applications, data partitioning is the process
of dividing a dataset into several subsets (eg, training, vali-
dation and test sets). This process is crucial to evaluate
and validate the performance of developed Al models,
ensuring that models are validated and tested using
unseen data for model training. This is highly important,
especially in medical applications, where data from
different subjects must be in independent sets.”® This
allows a more accurate assessment of the model perfor-
mance, avoiding overfitting and obtaining more gener-
alised models for unseen data/subjects.

In this study, we plan to utilise the initial 70% of
recruited patients to train the Al algorithm (n=224
patients). The subsequent 10% will be used for cross-
validation (n=32), and the final 20% will serve to test the
model (n=64). While data partitioning is performed at
the patient level to avoid information leakage, the actual
analysis will be conducted at the tissue sample level, using
labels validated by histopathology to assess diagnostic
performance at the tissue sample level.

Statistical methods

To ensure a robust and unbiased evaluation of the
STRATUM Tool, the dataset will be partitioned at the
patient level into three non-overlapping subsets: 70%
for model training, 10% for internal validation and 20%
for final testing. This partitioning strategy is intended
to prevent data leakage across subsets, ensuring that all
tissue samples from the same patient are assigned to the
same group. Observations from participants with missing
data may be excluded from analyses.

The training set will be used to build the Al model
by learning patterns from intraoperative imaging data
paired with corresponding histopathological or radiolog-
ical labels. The validation set will be used during model
development to fine-tune hyperparameters and optimise
training procedures (eg, early stopping, learning rate
adjustments, regularisation). No metrics will be formally
reported from the validation set.

The test set will be completely isolated during model
development and used exclusively to compute final
performance metrics. These will include accuracy, sensi-
tivity, specificity, precision, Fl-score, ROC curve analysis,
the Jaccard Index and the Dice-Sgrensen coefficient,
as appropriate to the outcome type (classification or
segmentation). Diagnostic performance will be assessed
for two main tasks: (1) the distinction between tumour
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and non-tumour tissue samples, using definitive histo-
pathological analysis as the reference standard and (2)
the identification of CET and nCET (FLAIR-positive)
regions in MRI, using histopathological and radiological
reports as the reference.

Subgroup analyses will be performed for the most
common histological tumour types, defined as those with
at least 25 patients included in the test set. All subgroup
evaluations will be conducted exclusively within the test
set to ensure unbiased estimation. Due to the subsa-
mple nature of the investigation, performance estimates
may have wide Cls, particularly for less frequent tumour
subtypes.

Patient and public involvement

The STRATUM project follows a co-creation methodology
which actively involves end-users and other stakeholders
during the design and development of the STRATUM
Tool. The FEuropean Citizen Science Association is
part of the STRATUM consortium, is in charge of the
dissemination and communication activities to achieve
public engagement in the project and participates in the
co-creation process. In addition, the STRATUM project
is supported by an external ethics advisory board which
includes a brain tumour patient association (ASTUCE
Spain). This advisory board is involved in research design
and execution, reviewing the protocols and providing
advice and recommendations throughout the entire
duration of the project (including STRATUM-OS and
STRATUM-NRCCT).

DISCUSSION

This protocol describes STRATUM-OS, an interna-
tional multicentre, prospective, observational cohort
study with a 6-month follow-up, designed to collect data
from brain tumour surgeries across a range of intra-
axial tumour types. The primary aims of STRATUM-OS
are to develop and technically validate the STRATUM
tool and to establish a historical control group for the
subsequent non-randomised controlled clinical trial
(STRATUM-NRCCT). This study addresses critical unmet
needs in neurosurgical oncology, such as challenges
in tumour margin delineation, brain shift and the inte-
gration of complex intraoperative data. By leveraging
multimodal data, including HSI and Al-driven analysis,
STRATUM-OS has the potential to significantly enhance
intraoperative decision-making and improve surgical
outcomes. This approach will enable a robust evaluation
of the STRATUM tool’s efficacy by comparing outcomes
against a baseline derived from real-world clinical prac-
tice. Both STRATUM-OS and the subsequent STRATUM-
NRCCT contribute to the overarching STRATUM project
goal: to advance personalised medicine in neurosurgical
oncology through multimodal data, including HSI, and Al
algorithms, ultimately enhancing intraoperative decision-
making, surgical outcomes and workflow efficiency.

In STRATUM-OS, we will collecta comprehensive multi-
modal dataset from 320 patients undergoing standard
neurosurgical procedures for intra-axial brain tumours.
For the development and technical validation, the initial
70% of recruited patients will train the AI algorithm,
the subsequent 10% will be used for cross-validation
and the final 20% will test the model. To avoid informa-
tion leakage, data partitioning will be performed at the
patient level (since one patient can have more than one
associated image or data measurement captured during
surgery), while the actual analysis will be conducted at the
tissue sample level (labelled image data used to compare
the AI model result with the definitive pathological
diagnosis).

The technical validation will be carried out using the
test set, which will include data from 20% of the recruited
patients, and will determine which types of intra-axial
brain tumours the STRATUM tool will be able to accu-
rately identify to fulfil the primary outcome measure.
Hence, the inclusion criteria of the subsequent clinical
trial (STRATUM-NRCCT) will depend on the outcomes
of this technical validation, in order to recruit only
patients with suspected intra-axial brain tumours of
such types. Additionally, as a contingency plan in case
the expected sample size is not achieved, it is expected
to include HS data from patients recruited in previous
related research projects (HELICoiD," ITHaCA"
and NEMESIS-3D-CM)'? to increase the dataset for
training the Al models. The test set will include at least
50 patients and only patients recruited in STRATUM-OS.
All patients’ data collected in STRATUM-OS will serve
as historical controls for STRATUM-NRCCT. Addi-
tionally, STRATUM-OS will measure several feasibility
outcomes in order to assess whether the subsequent clin-
ical trial (STRATUM-NRCCT) is viable. In this sense, the
following outcomes will be measured: (1) inclusion rate
(percentage of screened patients who meet the inclusion
criteria); (2) consent rate (percentage of patients who
agree to participate in the study); (3) recruitment rate
(average number of patients enrolled every 3months);
(4) follow-up rate (percentage of patients who complete
the 6month follow-up); (5) completeness (percentage
of data entries available for the measurement of primary
and secondary outcomes) and (6) accuracy by tumour
grade (agreement between the definitive pathological
diagnosis and the STRATUM tool in technical validation
using the test set).

A key strength of STRATUM-OS lies in its prospec-
tive, multicentre design, which enhances the generalis-
ability of the findings. This multicentre design involves
three major neurosurgical departments in Europe,
which have previous research experience in the partic-
ular topic of STRATUM-OS. All neurosurgeons from
these departments know about the study and agree to
actively participate and implement measures in order
to screen every possible patient in each centre. The
screening and recruitment process will be monitored by
the Unidad de Investigacion Clinica y Ensayos Clinicos
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at the Complejo Hospitalario Universitario de Canarias
(Spain) and contingency plans and actions will be imple-
mented in case any of the sites do not follow recruitment
plans. Notably, this is the first multicentre prospective
observational study to develop and technically validate a
real-time 3D decision support tool for brain surgery guid-
ance and diagnostics, integrating Al and multimodal data
processing, including HSI. This innovative approach,
combined with the large sample size, will provide suffi-
cient statistical power for the technical validation of the
STRATUM tool. However, the study also has potential
limitations, including the complexity of brain tumour
surgery, which may slow recruitment and affect sample
size, and the potential limitation in subgroup analyses
for less common brain tumour subtypes. The rigorous
methodology of STRATUM-OS, encompassing detailed
data collection protocols, quality control measures and
a comprehensive statistical analysis plan, will ensure the
reliability and validity of the results. Furthermore, the
study’s adherence to ethical principles and data protec-
tion regulations strengthens its design.

ETHICS AND DISSEMINATION

The study will adhere to the ethical principles for medical
research involving human subjects established in the
Declaration of Helsinki and the Good Clinical Practice
Guidelines. According to our previous experience (HELI-
CoiD," ITHaCA, NEMESIS-3D"* and ASTONISH" proj-
ects), the use of HSI has not demonstrated any safety or
tolerability concerns in surgical procedures.

Multimodal data will be captured by expert neurosur-
geons using the STRATUM acquisition system designed,
produced and installed at each clinical site (at the time
of surgery, no real-time results on tissue classification will
be displayed to physicians, except for the standard frozen
section histopathological diagnostic information they
usually receive). The STRATUM acquisition system will not
alter the surgical procedure, apart from the data collec-
tion process (estimated to be ~10min during the entire
surgery with no expected negative effects for the patient).
Captured data will not influence or modify the neurosur-
gical plan. As part of the standard procedure, tumour
tissue samples and adjacent tissue samples (suspected
to be tumour) will be collected for pathological analysis.
These samples will serve as the golden standard for the
algorithm development. This sample collection will not
interfere with the intervention, histopathological analysis
or the intraoperative decision-making. Pathologists will
have no access to the STRATUM tool results prior to their
independent analysis, even during validation and testing
phases after initial training.

Patient confidentiality and data security will be
managed in compliance with General Data Protection
Regulations and relevant national and European legisla-
tions as per local and national ethical approvals. All study-
related information will be securely stored at the clinical
sites. All local databases will be protected by password

restricted access systems. Forms, lists, logbooks, appoint-
ment books and any other listings that link participant ID
numbers to other identifying information will be stored
in separated, locked restricted-access areas. Only autho-
rised personnel, including researchers involved in the
STRATUM project, the sponsor or designated represen-
tatives, the ethics committee and relevant health authori-
ties will have access to this data.

All data and biological samples collected during STRA-
TUM-OS will be used exclusively for the development
and technical validation of the STRATUM tool, as well
as for the creation of a historical control group for the
subsequent non-randomised controlled clinical trial
(STRATUM-NRCCT). This purpose is explicitly stated
among the primary objectives of the present protocol.
Therefore, no additional informed consent will be
required for this use, as participants will be fully informed
and provide consent to both components—technical vali-
dation and historical control generation—at the time of
inclusion. Any future use of data or samples beyond the
scope of this protocol will require prior approval from
the relevant Ethics Committees and, where applicable,
new participant consent. Participants will have the right
to access, rectify, delete, limit the processing, portability
and opposition of their data by contacting the principal
investigator of the project in each clinical site.

The results of this study will be published in open access
journals, regardless of whether the findings are positive or
negative. The study results will be shared with the partic-
ipating physicians, referring clinicians, patients and the
broader medical and scientific community. Data (prop-
erly anonymised) will be stored in the secure STRATUM
repository at the project coordination institution and, on
project completion, will be archived in trusted reposito-
ries, having their respective digital object identifiers.
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