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Abstract

Objective Immune effector cell-associated neurotoxicity syndrome (ICANS) is a potentially fatal complication of CD19-
directed CAR T-cell therapy. The aim of this study was to investigate the role of EEG as a predictive biomarker of ICANS.
Methods In this prospective, monocentric, cohort study, consecutive refractory B-cell non-Hodgkin lymphoma patients
undergoing CAR T-cell therapy had EEG assessments at fixed time points pre- and post-infusion. The risk of ICANS was
evaluated according to EEG findings detected qualitatively, using a grading scale ranging from O (normal) to 3 (severely
abnormal), and quantitatively, using power spectral and connectivity measures.

Results 307 EEGs from 68 patients have been qualitatively evaluated, of whom 238 were eligible for quantitative analysis.
Neurotoxicity manifested in 22/68 (32.4%) patients. Pre-infusion EEG abnormalities (grade 1 and 2) were qualitatively
detected in 8/68 (11.7%) patients, emerging as a risk factor for [CANS [HR 5.8 (95%CI 2.6-12.9)]. Quantitative analysis of
pre-infusion EEGs did not yield significative results. Post-infusion qualitative EEG abnormalities were associated to a higher
risk of ICANS development [HR 11.6 (4.4-30.5) for grade 2; HR 9.7 (2.6-36.6) for grade 3]. Concerning the quantitative
analysis, in post-infusion EEGs higher theta energy [HR 1.10 (1.03—1.16)] and delta + theta/alfa ratio [HR 1.37 (1.11-1.67)]
were associated to higher risk of ICANS, while higher beta energy resulted protective [HR 0.91 (0.85-0.97)].

Conclusions Our study establishes EEG as a predictive tool for identifying patients at risk for ICANS before CAR T-cell
infusion, who may benefit from prophylactic treatments, and anticipating ICANS onset following infusion, enabling early
intervention.

Keywords Chimeric antigen receptor (CAR) T-cell therapy - Lymphoma - Immune effector cell-associated neurotoxicity
syndrome (ICANS) - Biomarker - Electroencephalography (EEG) - Quantitative analysis
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Background

In recent years, anti-CD19 Chimeric Antigen Receptor
(CAR) T-cell therapy has become a groundbreaking treat-
ment for advanced B-cell non-Hodgkin lymphoma [1]. How-
ever, this procedure carries the risk of developing immune
effector cell-associated neurotoxicity syndrome (ICANS)
[2], with a reported incidence ranging from 37.5% to 77%
[3] and a mortality rate of 3% [4]. Its pathogenesis appears
to be at least partially linked to cytokine release syndrome
(CRS), a systemic toxicity related to CAR T-cells infusion
that almost invariably precedes ICANS onset. This inflam-
matory response contributes to blood—brain barrier (BBB)
damage [4, 5] and subsequent transmigration of proinflam-
matory products into the central nervous system (CNS)
[5]. Other factors increasing the risk of developing ICANS
include elevated serum levels of C-reactive protein (CRP)
and ferritin [6—11], lymphoma type, disease burden [2], and
the specific CAR T-cell product [11].

A timely identification of neurotoxicity is essential for
enabling prompt intervention with immunomodulatory treat-
ments to prevent clinical deterioration [12]. However, the
opportunity to prevent ICANS using prophylactic treatments
is currently under investigation [13, 14] and preliminary evi-
dence on the efficacy of anakinra is already available from
non-randomized studies [13, 14]. In this context, predictive
biomarkers would refine the selection of patients who may
benefit from the prophylactic treatment. Nevertheless, the
prediction of ICANS development remains, at present, a
pressing unmet clinical need.

EEG is a widely available, non-invasive, and cost-effec-
tive technique, highly sensible in evaluating patients with
encephalopathy, regardless of the aetiology [15], thus rep-
resenting a candidate biomarker for ICANS. Studies inves-
tigating EEG changes during ICANS revealed significant
alterations such as diffuse background slowing, sporadic
rhythmic delta activity and epileptiform discharges [16-23],
supporting its diagnostic role.

A previous study conducted at our Institute [24] describ-
ing neurological assessment and complications of a pre-
liminary cohort of patients undergoing CAR T-cell therapy
suggested that pre-infusion EEG abnormalities were asso-
ciated with a higher risk of ICANS, in line with a recently
published study [25]. Except these exploratory studies, there
is a lack on EEG performed before CAR T-cell infusion and,
even more notably, on EEGs performed following the infu-
sion prior to the onset of ICANS, as EEGs are not routinely
performed in this setting.

Therefore, the present study aims to shed light on the
potential value of EEG as a predictive biomarker of ICANS
in patients undergoing CAR T-cell therapy.
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Methods
Study and cohort characteristics

This prospective, monocentric, real-life cohort study ana-
lysed the EEGs of adult patients with B-cell non-Hodgkin
lymphoma who underwent CAR T-cell therapy at the Insti-
tute of Hematology “Seragnoli” (Advanced Cell Therapy
Program, IRCCS Azienda Ospedaliero-Universitaria di
Bologna, Italy) between August 2019 and September 2022.
All patients underwent a standardized neurological assess-
ment protocol, as detailed in our previous works [24, 26],
including serial EEG recordings at the following time points:

- Baseline: 15-20 days before the infusion day.

- T1; T3; T7; T14:1, 3, 7 and 14 days after the infusion
day (referred to as TO, infusion day).

Additional EEGs were recorded depending on clinical
concerns, such as suspicion or monitoring of neurotoxicity.
ICANS grading was determined by the consulting neurolo-
gist based on the ICE score [2] and other clinical features
(i.e. seizures, elevated intracranial pressure signs) as sug-
gested by ASTCT Consensus [2].

Patients were administered prophylactic antiseizure
medication (levetiracetam 1500 mg/die) starting 10-12
days before the infusion, in accordance with the CAR T-cell
therapy-associated toxicity (CARTOX) working group rec-
ommendation [12].

We included patients with availability of: (1) at least
the baseline EEG record, (2) neurologic examination and
ICANS score at the time of EEG recording.

EEGs were excluded from analysis if excessive artifacts
prevented their reliable evaluation.

The STROBE guidelines were used to ensure the report-
ing of this cohort study [27].

Data collection

The following features of the included patients have been
collected in an ad hoc database:

demographics, lymphoma characteristics, previous failed
treatments, comorbidities, concomitant medications, labora-
tory and neuroimaging data, toxicities (CRS and ICANS)
characteristics.

EEG recording and evaluation

Routine EEGs (lasting at least 20 minutes) were recorded
using the standard international 10-20 system for elec-
trodes placement. A bipolar montage, 50 Hz notch filters
and 0.5-40 Hz bandpass filters were applied. In the inten-
sive care unit (ICU) setting, EEGs were recorded after the
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temporary discontinuation of anaesthetics. The included
records were analysed qualitatively and quantitatively.

Qualitative evaluation

The records have been visually assessed independently by
two expert neurophysiologists (FB, PT) who were blinded
to patients’ histories and not involved in the neurological
assessment of CAR T-cell therapy recipients.

While ACNS terminology classification [28] was used as
areference, some EEG features were evaluated differently to
better describe the findings in CAR T-cell therapy recipients
(routine EEG instead of long-term monitoring, non-intensive
setting). An ad hoc EEG evaluation form was created, con-
taining the following sections:

e Background activity (BA) (alternative options in square
brackets)

e Symmetry [symmetric/mild asymmetry/marked asym-
metry];

e Predominant Background Frequency (PBF) [beta/alpha/
theta/delta];

e Posterior Dominant Rhythm (PDR) [present/absent];

e Continuity [continuous/nearly continuous/discontinuous/
burst suppression];

® Reactivity [present/absent];

e Voltage [normal/attenuated/suppressed];

e State changes (SC) [absent/normal features/pathological
features]:

e state changes are defined in ACNS Terminology as dif-
ferent types of background activities related to the level
of alertness or stimulation [28]. In the present study,
we defined state changes “pathological” if the posterior
alpha rhythm was frequently replaced by long-lasting
diffuse delta activity rapidly emerging after eye-closure,
indicating somnolence (Example available in Supple-
mental Fig. 1). This pattern differs from physiological
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rhythm disappearance while theta activity emerges, usu-
ally after few minutes in a relaxed state with closed eyes.

e Non-epileptiform abnormalities (NEA) [sporadic slow-
ing in theta or delta frequency/rhythmic delta activity/
periodic slow waves];

e Epileptiform abnormalities (EA) [sporadic epileptiform
discharges/rhythmic or periodic epileptiform discharges/
seizures/status epilepticus];

e Ictal-Interictal Continuum (IIC).

The prevalence of the abnormalities (both NEA and EA)
was defined as follows (correspondences with ACNS termi-
nology in brackets):

— Low (corresponding to “occasional” and “rare”): < 1/
min.

— Moderate (corresponding to “frequent”): >1/minute but
less than 1 per 10 s.

— High (corresponding to “abundant”): >1 per 10 s.

In case of discrepancies, a definitive judgment was
obtained by open debate among the two raters while keep-
ing clinical outcomes hidden. After establishing a defini-
tive description for each EEG recording, a grading scale
(Table 1) was developed to assess its significance. Each
recording was assigned a score ranging from 0 (normal) to
3 (severely abnormal). Figure 1 shows representative EEG
pages for each grade.

Quantitative evaluation

All the eligible records were segmented into artifact-free
time windows, using Brain Vision Analyzer 2.2. This seg-
mentation procedure, including the artifact detection, was
carried out manually by one board-certified neurologist
(FP). Hence, a final epoch representative of each EEG was
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Fig. 1 Examples of the EEG grading scale, -Grade 0 normal EEG.
-Grade 1 normal background (alpha rhythm) with sporadic diffuse
theta activity at moderate prevalence. -Grade 2 predominant theta

Grade 3

background frequency with sporadic diffuse delta activity at moderate
prevalence. -Grade 3 predominant delta background frequency with
anterior-predominant diffuse sharp waves at high prevalence
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Table 1 EEG grading scale

PBF  Thetaactivity Delta activity”  State changes  Epileptiform  Overall Grade
abnormalities  significance

Alfa/  + Absent Absent/ Absent Normal 0

Beta Physiological

Alfa/  ++ + Pathological ~ Absent Slightly abnormal 1

Beta

Theta +++ ++ Not relevant ~ + Moderately abnormal 2

Delta  Not relevant +++ Not relevant +++++ Severely abnormal 3

Final Grade:

0 = Normal PBF + Low prevalence Theta activity and/or physiological state changes.
1= Normal PBF + Moderate prevalence Theta activity and/or Low prevalence Delta activity and/or

pathological state changes.

2= Theta PBF and/or Absence of reactivity and/or Moderate prevalence Delta activity and/or Low preva-

lence epileptiform abnormalities.

3= Delta PBF and/or High prevalence Delta activity and/or Moderate/High prevalence epileptiform

abnormalities.

PBF predominant background frequency, + low prevalence, ++ moderate prevalence, +++ high preva-

lence, NA not applicable

“Comprehending both polymorphic and rhythmic delta activity

obtained by assembling the time windows, ensuring that the
minimum epoch duration was 20 s. Each epoch was then
processed according to an ad hoc pipeline, written in Python
[29], to extract quantitative features describing the character-
istics of the signal both in the time and frequency domains.

At first, each epoch was processed by a comb filter to
erase the powerline frequency and its multiple. Next, each
epoch was segmented into overlapping time windows of
duration T = 2.0 s, considering Af = (.25 s as a time shift
between consecutive windows. Such a segmentation made it
possible to obtain multiple samples of the same feature from
each epoch, increasing the accuracy of the final measures.
No channels were excluded in this phase since the portions
of signals associated with artifacts were removed manually.

Hence, the following features were computed for each
epoch and window:

— The signal energy Ew for the frequency bands delta
0=[2, 4] Hz, theta 0=[4, 8] Hz, alpha a=[8, 14] Hz, and
beta f=[14, 30] Hz; in particular, the energy associated
with each band was obtained as the integral of the power
spectral density (PSD) of the signal over the frequencies
characterizing the target band and the PSD was estimated
via the Fast Fourier Transform (FFT) algorithm.

— The signal entropy H and fractal dimension F, estimating
the complexity of the signal in terms of amplitude and
phase distribution; in particular, the fractal dimension
was computed via the so-called Higuchi method.

— The phase transfer entropy PTE between the different
EEG channels, denoting the influence that each chan-
nel exercises over the others; we highlighted that the
PTE represents a causal connectivity metric and the

@ Springer

computation of the PTE was not restricted to specific
frequency ranges but considered the broadband signal,
avoiding the possible biases due to band selection.

— Graph-based measures, including the in/out-degree, the
betweenness and eigenvector centrality, the eccentricity
of each EEG channel, and the diameter of the overall
EEG signal; all these metrics were extracted from the
directional graph representation of the signal that was
obtained with the PTE as connectivity estimate, which
indeed enables to represent both the magnitude and
direction of channels’ relationship.

To appreciate the time-dependent variations in param-
eters and allow inter-patient comparison, the features con-
cerning post-infusion EEGs were normalized with respect
to the baseline EEG.

EEGs selection for the analysis

To explore the possible role of EEG as predictive bio-
marker for ICANS we considered:

— Baseline EEGs: to determine whether pre-infusion
EEG abnormalities might represent a risk factor for
the development of ICANS.

— Post-infusion EEGs (T1; T3; T7; T14): to assess
whether EEG changes precede and thus predict the
clinical onset of neurotoxicity. To perform this analy-
sis, we compared EEGs recorded prior to ICANS onset
with those of patients not developing ICANS.
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Statistical analysis

In descriptive analysis, continuous variables have been
summarized and presented through mean, standard devia-
tion (SD) and range (min-max), categorical variables
through absolute numbers (n) and percentages (%). For
continuous variables the Mann-Whitney test was used to
evaluate differences between two groups, while the Chi-
square test was used for categorical variables. Associa-
tions between qualitative or quantitative assessments of
EEG tracings (fixed and time-dependent variables) and
the development of ICANS (outcome - time to event) have
been assessed through univariable and multivariable Cox
regression models. Time to enter in the analysis was the
day of infusion. We performed two distinct analyses. In
the first approach (“classical” Cox regression model),
we used a fixed exposure, where baseline EEG features
were considered as a constant predictor throughout the
study period. In the second approach (“time-dependent”
Cox regression model), we used a time-varying exposure
model were the EEG values were updated at each time
point (T1, T3, T7, T14), allowing for dynamic changes
in EEG features over time. The role of any confounding
factors (age, sex, clinical characteristics, therapy, etc.) has
been considered in the models. The multivariable model
was selected using a step-wise procedure using likelihood
ratio test to select the best model. Results were presented
with hazard ratios (HR) and 95% confidence intervals
(95% CI). Cohen’s kappa was used to evaluate the inter-
rater reliability between two raters (FB, PT) for the quali-
tative EEG evaluation. Statistical analysis was performed
using Stata SE 14.2.

Standard protocol approvals

The study was approved by our institutional review board,
Ethical Committee AVEC of Bologna (protocol number:
CE: 319/2021/Sper/AOUBo). Written informed consent was
obtained from all enrolled patients, both for study participa-
tion and data publication. All procedures were conducted
according to the latest version of the Declaration of Helsinki.

Results
Cohort baseline characteristics

A total of 68 consecutive patients (mean age 55.2+14
years, 20 females) affected by refractory/relapsed B-cell
non-Hodgkin lymphoma underwent anti-CD19 CAR T-cell
therapy from September 2019 to September 2022 and were

included in the study. The baseline demographics, lym-
phoma characteristics and therapies are summarized in Sup-
plementary Table 1.

ICANS features

Neurotoxicity manifested in 22/68 (32.4%) patients, with
an average onset time of 5.7 days (range 0-15) following
the infusion. Among those affected, 9/22 (40.9%) patients
experienced severe ICANS (grade >3), of whom 3 deceased
early (two for fulminant cerebral edema and one for systemic
complications). ICANS manifestations were consistently
preceded by CRS (CRS features and its relationship with
ICANS are described in Supplementary Table 2). Epilep-
tic events (isolated tonic-clonic seizures and, in one case,
non-convulsive status epilepticus) were observed in 3/22
patients, two of whom exhibited fulminant cerebral oedema.
ICANS features are summarized in Supplementary Table 3.

Qualitative EEG analysis

From the total pool, 43/307 (14.0%) EEGs were excluded
since recorded during clinical manifestation of ICANS,
thus 264/307 (86.0%) EEGs belonging to 68 patients were
included in the final analysis. 68/264 (25.8%) EEGs were
recorded in pre- infusion period and 196/264 (74.2%) after
the infusion of CAR T-cells. Figure 2 describes EEGs distri-
bution among the cohort, considering the time of recording.

The agreement between the two raters was strong (k =
0.88).

Baseline EEGs grading

Pathological findings were detected in 8/68 (11.8%) baseline
EEGs. The grading score was 1 (slightly abnormal) in 6/8
(75%) and 2 (moderately abnormal) in 2/8 (25%) cases. The
specific features of the pathological EEGs at baseline are
shown in Supplementary Table 4.

Post-infusion EEGs grading

Among the 196 EEGs recorded after the infusion day up to
T14, 156 (79.6%) belonged to non-ICANS cohort while 40
(20.4%) were from the ICANS cohort but recorded prior to
its onset (pre-ICANS EEGs).

Pathological findings were observed in 12/156 (7.7%)
records of the non-ICANS cohort and in 20/40 (50%) pre-
ICANS EEGs. Grading score resulted 1 (slightly abnormal)
in 10 non-ICANS vs 4 pre-ICANS, 2 (moderately abnormal)
in 2 non-ICANS vs 11 pre-ICANS, 3 (severely abnormal) in
5 pre-ICANS vs none in the non-ICANS cohort.

Post-infusion EEG abnormalities anticipated ICANS
onset by a median of 4 days (range: 1-9 days).

@ Springer
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TOTAL EEGs
N=307
(68 pts)
Excluded Excluded
(recorded during ICANS) < = (artifacts or recorded during ICANS)
N=43 " N= 69

N=264

QUALITATIVE Analysis
(68 pts)

N=238

QUANTITATIVE Analysis
(61 pts)

Baseline
N= 68 (68 pts)

Post-infusion/Pre- ICANS
N= 196 (65 pts)

Baseline
N=61 (61 pts)

Post-infusion/Pre-ICANS
N=179 (59 pts)

* ICANS cohort =22
* Non-ICANS cohort= 46

* ICANS cohort = 40
* Non-ICANS cohort= 156

¢ ICANS cohort =21
¢ Non-ICANS cohort= 40

* ICANS cohort = 40
* Non-ICANS cohort= 139

Fig.2 Flowchart of EEG records analysed qualitatively and quantitatively. N number of EEGs, pts patients

Table 2 ICANS risk according to qualitative EEGs analysis—univar-
iable Cox regression models

Score HR [95% CI] P-value
Baseline EEGs—fixed variable
0 Ref - -
1 4.1 1.3-12.5 0.013
2 349 5.6-218.6 <0.001
142 5.8 2.6-12.9 <0.001
Post-infusion EEGs—time-dependent variable
0 Ref - -
1 32 0.7-14.9 0.139
2 11.6 4.4-30.5 <0.001
3 9.7 2.6-36.6 <0.001

Bold refers the statistically significant values
HR Hazard Ratio; 95% CI 95% Confidence Interval

Risk of ICANS according to qualitative analysis

Risk of ICANS was significantly higher for both baseline
EEGs showing grade 1 [HR 4.1; 95%CI 1.3-12.5] and grade
2 [HR 34.9; 95%CI 5.6-218.6] abnormalities (Table 2).

Taken together, baseline EEGs abnormalities [HR 5.8;
95%CI 2.6-12.9] were corroborated as independent risk fac-
tor for ICANS in multivariable analysis [HR 3.3; 95%CI
1.3-8.7] (Table 3).

Post-infusion EEGs abnormalities were associated to a
significant higher risk of ICANS when scored 2 [HR 11.6;

@ Springer

95% CI 4.4-30.5] and 3 [HR 9.7; 95% CI 2.6-36.6], while
grade 1 abnormalities showed a trend of higher risk [HR
3.2;95%CI1 0.7-14.9] (Table 2).

Quantitative EEG analysis

From the total pool, 238/307 (77.5%) EEGs belonging to
61/68 patients (89.7%) were eligible for quantitative analy-
sis (see Fig. 2), while 69 EEGs were excluded due to arti-
facts (n = 58) or because recorded during ICANS (n = 11).

No quantitative features at baseline were found to be
significantly associated with a higher risk of ICANS
development.

In post-infusion EEGs, energy values were significantly
associated to the risk of ICANS development. Specifi-
cally, median theta energy [HR 1.10; 95%CI 1.03-1.16]
and delta + theta/alfa ratio [HR 1.37; 95%CI 1.11-1.67]
correlated to a higher risk of ICANS, while median beta
energy emerged as protective factor [HR 0.91; 95%ClI
0.85-0.97] (Table 4). On the contrary, signal complexity
and connectivity measures were not associated to a higher
risk of ICANS development.

Cut-off values between tertiles were identified for theta
energy and delta+ theta/alfa ratio. For both features, val-
ues above the cut-off between the second and the third
tertile (2.2 and 0.31, respectively) were found to be signifi-
cantly associated with a higher risk of developing ICANS
(Supplementary Table 5).
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Table 3 Risk factors for

S Feature vs reference category Unadjusted HR p-value Adjusted HR p-value
ICAI.\ISfumvarlable and. (95% CI) (95% CI)
multivariable Cox regression
models Age 1.0 (0.9-1.0) 0.217
Sex
Male vs female 4.0 (1.8-8.9) 0.001 3.7 (1.6-8.7) 0.003
Histology subtypes
PMBCL vs DLBCL 4.7 (2.2-10.0) <0.001
MCL vs DLBCL 7.1 (3.5-14.2) <0.001
FL vs DLBCL 0.4 (0.0-3.0) 0.365
Baseline EEG Abnormalities 5.6 (2.6-12.9) <0.001 3.3(1.3-8.7) 0.014
Ferritin
>1000 vs <1000 2.0(1.4-2.7) <0.001 1.8 (1.3-2.6) 0.001
CAR T-cell Product
Tisa-cell vs Axi-cell 0.4 (0.2-1.1) 0.074
Brexu-cell vs Axi-cell 0.2 (0.3-1.4) 0.114

Bold refers the statistically significant values
HR Hazard Ratio; 95% CI 95% Confidence Interval

Table 4 ICANS risk in post-infusion EEGs according to quantitative
analysis-Energy (median values)—univariable Cox regression models

Feature HR [95% CI] p-value
Beta energy 0.91 0.85-0.97 0.006
Alpha energy 0.97 0.94-1.01 0.160
Theta energy 1.10 1.03-1.16 0.001
Delta energy 1.04 0.99-1.11 0.091
Delta+ theta/alfa ratio 1.37 1.11-1.67 0.002

Bold refers the statistically significant values
HR Hazard Ratio; 95% CI 95% Confidence Interval

Differences in pre-infusion features
between patients with and without baseline EEG
abnormalities

Patients demonstrating abnormalities at baseline EEG
were found to have significantly higher pre-infusion IL-6
(» =0.031) and CRP (p = 0.014) serum levels. In contrast,
demographics (age and sex), tumour-related factors (dura-
tion, disease status, stage, previous treatments), brain MRI
abnormalities and neurological comorbidities did not differ
among the two groups. The results of the post hoc analysis
are available in Supplementary Table 6.

Discussion

The present study investigates the role of EEG in evaluating
patients undergoing CAR T-cell therapy, positioning it as a
valuable predictive biomarker of ICANS both prior to and
following CAR T-cell infusion. We rigorously assessed a

large dataset of EEG recordings from CAR T-cell therapy
recipients, employing a protocol with predetermined evalu-
ations for all subjects and blinded analysis by highly spe-
cialized experts. While interrater variability typically poses
a problem in the interpretation of EEGs [30], the use of
an ad hoc rating scale designed to highlight gross differ-
ences allowed us to achieve strong agreement between raters.
Additionally, we expanded the available data on quantitative
EEGs analysis in CAR-T therapy recipients, which is cur-
rently limited [21].

Our findings underscore a dual role of EEG in assessing
ICANS risk: firstly, by aiding in the identification of sus-
ceptible patients at baseline, and secondly, by predicting the
clinical onset of ICANS after CAR T-cell infusion.

EEG as a screening tool

Patients with pre-infusion EEG abnormalities of any grade
had a six times higher risk of developing ICANS compared
to those with a normal EEG, a finding confirmed in the mul-
tivariable analysis with confounding factors, supporting our
preliminary findings [24] and the recent study from Hernani
et al. [25]

The precise significance of baseline EEG abnormalities
is challenging to ascertain and requires to be investigated
within the context of the pre-infusion period and intrinsic
individual characteristics. Notably, no significant neuro-
logical comorbidities nor CNS lymphoma involvement
were present in our cohort. Instead, patients with baseline
EEG abnormalities had higher serum IL-6 and CRP levels
compared to those with normal EEG, in line with previous
reports [12] suggesting that a pre-infusion inflammatory
state may predispose to the development of ICANS. In this

@ Springer
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respect, bridge therapies (i.e. chemotherapy and immuno-
therapy) may act exacerbating the hyperinflammatory con-
dition [31]. The pre-infusion inflammatory state may facili-
tate Blood-Brain Barrier (BBB) damage, making the central
nervous system more vulnerable to cytokine-mediated
neuroinflammation secondary to CRS, which consistently
anticipated ICANS in our cohort. Interestingly, pre-operative
EEG abnormalities and elevated inflammatory markers may
predict post-operative delirium [32, 33], a condition with a
multifactorial pathogenesis that shares neuroinflammation
with ICANS [34]. This could support the hypothesis that
EEG abnormalities may reflect a non-specific marker of
cerebral vulnerability and predisposition to cytokine storm-
associated encephalopathies [34].

Visual (qualitative) EEGs evaluation proved to be highly
effective in assessing the risk of ICANS at baseline out-
performing quantitative analysis which, conversely, yielded
non-significant results. Potentially contributing factors
include the bias related to the selection of artifact-free seg-
ments in quantitative analysis, and the fact that most altered
pre-infusion EEGs had sporadic slowing within a normal
background activity, making the detection of abnormali-
ties through quantitative analysis challenging. Thus, visual
analysis of baseline EEG, a widely available technique in all
neurological centers involved in CAR-T therapy, could truly
represent a crucial tool for screening candidates at risk of
developing ICANS, also considering the increasing evidence
of effective prophylactic protocols [13, 14].

Significantly reducing the incidence and severity of
ICANS could have transformative implications. Currently,
CAR T-cell therapy demands extensive resources, neces-
sitating inpatient delivery and close outpatient monitoring
due to the risk of severe toxicities, which may be mitigated
by implementing a prophylactic strategy [13]. The employ-
ment of EEG as predictive biomarkers for ICANS during
the pre-infusion assessment could guide patient selection
for randomized trials on prophylactic agents.

EEG as a predictive tool

Our study provides compelling evidence that abnormalities
in post-infusion EEG can precede and potentially predict the
clinical onset of ICANS. Although ICANS is defined clini-
cally, our findings suggest that EEG changes consistent with
encephalopathy may emerge in the presymptomatic stage,
anticipating clinical onset by a median of 4 days.

Both visual and quantitative assessments were able to
detect EEG changes, with the former demonstrating superior
performance. Nevertheless, quantitative analysis could prove
beneficial in situations where continuous EEG monitoring
is accessible, potentially allowing for automated detection
of background slowing and subsequently triggering alerts
for physicians.

@ Springer

These findings suggest that the incorporation of daily
EEGs in neurological monitoring post-CAR T-cell infusion
could facilitate early detection of ICANS onset.

Given the ease of application of EEG and the availability
of effective therapies for ICANS, this protocol adjustment
offers a significantly advantageous cost-to-benefit ratio.
Indeed, even if ICANS is potentially fatal and characterized
by a relevant morbidity, it can be controlled by immunomod-
ulating treatments especially if promptly initiated [12].

Study limitations

The monocentric design of the study constrains the gener-
alizability of our findings. However, it concurrently stream-
lined coordination among researchers and yielded a homo-
geneous sample, thereby minimizing external confounding
variables.

Furthermore, while the expertise of the evaluators and
their blindness to clinical data ensure the accuracy of the
assessments, it may also limit the generalizability of the find-
ings to settings with less specialized resources or expertise.

The EEG Grading Scale we have developed is easily
applicable since the different grades are readily distinguish-
able based on the background activity’s frequency band and
the identification of gross EEG abnormalities, and might
therefore be easily applicable even by neurologists with
basic EEG training. However, we the scale needs to be vali-
dated on a larger cohort of patients.

Given the limited sample size, we lacked sufficient power
to conduct a reliable ordinal analysis stratified by ICANS
severity grade; future studies with a larger cohort may allow
to see if specific EEG features correlate with more severe
ICANS.

Conclusions

Our study establishes EEG as a pivotal tool for evaluat-
ing patients undergoing CAR T-cell therapy enhancing the
ability to identify patients susceptible to ICANS who could
benefit from prophylactic treatment and, after the infusion,
anticipating ICANS onset and allowing for timely interven-
tions that are essential to improve patients’ outcome. EEG
emerges as an optimal predictive biomarker for ICANS
owing to its widespread accessibility, simplicity of execu-
tion, prompt result acquisition, and distinctive ability to offer
varied information beyond clinical assessment and labora-
tory investigations. Although further prospective studies
are necessary to validate our findings, incorporating EEG
monitoring into the clinical protocols for CAR T-cell therapy
candidates and recipients already appears to be reasonable.



Journal of Neurology (2025) 272:360

Page90of 10 360

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00415-025-13102-3.

Funding Open access funding provided by Alma Mater Studiorum -
Universita di Bologna within the CRUI-CARE Agreement. No funding
was received to assist with the preparation of this manuscript.

Declarations

Conflicts of interest The authors declare that they have no conflict of
interest.

Ethical approval and informed consent The study was approved by our
institutional review board, Ethical Committee AVEC of Bologna (pro-
tocol number: CE: 319/2021/Sper/AOUBo). Written informed consent
was obtained from all enrolled patients, both for study participation and
data publication. All procedures were conducted according to the latest
version of the Declaration of Helsinki.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Sterner RC, Sterner RM (2021) CAR-T cell therapy: current limi-
tations and potential strategies. Blood Cancer J 11:69

2. Lee DW et al (2019) ASTCT consensus grading for cytokine
release syndrome and neurologic toxicity associated with immune
effector cells. Biol Blood Marrow Transplant 25:625-638

3. Grant SJ et al (2022) Clinical presentation, risk factors, and out-
comes of immune effector cell-associated neurotoxicity syndrome
following CAR-T cell therapy: a systematic review. Transplant
Cell Ther 28:294-302

4. GustJ et al (2017) Endothelial activation and blood-brain barrier
disruption in neurotoxicity after adoptive immunotherapy with
CD19 CAR-T cells. Cancer Discov 7:1404-1419

5. Morris EC, Neelapu SS, Giavridis T, Sadelain M (2022) Cytokine
release syndrome and associated neurotoxicity in cancer immuno-
therapy. Nat Rev Immunol 22:85-96

6. Rubin DB et al (2020) Clinical predictors of neurotoxicity after
chimeric antigen receptor T-cell therapy. JAMA Neurol 77:1536

7. Bachy E, Le Gouill S, Di Blasi R et al (2022) A real-world
comparison of tisagenlecleucel and axicabtagene ciloleucel
CAR T cells in relapsed or refractory diffuse large B cell lym-
phoma. Nat Med 28(10):2145-2154. https://doi.org/10.1038/
s41591-022-01969-y

8. Siddiqi T et al (2017) Patient characteristics and pre-infusion bio-
markers of inflammation correlate with clinical outcomes after
treatment with the defined composition, CD19-targeted CAR T
cell product, JCARO17. Blood 130:193

9. Karschnia P et al (2019) Clinical presentation, management, and
biomarkers of neurotoxicity after adoptive immunotherapy with
CAR T cells. Blood 133:2212-2221

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Belin C et al (2020) Description of neurotoxicity in a series of
patients treated with CAR T-cell therapy. Sci Rep 10:18997
Butt OH, Zhou AY, Ances BM, DiPersio JF, Ghobadi A (2023)
A systematic framework for predictive biomarkers in immune
effector cell-associated neurotoxicity syndrome. Front Neurol
14:1110647. https://doi.org/10.3389/fneur.2023.1110647
Neelapu SS, Tummala S, Kebriaei P et al (2018) Chimeric antigen
receptor T-cell therapy—assessment and management of toxici-
ties. Nat Rev Clin Oncol 15:47-56

Strati P et al (2023) A phase 1 study of prophylactic anakinra to
mitigate ICANS in patients with large B-cell lymphoma. Blood
Adv 7(21):6785-6789

Park JH, Nath K, Devlin SM et al (2023) CD19 CAR T-cell
therapy and prophylactic anakinra in relapsed or refractory lym-
phoma: phase 2 trial interim results. Nat Med 29:1710-1717.
https://doi.org/10.1038/s41591-023-02404-6

Ponten SC, Tewarie P, Slooter AJC, Stam CJ, Van Dellen E
(2013) Neural network modeling of EEG patterns in encepha-
lopathy. J Clin Neurophysiol 30:545-552

Herlopian A, Dietrich J, Abramson JS, Cole AJ, Westover MB
(2018) EEG findings in CAR T-cell therapy-related encepha-
lopathy. Neurology 91:227-229

Beuchat I et al (2022) EEG findings in CAR T-cell-associated
neurotoxicity: clinical and radiological correlations. Neuro
Oncol 24:313-325

Huby S et al (2023) Frontal intermittent rhythmic delta activity
is a useful diagnostic tool of neurotoxicity after CAR T-cell
infusion. Neurol Neuroimmunol Neuroinflamm 10:e200111
Gust J, Annesley CE, Gardner RA, Bozarth X (2021) EEG cor-
relates of delirium in children and young adults with CD19-
directed CAR T cell treatment-related neurotoxicity. J Clin
Neurophysiol 38:135-142

Sokolov E et al (2020) Language dysfunction-associated EEG
findings in patients with CAR-T related neurotoxicity. BMJ
Neurol Open 2:e000054

Eckhardt CA et al (2023) Automated detection of immune
effector cell-associated neurotoxicity syndrome via quantita-
tive EEG. Ann Clin Transl Neurol. https://doi.org/10.1002/acn3.
51866

Jones DK et al (2022) EEG-based grading of immune effector
cell-associated neurotoxicity syndrome. Sci Rep 12:20011
Satyanarayan S et al (2023) Continuous EEG monitoring detects
nonconvulsive seizure and Ictal-Interictal continuum abnormali-
ties in moderate to severe ICANS following systemic CAR-T
therapy. Neurohospitalist 13:53-60

Pensato U, Amore G, Muccioli L, Sammali S, Rondelli F,
Rinaldi R et al (2023) CAR t-cell therapy in BOlogNa-NEU-
rotoxicity TReatment and assessment in lymphoma (CAR-
BON-NEUTRAL): proposed protocol and results from an Ital-
ian study. J Neurol 270:2659-2673. https://doi.org/10.1007/
s00415-023-11595-4

Hernani R, Aiko M, Victorio R et al (2024) EEG before chimeric
antigen receptor T-cell therapy and early after onset of immune
effector cell-associated neurotoxicity syndrome. Clin Neurophys-
iol 163:132-142. https://doi.org/10.1016/j.clinph.2024.04.014
Pensato U, Amore G, D’Angelo R et al (2022) Frontal predomi-
nant encephalopathy with early paligraphia as a distinctive sig-
nature of CAR T-cell therapy-related neurotoxicity. J Neurol
269(2):609-615. https://doi.org/10.1007/s00415-021-10766-5
von Elm E, Altman DG, Egger M, Pocock SJ, Ggtzsche PC, Van-
denbroucke JP (2007) The Strengthening the reporting of obser-
vational studies in epidemiology (STROBE) statement:guidelines
for reporting observational studies. Lancet 370:1453-1457
Hirsch LJ et al (2021) American clinical neurophysiology soci-
ety’s standardized critical care EEG terminology: 2021 version. J
Clin Neurophysiol 38:1-29

@ Springer


https://doi.org/10.1007/s00415-025-13102-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41591-022-01969-y
https://doi.org/10.1038/s41591-022-01969-y
https://doi.org/10.3389/fneur.2023.1110647
https://doi.org/10.1038/s41591-023-02404-6
https://doi.org/10.1002/acn3.51866
https://doi.org/10.1002/acn3.51866
https://doi.org/10.1007/s00415-023-11595-4
https://doi.org/10.1007/s00415-023-11595-4
https://doi.org/10.1016/j.clinph.2024.04.014
https://doi.org/10.1007/s00415-021-10766-5

360 Page100f10

Journal of Neurology (2025) 272:360

29.

30.

31.

32.

van Rossum G (1995) Python tutorial, technical report CS-R9526.
Centrum voor Wiskunde en Informatica (CWI), Amsterdam
Williams GW, Liiders HO, Brickner A, Goormastic M, Klass DW
(1985) Interobserver variability in EEG interpretation. Neurology
35(12):1714-1719. https://doi.org/10.1212/wnl.35.12.1714
Edwardson DW, Parissenti AM, Kovala AT (2019) Chemother-
apy and inflammatory cytokine signalling in cancer cells and
the tumour microenvironment. In: Ahmad A (ed) Breast cancer
metastasis and drug resistance. advances in experimental medi-
cine and biology vol 1152. Springer, Cham. https://doi.org/10.
1007/978-3-030-20301-6_9

Bruzzone M, Walker J, Chapin B et al (2023) The role of the
perioperative use of EEG as a predictor/diagnostic tool for

@ Springer

33.

34.

post-operative delirium: systematic review (P10-1008). Neurol-
ogy 100(10_supplement_2):4678. https://doi.org/10.1212/WNL.
0000000000204149

Capri M, Yani SL, Chattat R et al (2014) Pre-operative, high-IL-6
blood level is a risk factor of post-operative delirium onset in old
patients. Front Endocrinol (Lausanne) 5:173. https://doi.org/10.
3389/fendo.2014.00173

Pensato U, Muccioli L, Cani I et al (2021) Brain dysfunction
in COVID-19 and CAR-T therapy: cytokine storm-associated
encephalopathy. Ann Clin Transl Neurol 8(4):968-979. https://
doi.org/10.1002/acn3.51348


https://doi.org/10.1212/wnl.35.12.1714
https://doi.org/10.1007/978-3-030-20301-6_9
https://doi.org/10.1007/978-3-030-20301-6_9
https://doi.org/10.1212/WNL.0000000000204149
https://doi.org/10.1212/WNL.0000000000204149
https://doi.org/10.3389/fendo.2014.00173
https://doi.org/10.3389/fendo.2014.00173
https://doi.org/10.1002/acn3.51348
https://doi.org/10.1002/acn3.51348

	EEG as a predictive biomarker of neurotoxicity in anti-CD19 CAR T-cell therapy
	Abstract
	Objective 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study and cohort characteristics
	Data collection
	EEG recording and evaluation
	Qualitative evaluation
	Quantitative evaluation

	EEGs selection for the analysis
	Statistical analysis
	Standard protocol approvals

	Results
	Cohort baseline characteristics
	ICANS features
	Qualitative EEG analysis
	Baseline EEGs grading
	Post-infusion EEGs grading
	Risk of ICANS according to qualitative analysis

	Quantitative EEG analysis
	Differences in pre-infusion features between patients with and without baseline EEG abnormalities

	Discussion
	EEG as a screening tool
	EEG as a predictive tool
	Study limitations

	Conclusions
	References




