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Abstract

Background Cardiac arrest (CA) is a major cause of mortality and morbidity. Accurate prediction of neurological
outcome and survival remains challenging. In this context, our study aimed to explore novel molecular biomarkers
that could provide additional insights into the pathophysiology of brain injury after CA and potentially distinguish
patients with no brain injury (CPC 1) from those with any degree of neurological damage from moderate injury

up to death (CPC 2-5), and complement existing prognostic tools.

Methods Whole blood samples collected 48 h after return of spontaneous circulation were analyzed by RNA
sequencing in a subgroup of 50 CA patients from the monocenter North Pole cohort, and by quantitative PCR in 233
patients from the same cohort as well as in 511 patients from the multicenter TTM trial. The association of gene
expression changes with 6-month neurological outcome (assessed by the Cerebral Performance Category (CPC)
score) and survival was studied.

Results In a discovery phase with a subset of 50 patients from the North Pole cohort (25 CPC 1 and 25 CPC 5), direct
RNA sequencing identified the solute carrier family 2 member 1 (SLC2A1), a gene encoding a major glucose trans-
porter at the blood-brain barrier (GLUT1), as significantly upregulated in CPC 5 patients (dead with severe neuro-
logical impairment) compared to survivors without neurological sequelae (CPC 1). This upregulation was confirmed
by quantitative PCR and extended to the entire North Pole cohort (p <0.001). SLC2A1 was an independent predictor
of neurological sequelae or death in this cohort. In the TTM trial, SLC2A1 was also upregulated in patients with neu-
rological sequelae or death (p <0.001) and was an independent predictor of neurological sequelae or death, provid-
ing an incremental predictive value to a baseline clinical model (odds ratio=2.06, 95% confidence interval 1.31-3.4,
p=2.82E-03, and likelihood ratio test p <0.001).

Conclusion Blood level of SLC2AT is a tentative blood biomarker that may aid in neurological outcome prediction
after CA and also provide new insights into post-CA injury mechanisms.

Keywords Cardiac arrest, Neurological outcome, Prognostic biomarker

*Correspondence:

Yvan Devaux

yvan.devaux@lih.lu

Full list of author information is available at the end of the article

©The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, 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

L]
@ Sprlnge r 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/.



Stopa et al. Intensive Care Medicine Experimental (2026) 14:3

Introduction

Cardiac arrest (CA), defined as the abrupt cessation of
cardiac function, remains a global public health issue,
responsible for around 20% of adult deaths in the
United States and Western Europe [1]. Despite pro-
gress in advanced life support, post-resuscitation care,
and public education initiatives, overall survival rates
remain very low [2]. In Europe overall survival rates
after CA average around 8% varying from 0 to 18%
depending on factors such as the location, comorbidi-
ties and the healthcare system organization [3]. Among
those who do survive, the majority achieve a favora-
ble neurological outcome, with approximately 70—-80%
showing good recovery Cerebral Performance Category
(CPC) scale 1-2 at 6 months [4]. Accurately predicting
neurological outcome after CA remains a major clini-
cal challenge. Prognostication relies on a multimodal
approach that includes clinical examination, neuro-
physiology, neuroimaging, and a limited number of bio-
markers, with neuron-specific enolase (NSE) being the
only one currently recommended for clinical use [5, 6].

However, currently available biomarkers still have
limitations in precision and consistency, which can
make clinical interpretation challenging. Moreo-
ver, they do not fully capture the complex and evolv-
ing pathophysiology of ischemia-reperfusion injury,
which underlies much of the neurological damage in
these patients. Hypoxic—ischemic brain injury involves
a cascade of molecular and cellular processes such as
oxidative stress, inflammation, excitotoxicity, apopto-
sis, and disruption of the blood—brain barrier [4, 7, 8].
Given the complexity of this hypoxic—ischemic brain
injury following CA, identifying biomarkers that reflect
the underlying biological processes is essential. Recent
advances in molecular profiling technologies, particu-
larly in the field of transcriptomics, provide new oppor-
tunities to identify such biomarkers by uncovering
gene expression changes associated with brain injury,
inflammation, and recovery [9, 10]. By analyzing the
transcriptional landscape of affected tissues or circulat-
ing RNAs, transcriptomic approaches can shed light on
the molecular pathways involved in brain injury pro-
gression and potentially reveal novel prognostic bio-
markers [11].

To identify novel transcriptomic biomarkers of neu-
rological outcome and survival after CA, we analyzed
whole blood samples from two independent cohorts
of CA patients. In particular, we investigated the sol-
ute carrier family 2 member 1 gene (SLC2A1), which
encodes the glucose transporter 1 (GLUT1), a key
mediator of glucose transport across the blood—brain
barrier [12].
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Material and methods

Study populations

The North Pole cohort is a prospective observational
study conducted in Luxembourg [13]. 233 adult patients
who suffered a CA between 2008 and 2020 and for whom
blood samples were available were enrolled in this study.
Patients were admitted to the intensive care unit follow-
ing either out-of-hospital or in-hospital CA. The study
received approval from the National Ethics Commit-
tee of Luxembourg (CNER N°200,803/05), and written
informed consent was obtained from patients or their
legal representatives, in compliance with the Declaration
of Helsinki and national regulations.

The TTM trial enrolled 950 CA patients from 10 coun-
tries between 2010 and 2013 [14]. Blood samples from
511 patients were available for the present study. The
trial aimed to evaluate the impact of targeted tempera-
ture management at 33 °C or 36 °C on survival rates and
neurological outcome after CA. Ethical approval proce-
dures followed national regulations, and consent was
either waived or obtained from patients or their families,
following the Declaration of Helsinki. The study is regis-
tered at ClinicalTrials.gov (NCT01020916). Lactate and
neuron-specific enolase (NSE) levels were measured 48 h
after return of spontaneous circulation, as described pre-
viously [13, 14].

End points

The primary end-point of this study is neurological out-
come, as evaluated 6 months post-CA using the CPC
score. A CPC score of 1 corresponds to a good neu-
rological recovery without sequelae or with mild neu-
rological deficit, whereas scores from 2 to 5 indicate
varying degrees of neurological sequelae, from mod-
erate up to CPC 5, corresponding to death. The aim of
the study was indeed to distinguish patients with no or
mild brain injury (CPC 1) from those with any degree of
neurological damage ranging from moderate up to death
(CPC 2-5), thereby capturing the full spectrum of post-
CA brain injury. Although CPC 2 (moderate cognitive
impairment) is generally considered a good neurological
outcome, it was included within the unfavorable group to
emphasize differences between patients with preserved
brain function and those with residual or severe injury. It
is acknowledged that CPC 5 (death) can sometimes result
from non-neurological causes. The secondary end-point
of the study was survival at 6 months.

Blood sample collection and processing

Peripheral whole blood samples in both patient popula-
tions were drawn 48 h after the return of spontaneous
circulation (ROSC) in RNA-stabilizing PAXgene blood
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RNA tubes. Total RNA isolation was carried out using
the PAXgene blood RNA kit, according to the manufac-
turer’s instructions. RNA quantity was measured using
Nanodrop spectrophotometer and RNA integrity was
assessed using capillary electrophoresis.

RNA sequencing (RNAseq)

Among the 233 patients of the North Pole cohort, a sub-
set of 50 patients was used in a discovery phase with
RNAseq, composed of 25 CPC 1 patients and 25 CPC 5
patients (Table 1), selected to represent the two extreme
phenotypes of clinical outcome. RNA libraries were pre-
pared using the Oxford Nanopore Technologies (ONT)
Direct RNA Sequencing following standard kit protocol.
Libraries were loaded onto an RNA chemistry flow cell
and sequenced on a MinION device.

Bioinformatic analysis of RNAseq data

Raw signal data were basecalled using Dorado (v0.8) to
convert electrical signals into nucleotide sequences.
High-quality reads (Q-score >7) were retained for down-
stream analysis. Basecalled reads were aligned to the
reference genome (Gencode v44, GRCh38) using Mini-
map?2 (v2.28) with options “-ax splice -u f -k 14” recom-
mended for Nanopore direct RNA-seq. Gene counts
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were summarized from the transcript-level quantifica-
tion using Bambu (v3.4) R package, and differential gene
expression analysis was conducted using the DESeq2
(v1.42) R package. Gene representative analysis was per-
formed using The Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID) web tool.

Reverse transcription and quantitative PCR (qPCR)

For the North Pole cohort, 500 ng of total RNA per sam-
ple was used with High-Capacity Reverse Transcriptase
and fothe TTM trial cohort, 300 ng of RNA per sample
was processed using the SuperScript” II Reverse Tran-
scriptase. In both cases, random primers and dNTPs
were added to reactions as described in the supplier’s
protocol. The resulting cDNA was diluted 10-fold prior
to quantitative PCR.

Quantitative PCR primers were designed using
Primer3 (version 4.1.0) (https://primer3.ut.ee) and were
as follows: SLC2A1-Forward: GTGGCCTTCTTTGAA
GTGGG and SLC2Al1-Reverse: AAGACGTAGGGA
CCACACAG, 18S-Forward: CGGCGACGACCCATT
CGAAC and 18S-Reverse: GAATCGAACCCTGATTCC
CCGTC, SF3A1-Forward: GATTGGCCCCAGCAAGCC
and SF3A1-Reverse: TGCGGAGACAACTGTAGTACG.
Each 20 pL qPCR reaction contained 10 pL of 2xSYBR

Table 1 Characteristics of the 50 North Pole patients used for the discovery phase with RNAseq

Neurological outcome
Characteristics p-value
CPC 1 (n=25) CPC 5 (n=25)

Age (years) 56 (45-72) 67 (54-75) <0.001
Sex

Male 22 (88%) 19 (76%) 0.27

Female 3(12%) 6 (24%) ’
BMI 27.5(23.5-30) 27.3 (21-36) 0.94
Comorbidities

Smoker 10 (40%) 7 (28%) 0.37

Coronary diseases 9 (36%) 10 (40%) 0.77

Heart failure 9 (36%) 12 (48%) 0.39

Hypertension 12 (48%) 11 (44%) 0.78

Diabetes mellitus 6 (24%) 5 (20%) 0.73
Bystander CPR 22 (88%) 9 (36%) <0.001
Time between CA and ROSC (min) 20 (5-90) 30 (3-76) 0.04
Lactate (mmol/l) 1.5(0.8-10.7) 6.3 (1.7-15.1) 0.03
NSE 48h after ROSC (ng/ml) 16 (7.9-16.3) 90.95 (31-778) <0.001
CRP 48h after ROSC (mg/l) 133 (37-330) 153 (5-460) 0.051

Patients with poor neurological outcome (CPC 5) were older, less likely to receive bystander CPR, had longer time to ROSC, higher lactate, and markedly elevated NSE
levels compared with CPC 1 survivors. Categorical variables are presented as number (proportion) and continuous variables are indicated as median (range). Body
mass index (BMI), cardiopulmonary resuscitation (CPR), return of spontaneous circulation (ROSC), cardiac arrest (CA), neuron-specific enolase (NSE), C-reactive protein

(CRP)
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Green Master Mix, 0.6 pL of each primer (10 uM), 4 pL
of cDNA template, and 4.8 pL of nuclease-free water. All
reactions were performed in duplicate to ensure techni-
cal reproducibility. An internal run calibrator consisting
of a pooled cDNA sample derived from PAXgene blood
RNA tubes from CA patients was included in each qPCR
plate. This calibrator enabled normalization of Ct values
across plates and improved comparability of gene expres-
sion data. Negative controls (no-template controls, no-
enzyme controls) were included in each run to monitor
potential contamination or non-specific amplification.
Amplification specificity was confirmed by melt curve
analysis and by the absence of signal in negative controls.
qPCR reactions were run on a CFX96 Real-Time PCR
Detection System.

Gene expression was normalized using 18S riboso-
mal RNA (18S rRNA) in the North Pole cohort and
splicing factor 3A subunit 1 (SF3A1) in the TTM1 trial
cohort. These genes were used as reference genes, as
they demonstrated the highest stability and lowest vari-
ability across samples and clinical conditions within their
respective cohorts. Relative expression was calculated
using the AACt method with Bio-Rad CFX Maestro 1.1
software (version 4.1.2433.1219), followed by log2 trans-
formation and scaling for downstream analysis.

Statistical analysis

Statistical analysis was performed using SigmaPlot 16.0
and R Studio. Data distribution was assessed using the
Shapiro—Wilk test. For normally distributed variables,
comparisons between groups were performed using the
Student’s ¢-test, while non-normally distributed variables
were compared using the Mann—Whitney U test. Cat-
egorical variables were analyzed using the Chi-squared
test (or Fisher’s exact test when appropriate). SLC2A1
expression was used as a continuous variable in both
univariate and multivariable logistic regression analyses
to assess its association with 6-month neurological out-
come, and in Cox proportional hazards models to evalu-
ate its association with 6-month survival (supplementary
figures). In both cohorts, neuron-specific enolase (NSE)
levels at 48 h were included as a covariate in all multi-
variable analyses to adjust for their known prognostic
value and minimize confounding. For Kaplan—Meier
survival curves, SLC2A1 was dichotomized according to
the Youden Index cutoff to visualize survival differences
between groups (supplementary figures). The incremen-
tal predictive value of SLC2A1 to a baseline model was
assessed using the Akaike information Criterion (AIC),
the likelihood ratio test (Irt), the area under the receiver
operating characteristic curve (AUC), the net reclassifi-
cation improvement (NRI), and the integrated discrimi-
nation improvement (IDI). Different R packages were
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used in the analysis. Missing data were imputed using
the MissForest package. The packages Hmisc and ROCR
were used to compute the incremental predictive charac-
teristics (AIC, LRT, AUC, NRI, and IDI).

Results

Patient demographics and clinical data

Demographic and clinical data, including age, sex, body
mass index (BMI), comorbidities, bystander cardiopul-
monary resuscitation (CPR), time from CA to return of
spontaneous circulation (time to ROSC), lactate, neuron-
specific enolase (NSE), and C-reactive proteins (CRP)
levels were assessed across the two study populations and
are summarized in Tables 1, 2, 3.

Table 1 reports clinical data from the discovery cohort
of 50 North Pole patients analyzed by RNAseq. This sub-
group included 25 patients with good neurological out-
come (CPC 1) and 25 patients who died (CPC 5), selected
to represent the two extreme phenotypes of clinical out-
come. Patients who died (CPC 5) were older as compared
to patients with good neurological outcome. The two
outcome groups, showed similar sex distribution and
BMI. Similarly, the prevalence of common comorbidities
(smoker status, coronary diseases, heart failure, hyper-
tension, and diabetes mellitus) was comparable between
groups. Patients of the CPC 1 group had more often
received bystander CPR (88%) compared to patients of
the CPC 5 group. Time to ROSC was shorter in the CPC
1 group compared to the CPC 5 group. Lactate and NSE
levels measured 48 h after ROSC were lower in the CPC
1 group. CRP levels were of borderline significance.

Table 2 summarizes the clinical and demographic data
of the 183 remaining patients of the North Pole cohort
after removal of the 50 patients used in the discov-
ery phase. This cohort was used in qPCR experiments
and included 55 survivors without neurological seque-
lae (CPC 1) and 128 patients with neurological seque-
lae or death at 6 months (CPC 2-5). CPC 2-5 patients
were older than CPC 1 patients and had a higher BMIL
While sex distribution was similar between both groups,
patients with neurological sequelae or death at 6 months
had a higher prevalence of coronary diseases and hyper-
tension. CPC 1 patients had more often bystander CPR,
shorter time to ROSC, lower lactate, NSE and CRP levels
48 h after ROSC.

Table 3 regroups the clinical and demographic data
from the 511 patients of the multicenter TTM trial used
for independent validation by qPCR. Among these, 234
patients fully recovered (CPC 1) and 277 had neurologi-
cal sequelae or died (CPC 2-5). Patients in the CPC 2-5
group were older than patients in the CPC 1 group. There
was no difference for BMI and sex. Patients in the CPC
2-5 group had more often hypertension. Patients in the
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Table 2 Characteristics of the 183 North Pole patients

Neurological outcome
Ch teristi -val
aracteristies CPC 1 (n=55) CPC 2-5 (n=128) p-value

Age (years) 57 (18-83) 65 (24-87) 0.01
Sex

Male 47 (85%) 96 (75%) 012

Female 8 (15%) 32 (25%) ’
BMI 25.5(17-39) 27 (15-55.5) 0.03
Comorbidities

Smoker 21 (38%) 46 (36%) 0.77

Coronary diseases 11 (20%) 45 (35%) 0.04

Heart failure 15 (27%) 47 (37%) 0.22

Hypertension 16 (29%) 63 (49%) 0.01

Diabetes mellitus 2 (4%) 16 (12.5%) 0.06
Bystander CPR 42 (76%) 77 (60%) 0.03
Time between CA and ROSC (min) 25 (5-60) 29 (85-104) 0.04
Lactate (mmol/I) 2.7(0.7-12.1) 3.9(0.5-19.3) 0.01
NSE 48h after ROSC (ng/ml) 16.4 (9.1-94.4) 63.85 (7.2-875) <0.001
CRP 48h after ROSC (mg/l) 111 (30-310) 140 (5.74-440) 0.01
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Compared with CPC 1 patients, patients with CPC 2-5 outcomes were older, had higher BMI, were less likely to receive bystander CPR, had longer time to ROSC,
higher lactate and CRP levels, higher NSE concentrations, and more frequently presented with comorbid coronary disease or hypertension. Categorical variables are
presented as number (proportion) and continuous variables are indicated as median (range). Body mass index (BMI), cardiopulmonary resuscitation (CPR), return of

spontaneous circulation (ROSC), cardiac arrest (CA), neuron-specific enolase (NSE), C-reactive protein (CRP)

Table 3 Characteristics of the 511 patients of the TTM trial

Neurological sequelae
Characteristics -value
CPC 1 (n=234) CPC 2-5 (n=277) P

Age (years) 60 (20-90) 67 (24-94) <0.001
Sex

Male 197 (84%) 222 (80%) 651

Female 37 (16%) 55 (20%) '
BMI 25 (17-40) 26 (17-50) 0.05
Comorbidities

Coronary diseases 52 (22%) 80 (29%) 0.08

Hypertension 78 (33%) 135 (49%) <0.001

Diabetes mellitus 28 (12%) 43 (16%) 0.24
Bystander CPR 189 (81%) 187 (66%) 0.001
Time between CA and ROSC (min) 20 (2-111) 29 (1-170) <0.001
Lactate (mmol/l) 5 (0.5-20) 6 (0.6-21.3) 0.01
NSE 48h after ROSC (ng/ml) 16 (3-195) 50 (2.5-782) <0.001
CRP 48h after ROSC (mg/l) 152 (2-387) 160 (24-396) 0.44

In the TTM trial, compared with CPC 1 patients, patients with neurological sequelae (CPC 2-5) were older, more frequently hypertensive, less likely to receive
bystander CPR, had longer time to ROSC, higher lactate levels, and markedly elevated NSE concentrations. Categorical variables are presented as number (proportion)
and continuous variables are indicated as median (range). Body mass index (BMI), cardiopulmonary resuscitation (CPR), return of spontaneous circulation (ROSC),
cardiac arrest (CA), neuron-specific enolase (NSE), C-reactive protein (CRP)
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CPC 1 group had more often bystander CPR, shorter
time to ROSC, and lower lactate and NSE levels.

Discovery phase
We used direct RNAseq to analyze the transcriptomic
profiles of the 50 North Pole patients included in the
discovery phase (Table 1). An average of 4.5+1.7 mil-
lion of reads were obtained per sample. The alignment
on human genome gave an average mapping rate of
98%. After filtering for genes with a minimum of 10
aligned reads in at least half samples of one group, we
detected the expression of 7018 genes. Principal com-
ponent analysis (PCA) on the detected genes illustrated
only a modest separation between CPC 1 and CPC 5
patients. The two principal components explained a lim-
ited proportion of the variance (7% and 5%), indicating
that global transcriptomic differences are subtle rather
than strongly clustered. Samples from the CPC 5 group
also showed greater dispersion (Fig. 1A). To identify
genes differentially expressed between CPC 1 and CPC
5 groups, we performed differential gene expression
using DESeq2 with NSE at 48 h as covariate, since NSE
is a well-established biomarker of neuronal injury and
may confound the association between gene expression
and neurological outcome. Differential expression was
assessed using a false discovery rate (FDR)<0.05 and a
|log, fold change|>1 as threshold. Five genes, including
SLC2A1, were upregulated in the CPC 5 group compared
to the CPC 1 group (Fig. 1B). No gene was down-reg-
ulated with these criteria. Gene over-representation
analysis (ORA) on 406 genes with p<0.05 and log2 fold
change>0.5 or<— 0.5 identified 10 biological processes
with FDR<0.05, including response to oxidative stress
and negative regulation of apoptotic process (Fig. 1C).
The most differentially expressed gene, SLC2A1, which
encodes the glucose transporter GLUT1, emerged as the
most compelling. SLC2A1 was upregulated in non-survi-
vors with a log, fold change of 1.89 and an FDR of 0.028
after adjusting for 48 h-NSE. Given its critical role in glu-
cose transport across the blood—brain barrier (which is
disrupted after CA) and its regulation under hypoxic and
ischemic conditions, SLC2A1 represents a biologically
plausible and clinically relevant target which was selected
for further investigation.

Validation phase

To validate the reliability of the RNAseq findings, the
expression of SLC2A1 was first measured by qPCR
in the discovery subset of 50 patients from the North
Pole cohort, including 25 CPC 1 patients and 25 CPC 5
patients. As shown in Fig. 2A, SLC2A1 expression was
higher in CPC 5 patients as compared to CPC 1 patients
(p<0.001), thus confirming RNAseq data.
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SLC2A1 expression was then assessed by qPCR in
the 183 remaining patients of the North Pole cohort.
These 183 patients were categorized as CPC 1 (n=55),
CPC 2 (n=23), CPC 3 (n=17), CPC 4 (n=5), and
CPC 5 (n=83). For the main analysis, patients were
dichotomized into a group of survivors without neuro-
logical sequelae (CPC 1, n=55) and a group with neuro-
logical sequelae or who died within 6 months (CPC 2-5,
n=128). As shown in Fig. 2B, SLC2A1 expression was
higher in patients with neurological sequelae or death
compared to survivors (p=0.021). In addition to the
global association with neurological sequelae or death
(CPC 2-5), SLC2A1 expression was also significantly
higher in patients who died (CPC 5, n=83) compared
with those who fully recovered (CPC 1). The correspond-
ing analysis is shown in Supplementary Figure S1.

Association between SLC2A1 expression and neurological
outcome in the North Pole cohort

Univariate and multivariable logistic regression analyses
were performed to assess the association of SLC2A1 with
neurological sequelae at 6 months post-CA. SLC2A1 was
an univariate predictor of neurological sequelae or death
(CPC 2-5), together with age, BMI, time to ROSC, NSE,
lactate, CRP, and bystander CPR (Fig. 3A). Increased
SLC2A1 expression was associated with a higher risk
of neurological sequelae or death (odds ratio (OR) [95%
confidence interval (CI)] 1.52 [1.08—-2.20]. In multivaria-
ble analysis including significant predictors from the uni-
variate model (age, time to ROSC, BMI, NSE, lactate, and
bystander CPR), SLC2A1 remained independently asso-
ciated with neurological sequelae or death (OR [95% CI]
2.06 [1.31-3.4], p=2.82e-03), together with age (OR 1.85
[1.2-3.0], p=1.12e-02) and NSE (OR 9.41 [4.54-22.61],
p<0.001) (Fig. 3B). These results indicate that SLC2A1
provides independent prognostic information beyond
established clinical predictors of outcome after CA.

We then assessed the incremental predictive value of
SLC2A1 in the 183 North Pole patients, dichotomized
into survivors without neurological sequelae at 6 months
(CPC 1) versus patients with neurological sequelae or
death (CPC 2-5), using a baseline model including age,
time to ROSC, BMI, NSE, lactate, and bystander CPR.
The addition of SLC2A1 to the baseline model reduced
the Akaike Information Criterion (AIC) from 164.87 to
156.18, indicating improved model fit. The likelihood
ratio test showed a significant improvement in model
performance (p=0.001). The area under the receiver
operating characteristic curve (AUC) increased from
0.864 to 0.884, although this difference did not reach
statistical significance according to the DeLong’s test
(p=0.118). The reclassification analyses demonstrated
a significant improvement of prediction with SLC2A1,
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Fig. 1 Transcriptomic differences between CPC 1 and CPC 5 patients after cardiac arrest. A Principal component analysis (PCA) of transcriptome
profiles in CPC 1 and CPC 5. PCA was performed on variance-stabilized gene expression data (DESeq?2) to assess global transcriptomic variation
between survivors (CPC 1, green, n=25) and non-survivors (CPC 5, red, n=25). The first two principal components explained 7% and 5%

of the variance, respectively. The analysis showed a modest separation between CPC 1 and CPC 5 groups, with CPC 5 samples displaying greater

dispersion. B Volcano plot of differential gene expression between CPC 1 and CPC 5 patients. Differential expression analysis was performed using
DESeq2 with neuron-specific enolase (NSE) levels at 48 h after ROSC, included as a covariate. With FDR< 0.05 and |log, fold change|= 1 as threshold,
five genes including SLC2A1 were significantly upregulated in CPC 5 compared to CPC 1; SLC2A1 showed the strongest upregulation. No gene were
significantly downregulated. C Functional pathways analysis underlying transcriptomic differences between CPC 1 and CPC 5. ORA was performed

on 406 genes with p<0.05 and |log, fold change|>0.5 between CPC 5 and CPC 1 patients. Ten biological processes were significantly enriched
(FDR<0.05), including response to oxidative stress, negative regulation of apoptotic process, erythrocyte differentiation, and heme biosynthetic

process

with a net reclassification improvement (NRI) of 0.829
(p<0.001) and an integrated discrimination improve-
ment (IDI) of 0.05 (p=0.003) when SLC2A1 was added
to the baseline model. These results support the added
prognostic value of SLC2A1 to conventional predictors
in identifying patients at risk of neurological sequelae or
death at 6 months after CA.

Association between SLC2A1 expression and survival

in the North Pole cohort

For 6-month survival analysis using Kaplan—Meier
curves, the 183 patients of the North Pole cohort
were dichotomized into high (95 patients) and low (88
patients) SLC2A1 expression groups based on an opti-
mal cutoff defined by the Youden index (Y=0.15). As
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Fig. 2 Expression of SLC2A1 measured by gPCR in the North Pole cohort. A Box plots showing the expression levels of SLC2AT (solute carrier family
2 member 1) in the two groups of North Pole patients used in the discovery phase: 25 CPC 1 patients and 25 CPC 5 patients. SLC2AT expression
was significantly higher in CPC 5 patients. B Box plots showing the expression levels of SLC2A1 (solute carrier family 2 member 1) in 183 remaining
patients of the North Pole cohort: 55 survivors without neurological sequelae at 6 months (CPC 1) and 128 patients with neurological sequelae

or death (CPC 2-5). SLC2A1 expression remained significantly elevated in patients with neurological sequelae or death. Expression levels were
measured by quantitative PCR (qPCR) and normalized to 18S ribosomal RNA. P-values are from Mann-Whitney U test
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Fig. 3 Univariate and multivariable logistic regression analysis for the prediction of neurological sequelae or death at 6 months after CA in 183
North Pole patients. A In univariate logistic regression, higher SLC2A1 expression was associated with an increased risk of neurological sequelae

or death (CPC2-5). In multivariable analysis (B) adjusting for age, time CA-ROSC, BMI, NSE, lactate, and bystander CPR), SLC2A1 remained

an independent predictor of neurological sequelae or death at 6 months after CA, along with older age and higher NSE levels. Forest plot showing
odds ratios (OR), 95% confidence intervals (Cl), and corresponding p-values for each variable are shown

shown in Figure S2, patients with high SLC2A1 expres-
sion had a tendency for a lower chance of survival com-
pared to those with low expression (p=0.057; log-rank
test). To further assess the association between SLC2A1
and survival 6 months after CA, univariate and multi-
variable Cox proportional hazards analyses were per-
formed. SLC2A1 was not significantly associated with
survival in univariate analysis, while age, BMI, time

CA-ROSC, lactate, NSE, and bystander CPR were sig-
nificant predictors (Figure S3A). In multivariable Cox
proportional hazards analysis (Figure S3B) including
the clinical variables of the baseline model mentioned
in the logistic regression above, age, BMI, NSE, and lac-
tate were significant predictors of mortality. SLC2A1
expression was not independently associated with sur-
vival in this cohort.
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Independent validation in TTM trial cohort

We next examined the association of SLC2A1 with
neurological outcome and survival after CA in an inde-
pendent, multicenter cohort of CA patients (TTM
trial). qPCR was performed on whole blood samples
from 511 patients collected 48 after ROSC. 234 survi-
vors completely recovered 6 months after CA (CPC 1)
and 277 patients had neurological sequelae or death
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Fig. 4 Expression of SLC2A1 by gPCR in 511 TTM trial patients. Box
plots showing the relative expression levels of SLC2AT (solute carrier
family 2 member 1) in two groups of TTM trial patients. SLC2A1
expression measured by gPCR was significantly higher in patients
with neurological sequelae or death (CPC 2-5, n=277) compared
to patients without neurological sequelae (CPC 1, n=234). Data are
normalized to 18S ribosomal RNA. P-value is from Mann-Whitney U
test
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(CPC 2-5). Figure 4 shows that patients with neuro-
logical sequelae or death had a higher expression of
SLC2A1 compared to survivors (p <0.001), consistently
with data obtained in the North Pole cohort.

In univariate analyses, SLC2A1 was associated with
neurological sequelae or death, as well as BMI, time
CA-ROSC, age, lactate, pH, brain natriuretic pep-
tide (BNP), copeptin, creatinine, interleukin-6 (IL-6),
NSE, procalcitonin (PCT), S100 calcium-binding pro-
tein B (S100b), troponin T (TNT), and bystander CPR
(Fig. 5A). The association of SLC2A1 with neurologi-
cal outcome remained significant after adjustment with
significant clinical variables in multivariable analy-
ses (Fig. 5B), supporting the added value of SLC2A1
in the prognostic of neurological sequelae or death at
6 months after CA.

The incremental predictive value of SLC2A1 in
511 TTM trial patients, dichotomized into survivors
(CPC 1) versus patients with neurological sequelae or
death (CPC2-5), was assessed using a baseline model
including age, time to ROSC, BMI, NSE, lactate, and
bystander CPR. The addition of SLC2A1 to the baseline
model reduced the AIC from 525.5 to 506, indicating
improved model fit. The likelihood ratio test showed
a significant improvement in model performance
(p<0.001). The AUC increased from 0.8398 to 0.8563
(p=0.016; DeLong’s test). The reclassification analyses
demonstrated a significant improvement, with an NRI
of 0.364 (p < 0.001) and an IDI of 0.035 (p <0.001) when
SLC2A1 was added to the baseline model. These results
validated the added prognostic value of SLC2A1 to

B Multivariable Analysis OR 95% CI p-value
SLC2A1 — 177 138231 15605
Agel e 184 143242 54506
Time CA-ROSC/ s 1.05 081134  7.2701
BMI| —— 1.00 0.80-1.26  9.71°01
NSE| i 3.79 283520  7.77-18
Lactate 0.98 0.78-1.23  8.6601
Bystander CPR| — 0.48 0.28-0.80  5.17-03

0.10 1.00 10.00

OR (95% Cl)

Fig. 5 Univariate and multivariate logistic regression analysis for the prediction of neurological sequelae or death at 6 months after CAin 511 TTM
trial patients. A In univariate analysis of 511 TTM patients, higher SLC2AT expression was associated with increased risk of neurological sequelae

or death (CPC 2-5), along with several established clinical and biochemical markers. B In multivariable analysis adjusting for age, time to ROSC,
BMI, NSE, lactate, and bystander CPR, SLC2A1 remained an independent predictor, together with older age and higher NSE levels. SLC2A1 (solute
carrier family 2 member 1), body mass index (BMI), time from cardiac arrest to return of spontaneous circulation (CA-ROSC), temperature targeted
management (TTM), BNP (brain natriuretic peptide), copeptin (C-terminal segment of pre-provasopressin), IL-6 (interleukin-6), NSE (neuron-specific
enolase), PCT (procalcitonin), S100b (S100 calcium-binding protein B), TNT (troponin T) and bystander cardiopulmonary resuscitation (CPR). Forest
plots showing odds ratios (OR), 95% confidence intervals (Cl), and corresponding p-values are shown for each variable



Stopa et al. Intensive Care Medicine Experimental (2026) 14:3

conventional predictors in identifying patients at risk of
neurological sequelae or death after CA.

In Kaplan—Meier survival analysis where the 511
patients of the TTM trial were dichotomized into high
(286 patients) and low (225 patients) SLC2A1 expres-
sion groups based on the optimal cutoff determined by
the Youden index (Y=0.27), patients with high SLC2A1
expression had a lower probability of survival over the
6-month follow-up period compared to those with low
expression (log-rank p <0.0001) (Figure S4).

In univariate Cox proportional hazards analysis (Fig-
ure S5A), high levels of SLC2A1 were associated with
increased mortality (HR [95% CI] 1.35 [1.21-1.50]), as
well as increasing age, BMI, time CA-ROSC, lactate,
BNP, copeptin, IL-6, NSE, PCT, S100b, and TNT. This
association was lost after adjustment with age, BMI, NSE,
lactate, and the absence of bystander CPR ((HR [95% CI]
1.01 [0.89-1.16]) (Figure S5B).

Discussion

In this study, we identified SLC2A1 as a blood-based bio-
marker associated with neurological outcome after CA,
with consistent upregulation observed in two independ-
ent cohorts and improvements in prognostic perfor-
mance when integrated into clinical models.

The gene SLC2A1 encodes GLUT], a glucose trans-
porter highly expressed at the blood—brain barrier, in
astrocytes and neurons [15]. GLUT1 is crucial for main-
taining cerebral glucose uptake. Following CA, the brain
experiences significant disruption of energy demand and
glucose metabolism under hypoxic or ischemic condi-
tions, leading to reduced glucose supply while energy
demand remains high [16].

Our findings highlight the potential of transcriptomic
profiling to uncover novel blood-based biomarkers and
biological pathways involved in post-CA injury, and con-
tribute to a growing evidence suggesting that circulating
transcriptomic markers may provide complementary
prognostic information to existing clinical variables.

Indeed, transcriptomic analysis of blood samples in CA
is a relatively poorly addressed field, with only few stud-
ies conducted to date. One recent study reported a circu-
lar RNA, circular NFAT5, that could improve prediction
of CA patient’s outcome [11] underscoring the growing
recognition of RNA molecules as promising biomark-
ers and potential regulators of CA injury. In a sub-study
of the TTM trial, elevated levels of the brain-enriched
microRNA miR-124-3p were independently associated
with poor neurological outcomes and reduced survival at
6 months [17]. Another study using genome-wide blood
transcriptomic profiling in comatose survivors of out-of-
hospital CA reported early differential expression pat-
terns between patients with favorable versus unfavorable
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outcomes [18]. These studies support the potential of cir-
culating transcriptomic markers to aid prognostication
and provide biological insights into post-CA injury.

To investigate transcriptomic changes, we used Oxford
Nanopore Technologies for direct RNA sequencing of
peripheral blood samples collected 48 h after CA. This
third-generation sequencing method allowed for the
sequencing of native RNA molecules without amplifica-
tion, providing long reads that improved transcript-level
resolution [19].

Among the differentially expressed genes, SLC2A1 was
significantly upregulated in patients dying following CA
compared to those who fully recovered in the discovery
cohort. We confirmed this finding with gPCR, which val-
idated the increased SLC2A1 expression in dying patients
but also in those, with neurological sequelae (CPC 2, 3
and 4). The association of comprehensive Nanopore
sequencing and the sensitivity and specificity of qPCR
strengthens the reliability of our findings and supports
SLC2A1 as a potential marker of neurological injury after
CA.

For the sake of reproducibility and to strengthen
SLC2A1 potential as a biomarker, we used data from
the independent multicenter TTM trial. This large and
diverse population, recruited from 10 European centers,
provided a broader clinical context and reduced the risk
of center-specific bias. Consistent with our initial obser-
vations in the monocenter North Pole study, SLC2A1
remained significantly upregulated in patients suffering
from neurological sequelae or death in the multicenter
TTM trial.

We then investigated the incremental prognostic value
of SLC2A1 using multivariable logistic regression and
reclassification analyses. The inclusion of SLC2A1 expres-
sion in predictive models significantly improved the
overall predictive performance in the two study cohorts.
We observed a lower AIC, a higher AUC, and significant
improvements in reclassification metrics, including NRI
and IDI, when SLC2A1 was added to the baseline model.
These results indicate that SLC2A1 provides independent
prognostic information beyond conventional clinical var-
iables. Indeed, existing biomarkers such as NSE and NfL
provide valuable prognostic information after CA but
have limitations. In our study, SLC2A1 added prognostic
value beyond clinical variables including NSE and can be
measured using standard molecular assays, suggesting its
applicability in clinical settings.

However, when we assessed the association between
SLC2A1 expression and survival over time, the results
varied across cohorts. In the North Pole cohort, neither
Kaplan—-Meier survival analysis nor multivariable Cox
proportional hazards models revealed a statistically sig-
nificant association. In contrast, in the TTM trial, higher
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SLC2A1 expression was significantly associated with
lower survival in Kaplan—Meier curves and in univariate
Cox analysis. This association did not remain significant
in the multivariable Cox model, suggesting the effect may
be confounded by other clinical variables. These find-
ings indicate that while SLC2A1 is strongly linked to
neurological sequelae or death at 6 months, particularly
in identifying patients with severe brain injury or death
(CPC 2-5), its expression as a predictor of mortality or
time to death within a 6-month period remains to be
externally tested.

Thus, SLC2A1 appears to be more specific as a prog-
nostic marker of neurological outcome rather than a gen-
eral predictor of mortality. This distinction highlights the
complexity of post-CA pathophysiology, where mecha-
nisms driving neurological injury may differ from those
influencing overall survival. While SLC2A1 appears more
closely linked to brain-specific damage, its exact role in
neurological injury remains unclear. Further functional
studies are needed to better understand the biological
role of SLC2A1 in hypoxic—ischemic brain injury.

The increased expression of SLC2A1 could reflect
several processes such as an adaptive response where
the brain attempts to restore glucose uptake and pre-
serve neuronal survival under low oxygen conditions.
Increased expression of SLC1A1 in whole blood samples
may also reflect dysfunction of the blood—brain barrier or
neuroinflammation. It may also indicate a compensation
for impaired glucose transport where SLC2A1 may be
upregulated to compensate for reduced glucose transport
across the blood-brain barrier and other tissues, help-
ing to maintain energy supply during hypoxia. Another
possibility is that severe and prolonged hypoxia causes
cell damage and death, particularly in cardiac muscle
and endothelial cells, leading to the release of RNAs like
SLC2A1 into the bloodstream. This leakage may be anal-
ogous to how cardiac biomarkers such as troponin enter
the blood after heart injury [20]. Additionally, stressed
cells may release membrane vesicles (e.g., exosomes)
containing SLC2A1, further raising its circulating lev-
els. Because SLC2A1 is widely expressed, not only in the
brain but also in red blood cells and vascular endothelial
cells [21], systemic hypoxia and reperfusion injury after
CA likely cause widespread cellular stress and damage,
possibly increasing SLC2A1 expression into the blood.
Analysis were performed on whole-blood RNA, which
includes a large proportion of red blood cells (RBCs).
Because SLC2A1 is expressed in RBC membranes, these
cells may contribute to the overall SLC2A1 expression
detected in our samples. In addition, pathway enrich-
ment analysis identified erythrocyte differentiation as
one of the most significantly represented biological pro-
cesses, suggesting that red blood cell-related transcripts
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may influence the observed gene expression patterns.
Although the exact contribution of RBCs could not be
quantified, this factor should be considered when inter-
preting whole-blood transcriptomic data. Together, these
mechanisms align with key features of post-cardiac arrest
pathophysiology such as the neuroenergetic failure,
blood-brain barrier disruption, and systemic hypoxia,
suggesting that elevated circulating SLC2A1 may repre-
sent a converging signal of impaired cerebral metabolism
and widespread cellular stress.

This study has several limitations. First, the discovery
cohort size was modest, and although validation in the
large multicenter TTM trial strengthens our findings,
differences in patient management across centers may
have influenced results. Second, blood sampling was per-
formed exclusively at 48 h after CA, where it may miss
earlier expression dynamics. Assessing SLC2A1 kinetics
at multiple time points (before and after 48 h post-ROSC)
could reveal additional prognostic information. Third,
while SLC2A1 was consistently associated with neuro-
logical sequelae or death, its relationship with survival
was variable across cohorts and not independent in mul-
tivariable Cox analyses. Fourth, our analysis was based
on peripheral blood samples, which while clinically, eas-
ily accessible, may not fully capture brain-specific injury
pathways. Future studies using complementary biofluids
such as cerebrospinal fluid could provide additional and
deeper insights into the central nervous system injury
mechanisms. Fifth, we did not perform protein-level or
functional assays, and therefore cannot confirm that
SLC2A1 mRNA levels reflect corresponding changes
in GLUT1 protein abundance or activity. Sixth, the
functional role of SLC2A1 in hypoxic—ischemic injury
remains unclear, and its widespread expression beyond
the brain may limit its specificity as a cerebral injury bio-
marker. Future studies integrating longitudinal sampling,
complementary biofluids, and functional experiments
are needed to clarify the biological relevance of SLC2A1
and its potential both as a biomarker and as a therapeutic
target to improve neurological outcome after CA. Finally,
our outcome classification (CPC 1 vs CPC 2-5) differs
from the conventional distinction of CPC 1-2 as good
outcome and CPC 3-5 as poor outcome. This approach
may amplify group differences and limits direct compari-
son with studies that group CPC 2 patients with CPC 1,
potentially obscuring mild neurological deficits within a
group of fully recovered patients. We chose this catego-
rization to distinguish preserved neurological function
from any measurable impairment, without assigning
labels such as ‘good’ or ‘poor’ outcome. In addition,
although dysglycemia has been linked to patient’s out-
come in the TTM trial [22], no time-matched glycemia
data were available in the North Pole database, which
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prevents excluding confounding effects of systemic glu-
cose level on SLC2A1 predictive value.

Overall, the consistent association of SLC2A1 with
neurological sequelae or death across two independent
cohorts underscores the robustness of this biomarker.
This reproducibility strengthens the clinical relevance of
SLC2A1 even though its mechanistic role in hypoxic—
ischemic injury remains to be fully elucidated. Based on
our data, SLC2A1 represents more a marker rather than
a mediator of hypoxic—ischemic injury, as our study does
not establish a causal role for GLUT1 in driving neuro-
logical damage. However, its consistent upregulation
across two cohorts raises the possibility that altered glu-
cose transport may not only reflect injury severity but
could also participate in neuroenergetic failure. Distin-
guishing whether SLC2A1 is a marker or also a mediator
will require targeted functional studies.

Conclusion

Our study identifies SLC2A1 as a significant and inde-
pendent prognostic biomarker to aid predicting neu-
rological outcome after CA. We found consistent
upregulation of SLC2A1 in patients with neurological
sequelae or death across two independent cohorts, North
Pole and TTM trial. Adding SLC2A1 expression to clini-
cal prediction models significantly improved their prog-
nostic performance for neurological outcome. The exact
biological role of elevated SLC2A1 in hypoxic—ischemic
brain injury requires further investigation.
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Supplementary Material 1. Figure S1. Expression of SLC2A1 by gPCR in 55
CPC 1 and CPC 5 North Pole patients. Box plots showing the expression
levels of SLC2AT (solute carrier family 2 member 1) in North Pole patients,
including 55 CPC 1 patients and 83 CPC 5 patients. Expression levels were
measured by quantitative PCR (qPCR) and normalized to 18S ribosomal
RNA. P-value is from Mann-Whitney U test. Figure S2. Kaplan-Meier
survival analysis stratified by SLC2A1 expression levels using the Youden
index-derived cutoff in 183 North Pole patients. Patients were divided
into high (95 patients) and low (88 patients) SLC2A1 expression groups
based on the optimal cutoff determined by the Youden index (Y=0.15).
The log-rank p-value is indicated. Shaded areas represent 95% confidence
intervals. Figure S3. Univariate and multivariable Cox proportional hazards
analysis for the prediction of death at 6 months after CA in 183 North Pole
patients. A Univariate, B Multivariable Cox proportional hazard analysis.
Forest plot displays hazard ratios (HR) and 95% confidence intervals
(Cl) for each variable analyzed individually. Body mass index (BMI), time
from cardiac arrest to return of spontaneous circulation (Time CA-ROSC),
neuron-specific enolase (NSE), and bystander cardiopulmonary resuscita-
tion (CPR), SLC2A1, (solute carrier family 2 member 1) C-reactive protein
(CRP), white blood cell count (WBC), aspartate transaminase (GOT),
alanine transaminase (GPT), left ventricular ejection fraction (LVEF). Figure
S4. Kaplan—Meier survival analysis stratified by SLC2A1 expression levels
using the Youden index-derived cutoff in 511 TTM trial patients. Patients
were divided into high (286 patients) and low (225 patients) SLC2A1
expression groups based on the optimal cutoff determined by the Youden
index (Y=0.27). The log-rank p-value is indicated. Shaded areas represent
95% confidence intervals. Figure S5. Univariate and multivariable Cox pro-
portional hazards model for the prediction of death at 6 months after CA
in 511 TTM trial patients. A Univariate, B multivariable logistic regression.
Forest plots show the hazard ratios (HR), 95% confidence intervals (Cl), and
p-values for each variable analyzed independently. Body mass index (BM)),
time from cardiac arrest to return of spontaneous circulation (CA-ROSC),
targeted temperature management (TTM), BNP (brain natriuretic peptide),
copeptin (C-terminal segment of pre-provasopressin), IL-6 (interleukin-6),
NSE (neuron-specific enolase), PCT (procalcitonin), S100b (S100 calcium-
binding protein B), TNT (troponin T) and bystander cardiopulmonary
resuscitation (CPR)
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