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blood biomarkers in out-of-hospital
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Elevated levels of blood-based biomarkers such as neurofilament light chain (NfL) and neuron-specific
enolase (NSE) are associated with poor neurological outcome after out-of-hospital cardiac arrest
(OHCA). This study investigates the relationship between regional grey matter volume reduction and
levels of glial fibrillary acidic protein (GFAP), NfL, NSE, and total-tau (t-tau) protein. This substudy

of the Xe-Hypotheca trial included 110 patients randomized to receive either inhaled xenon with
target temperature management (TTM) at 33 °C for 24 h (n=55) or TTM alone (n=55). Voxel-based
morphometry was used to assess grey matter volume changes in MRI scans acquired 36-52 h and

10 days after OHCA in 45 survivors. Blood biomarkers were measured upon intensive care unit

arrival and at 24, 48 and 72 h post-OHCA. NfL levels positively correlated with grey matter volume
reduction in the thalamus and cingulate cortex at 24 h post-OHCA. T-tau showed more extensive
pattern of significant correlations, increasing in both magnitude and spatial extent from baseline to
48 h post-OHCA. No significant biomarker-volume associations were observed for GFAP or NSE, and
no treatment group differences were detected. Elevated NfL and t-tau levels were associated with
region-specific grey matter volume reduction within the first 10 days after OHCA. Among the four
biomarkers studied, t-tau demonstrated the strongest and most widespread associations, suggesting
its potential as a marker for early ischemic grey matter volume reduction after OHCA. ClinicalTrials.gov
NCT00879892, 13/04/2009.
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Out-of-hospital cardiac arrest (OHCA) is often complicated by high rate of in-hospital mortality, the rate ranges
between 41 and 86% 2. Post-cardiac arrest brain injury is the most common cause of mortality and is the
leading cause of long-term morbidity in resuscitated patients *. Cardiac arrest can lead to long-term brain tissue
atrophy, which is associated with cognitive impairment and delayed neurological deficits. *.

Functional and structural changes in the brain following cardiac arrest have been studied by using various
neuroimaging methods °. Among these, voxel-based morphometry (VBM) method has emerged as a well-
established in-vivo technique for detecting regional difference in brain tissue volume; it has been widely used
in clinical research, including studies examining structural brain damage following cardiac arrest. Earlier VBM
studies have revealed that survivors of cardiac arrest often exhibit significant long term grey matter volume loss
in several brain regions, such as the anterior, medial, and posterior cingulate cortex, precuneus, insular cortex,
hippocampus, and thalamus ¢-°. These reductions have been associated with neuropsychological impairments,
including amnestic deficits and apathy 6. Furthermore, in a recent substudy of the Xe-Hypotheca trial involving
the same patient cohort as the present study, we demonstrated the neuroprotective effect of xenon, evidenced by
its ability to attenuate grey matter volume reduction in OHCA survivors '°.

Blood-based biomarkers, including glial fibrillary acidic protein (GFAP), neurofilament light chain (NfL),
neuron-specific enolase (NSE), and total-tau (t-tau), have gained recognition as indicators of variety of brain
injury and neurodegenerative diseases !'-1°. NSE is a glycolytic enzyme located mainly in neuronal cell bodies
and released during neuronal cell injury including ischemia-reperfusion 7. GFAP is an intermediate-filament
component of astrocytic cytoskeleton mainly expressed in the central nervous system, but also in non-myelinated
Schwann cells and enteric glial cells '8. GFAP is also a part of intracellular neuroprotective system which is
upregulated in astroglial activation related to brain tissue injury and is involved in several physiological, and
pathophysiological functions including increased microglial activity due to secondary ischemia, regulation of
neurotransmitter uptake and astrogliosis '#-22. NfL is a neuron cytoskeletal and axon-specific protein and is
an indicator of axonal injury in several neurological diseases 2*. Large, myelinated axons express high levels of
neurofilaments and especially NfL 4. Tau is a heterogeneous group of structurally altering proteins, which are
acting as a stabilizing component in axonal microtubules 2.

Numerous previous studies have reported promising results regarding the prognostic value of GFAP, NfL, NSE
and t-tau in predicting clinical outcomes after OHCA 263, Despite these findings, the most recent guidelines
from the European Resuscitation Council (ERC) and European Council for Intensive Care treatment (EICISM)
include only NSE in their prognostication protocol. Considering this, additional information is required before
NfL, GFAP, or t-tau can be adopted in routine clinical practice *°.

Therefore, the aim of this study was to evaluate the currently unestablished potential of GFAP, NfL, NSE and
t-tau to detect grey matter volume reduction, as assessed by VBM, within 10 days of an OHCA.

Methods

Study design

The Xe-HYPOTHECA trial (ClinicalTrials.gov NCT00879892, 13/04/2009) was a randomized 2-group single-
blinded phase II clinical drug trial in two multipurpose intensive care units (ICU) in Finland; the trial was
performed at Turku University Hospital between August 2009 and September 2014 and at Helsinki University
Hospital between October 2012 and September 2014. The trial was primarily designed as a proof-of-concept
study to assess whether xenon provides neuroprotection to human brain white matter following global ischemia
caused by OHCA.

The study was approved by the ethics committee of the Hospital District of Southwest Finland on March 17,
2009 (approval number 10/2009/$65) and the institutional review boards of Helsinki University Hospital and the
Finnish Medicines Agency. All patients’ next of kin or legal representatives gave written informed assent within
four hours after hospital arrival. The patient’s family was informed of their right to withdraw from the study at
any time, while also being made aware that any data collected up to that point could still be used for scientific
purposes.

The protocol and main efficacy results of the Xe-Hypotheca trial has been published earlier *”. Informed
consent was obtained from all individual participants included in the study if they regained consciousness.
An independent data and a safety monitoring committee reviewed the data after the enrolment of every four
patients and after an interval of six months. The study was conducted according to good clinical practice and the
latest revision of the Declaration of Helsinki guiding clinical drug research in human subjects *.

Participants

Patient population consisted of comatose survivors of OHCA screened for the following inclusion criteria: (1)
witnessed cardiac arrest, (2) ventricular fibrillation, (3) non-perfusing ventricular tachycardia, (4) presumed
cardiac origin, (5) age 18-80 years, (6) start of resuscitation by emergency medical personnel within 15 min, (7)
return of spontaneous circulation within 45 min, (8) decision for therapeutic hypothermia treatment by attending
physician. In addition, in the current study, patients who underwent each of two MRI scans were considered
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as being eligible for inclusion. Exclusion criteria, the treatment protocol and neurological prognostication
consensus used in decisions to withdraw life-sustaining treatment have been described earlier *’.

Randomization

Patients were allocated in 1:1 ratio with random block sizes of 4, 6, and 8 to receive either TTM (33 °C) alone
for 24 h or inhaled xenon (LENOXe, Air Liquide Medical GmbH, Dusseldorf Germany) with a sub-anesthetic
target concentration of 40% in oxygen/air combined with TTM (33 °C) for 24 h. The treatment assignment was
randomly generated by a computer. Sequentially numbered sealed envelopes were used separately in the two
centers for randomization, which was performed after the assent was granted. The personnel involved in the
treatment of the patient could not be blinded due to practical and safety considerations, but the neurological
endpoint evaluator and patients were blinded to the treatment.

Primary aim of the study

The aim of this study was to investigate the association of grey matter reduction assessed by VBM with multiple
blood-based biomarkers including GFAP, NSE, NfL and t-tau collected upon ICU arrival and (T =0) at 24, 48
and 72 h post-OHCA .

Imaging procedure
Patients were kept intubated and sedated until the first brain scan was performed. In both centers, the structural
T1-weighted MRI data were acquired by a 3.0 T Magnetom Verio system (Siemens Healthcare, Erlangen,
Germany) equipped with a 12-channel head coil.

A three-dimensional magnetization-prepared rapid gradient-echo (MPRAGE) sequence was used with
a 1900 ms repetition time, 2.2 ms echo time, 900 ms inversion time, 9° flip angle, 200 Hz/Px bandwidth,
250% 250 x 176 mm? field-of-view, and 1.0x 1.0x 1.0 mm? resolution. Zero-interpolation filling was applied
during image reconstruction so that images had 0.5x 0.5 x 1.0 mm? resolution.

Processing and analysis of structural MRI data

MRI data processing was conducted using the Computational Anatomy Toolbox (CAT12.8.1) of the Statistical
Parametric Mapping (SPM12, Version 7771, http://www.filion.ucl.ac.uk/spm), running under Matlab
(MathWorks, Inc.) (Fig. 1.) *°. The image quality control and preprocessing pipeline, optimized for longitudinal
data, has been detailed in Hollmén et al. 1°. For each participant, pairs of T1-weighted images were co-registered
and segmented into tissue classes, including grey matter. Grey matter images were then nonlinearly normalized
to the standard MNI (Montreal Neurological Institute) brain space, with modulation applied to create voxel-wise
grey matter volume maps. These grey matter images, with isotropic resolution of 1.5 mm, were smoothed with a
6 mm Gaussian kernel. Finally, for each patient, voxel-wise differences in grey matter volume between the first
and second MRI scans were computed, with positive voxel values indicating grey matter volume loss between
scans. These difference images were used in the statistical analysis, constrained within a grey matter mask.

Biochemical analysis

Blood samples for GFAP, NfL, NSE, and t-tau were collected at four timepoints (T), TO at 0 h T24 at 24 h, T48 at
48 h, and T72 at 72 h after the OHCA. GFAP, NfL, and t-tau levels were measured using the Human Neurology
4-Plex A Assay (N4PA) on a HD-1 Single molecule array (Simoa) from Quanterix (Quanterix, Billerica, MA,
USA). Calibrations were in duplicates and obvious outliers were masked before curve fitting. Samples were
diluted fourfold and run in single samples. Results were compensated for dilution. NSE levels were measured
with electrochemiluminescence immunoassay using Cobas €801 assay (Roche Diagnostics GmbH, Mannheim,
Germany).

Statistical analysis
The sample size of 110 patients was based on a power analysis of the fractional anisotropy values from brain
MR, i.e., the primary end point of the Xe-HYPOTHECA trial *’.

Because of highly skewed distributions and high variability of the biomarkers data, we employed natural log
transformation of biomarker values. In this study, a between group difference of grey matter volume changes
between the first and second scan was calculated. Initially, we assessed the relationship between grey matter
volume loss and biomarker levels at each time point using separate statistical models for each biomarker.
Statistical models for the VBM analyses were constructed and estimated using SPM12 software. Each model
included a covariate of interest (biomarker levels) adjusted for following variables: total intracranial volume for
both scans, age, gender, imaging site, treatment group, and the time interval between OHCA and the first MRI
scan. The treatment group categorized based on presence or absence of xenon inhalation therapy was included
in the model because prior findings from this cohort demonstrated a xenon treatment effect on grey matter
volume loss 1°. The time interval between OHCA and the first MRI (median 50.5 h, IQR10.5) was included as
a covariate to account for its variability. Differences between the xenon and control groups in the association
between grey matter volume loss and biomarker level were examined using ANCOVA, incorporating a similar
set of covariates with an additional interaction term between the group and biomarker level. If a significant
interaction was detected via a F-test, within-group multiple regression analyses were conducted to determine
the direction of the effect.

All models were estimated non-parametrically using the threshold-free cluster enhancement (TFCE) method,
which enhances sensitivity by considering both cluster size and voxel signal magnitude when calculating voxel-
wise statistics . Default weightings for cluster extent (E=0.5) and height (H=2) were applied, with 5000
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Fig. 1. Flowchart of the processing of individual structural MRI longitudinal data, optimized for the detection
of small inter-scan changes in grey matter volume. Motion correction, segmentation, and spatial normalization
are performed in a way that excludes any influence of scan order on the final result.

permutations used to generate the null distribution. Statistical significance was set at p<0.05, corrected for
family-wise error rate (FWER).

Demographic characteristics, including age, gender, background morbidity, resuscitation details, and clinical
outcomes, were compared between groups using appropriate statistical tests: two-sample t-tests, Mann-Whitney
U-tests, x° tests, or Fisher’s exact tests. Differences with p<0.05 were considered statistically significant. All
statistical analyses were conducted using SAS software for Windows (version 9.4; SAS Institute, Cary, NC).

Results

A total of 224 comatose OHCA survivors (aged 24 to 76 years) were screened for eligibility, and 110 patients
were included into the main study (Fig. 2). Patients were randomly assigned to receive either TTM alone (n=55)
or TTM combined with inhaled xenon gas (n=55). Of the 66 patients who survived and underwent both the
first and second scan after OHCA, 45 patients fulfilled the quality criteria and were included in the grey matter
volume analysis. The details of patient selection have been reported earlier '°. The first scan was carried out at a
median of 51 h (interquartile range 46-56 h) and second scan in median of 10 (interquartile range 9-11) days.
Demographical data, background morbidity, and resuscitation details of this patient population are shown in
Table 1. Temporal patterns of the biomarkers are presented in Fig. 3, while descriptive median (IQR) values after
natural logarithmic transformation are shown in Table 2. The corresponding original median (IQR) values are
provided in Supplemental Table 1.

Regional grey matter reduction in different time points associated with biomarkers

Significant (p <0.05, FWER-corrected, TFCE statistics) positive association between blood biomarker level and
grey matter volume loss were obtained for NfL at 24 h post-OHCA and for t-tau at 0, 24 and 48 h post-OHCA
(Fig. 4, Table 3). No significant results were obtained for GFAP and NSE. There were no significant differences
in the relationship between grey matter volume loss and biomarker values across treatment groups for any
biomarker measurement timepoint.
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Neurofilament light chain

Higher NfL levels at 24 h post-OHCA were correlated with increasing grey matter volume loss in the thalamus
and anterior cingulate bilaterally, as well as in the posterior cingulate, precuneus, in the anterior temporal, and
in the ventromedial frontal cortex of the left hemisphere (Fig. 4 and Table 3).

Total-tau

The areas of positive correlation between grey matter loss and t-tau levels progressively increased in their extent
and magnitude from 0 to 48 h post-OHCA. Thus, for the initial (0 h) timepoint small local clusters were observed
in the right anterior cingulate and lateral frontal areas. At the 24 h post-OHCA time point, the anterior cingulate
was affected bilaterally and multiple right frontal areas, located in the frontal operculum and in the inferior
frontal gyrus were observed. The most widespread pattern of the clusters was found for 48 h post-OHCA, where,
in addition to the structures mentioned for the earlier timepoints, parts of the left occipital cortex (calcarine area
and lingual gyrus), the bilateral precuneus along with the adjacent left posterior cingulate, the bilateral temporal
region, the right anterior insular region, the left medial frontal region, the right central operculum, and the right
thalamus were significantly involved (Fig. 4 and Table 3).

Discussion

The main finding was that blood-based biomarkers NfL and t-tau correlated significantly with a reduction of
grey matter volume in specific brain regions during the early phase (first 10 days) post-OHCA. Notably, these
associations were predominantly observed in the thalamus and cingulate cortex for NfL. In contrast, t-tau
showed a more widespread pattern of significant correlations, increasing in both magnitude and spatial extent
from baseline to 48 h post-OHCA. Regions showing significant volume reduction included the frontal, temporal
and insular cortices, as well as also cingulate cortex and thalamus. No significant differences were found between
treatment groups regarding the relationship between biomarker levels and grey matter volume loss.

In our study, levels of GFAP and NfL generally increased from 0 to 48 or to 72 h post-OHCA, whereas
NSE and t-tau levels showed a decreasing trend over time. These patterns are consistent with previous studies
involving patients with favorable outcomes (modified Ranking Scale scores of 0-3). In such patients, NSE levels
typically remain stable or decline between 0 and 72 h, while t-tau levels also tend to decrease during this period,
with delayed peaks mainly observed in patients with poor outcomes *>*1-44, In contrast, NfL levels tend to rise
following cardiac arrest, including in patients with favorable outcomes; however, in these patients the increase
is usually modest 27283335, Similarly, the temporal profile of GFAP in this cohort aligns well with previously
reported results in patients with favorable outcomes 3*3°. The present study cohort predominantly consisted of
patients with favorable six-month outcomes, as detailed in our recent publication '°. In summary, six patients
were comatose and intubated during the second scan, while all others were conscious. Of the 45 patients, four
died before discharge and the remainder survived to six months. The median modified Rankin Scale scores
were 0.5 [IQR, 0-2] in the xenon group and 0 [IQR, 0-0] in the control group (p=0.04). An imbalance arose
because initially seven xenon patients and two control patients underwent the second scan before death. Of
these nine patients, four xenon patients and none in the control group had an acceptable image quality. Other
non-surviving patients in both groups were already in poor clinical condition after OHCA and died before the
scheduled second scan. This led to a skewed assessment of neurological outcome at six months, disadvantaging
the xenon group, as non-survivors were present only in this group. Importantly, no differences in mRS were
observed between groups in the full intention-to-treat population of 110 patients. Overall, our results regarding
the temporal dynamics of these biomarkers are consistent with the existing literature on cardiac arrest survivors
with favorable outcome.

Neurocognitive impairments affect approximately 34-50% of cardiac arrest survivors, including those
classified as having a favorable neurological outcome *°~*°. Among these impairments, memory deficits are most
commonly reported, but impairments in attention and executive functioning are also frequently observed “°.
Previously, Byron-Alhassan et al. demonstrated that regional grey matter volume reduction can occur even in
patients with Cerebral Performance Category scores of 1 or 2 within four weeks following OHCA 7. This finding
suggests that structural brain damage may be present even in patients with preserved or only mildly impaired
cerebral function. In this context, our findings align with previously reported patterns of post-OHCA grey
matter volume reduction 5%,

To our knowledge, this is the first study to evaluate the relationship between blood-based biomarkers and
grey matter volume reduction following OHCA. Among the four biomarkers assessed, NfL and t-tau showed
significant correlations with grey matter volume reduction during the first ten days following OHCA. Specifically,
the NfL levels measured at 24 h post-arrest were positively correlated with grey matter reduction, with significant
clusters identified bilaterally in the thalamus and anterior cingulate cortex, regions previously implicated in
long-term volume reduction after OHCA 8. A recent study by Carlier et al. further emphasized the thalamus as
a key region in post-cardiac arrest brain injury, demonstrating that structural damage one month after OHCA
may contribute to subsequent cognitive decline °. However, the study design of the present study did not include
sensitive neurocognitive assessments, limiting our ability to directly correlate grey matter volume reduction with
cognitive outcome.

NfL, GFAP and t-tau have been established as biomarkers of long-term neurodegeneration in patients with
traumatic brain injury and Alzheimer’s disease !'~!°. Current findings extend this evidence by suggesting that
NfL and t-tau may reflect also short-term structural damage to grey matter, including the basal ganglia and
cortical regions, even in patients with favorable neurological outcomes. Notably, this study identified a novel
and extended pattern of correlation between t-tau and cortical volume reduction from baseline to 48 h post-
OHCA. t-tau correlated significantly with grey matter volume loss primarily in the fronto-temporo-insular
cortical regions, which are involved in behavior, cognition, memory, emotion, and motor control. Previous VBM
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224 patients screened for eligibility
114 excluded

-66 study personnel not available

-25 next of kin could not be reached
-11 did not meet inclusion criteria

-5 xenon delivery device already in use
-4 had permanent pacemaker

-1 emergency coronary surgery

-1 MRI-incompatible prosthesis

-1 previous enrolment in the same trial

v

110 included and randomized

55 patients randomized to receive TTM
alone

50 completed the first scan
Reasons for missing second scan:
13-died before second scan

4-not feasible, patient transferred to other
hospital prior second scan

2- ICD pacemaker installed prior second
scan

55 patients randomized to receive
hypothermia combined with inhaled xenon

49 completed the second scan
Reasons for missing second scan:
7-died before second scan

3-not feasible, patient transferred to other
hospital prior second scan

3-ICD pacemaker installed prior second
scan

1-CRT-D device installed prior second
scan

31 patients completed two scans
1-inconsistent acquisition parameters
Not applicable for image processing:
5-tissue loss

1-a large area of gliosis

2-head motion artifacts

35 patients completed two scans
1-inconsistent acquisition parameters

1-scan 1 and 2 performed in a different
MRI center; data not suitable for the
statistical model

Not applicable for image processing
3-tissue loss
1-MRI registration artifacts

3-head motion artifacts

l

l

21 patients included in the VBM analysis

24 patients included in the VBM analysis

Fig. 2. Flow of the participants CRT-D, cardiac resynchronization therapy with a defibrillator, ICD,
implantable cardioverter-defibrillator, MRI, magnetic resonance imaging, TTM, target temperature
management, VBM, voxel-based morphometry.

and cortical thickness studies have also noted long-term grey matter reduction in these regions, including the
caudate, insular, and various lateral cortical areas due to the hypoxic ischemic injury after OHCA ®3°. Our
results suggest that t-tau may be the most promising of the four biomarkers currently studied for assessing
the progression of ischemic grey matter volume reduction after OHCA. Further research is needed to evaluate
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Control Xenon

n=21 N=24
Baseline characteristics
Age, years, median (IQR) 56 (53-61) | 60 (45-67)
Male, sex, n (%) 16 (76) 14 (58)
Site (Turku/Helsinki) 17/4 17/7
Coronary artery disease, n (%) 4(19) 7 (29)
Hypertension, n (%) 6(29) 9 (38)
Congestive heart failure, n (%) 0(0) 3(13)
Diabetes, n (%) 0(0) 1(14)
Asthma or obstructive pulmonary disease, n (%) | 1 (5) 4(17)
Dyslipidemia, n (%) 7 (33) 4(17)
Resuscitation details
Bystander resuscitation, n (%) 13 (62) 16 (67)
Delay in EMS, minutes, mean (SD) 8.3(2.2) 7.9(2.6)
ROSC, minutes, mean (SD) 22.2(7.8) 19.0 (6.3)
No flow, minutes, median (IQR) 2.90 (0-6) |2.70 (0-7)

Table 1. Demographic data and clinical characteristics of the patients. Data are expressed as number
(percentage) unless otherwise indicated. EMS emergency medical service, IQR interquartile range, n number,
SD standard deviation, ROSC return of spontaneous circulation,

Ln (biomarker value)
2
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Fig. 3. Quartile boxplots of natural log-transformed GFAP, NfL, NSE, and t-tau biomarker levels measured at
0, 24, 48, and 72 h post-OHCA. The boxplot whiskers represent 1.5 times the interquartile range (IQR), and the

corresponding median and IQR values are detailed in Table 2.

the accuracy and utility of combining NfL and t-tau with early phase MRI to identify patients with risk for
subsequent neurocognitive impairment after OHCA.

In this study, GFAP and NSE did not correlate with grey matter volume reduction. Notably, previous research
has not established a clear correlation between NSE and grey matter volume loss, which also obtains in TBI. The
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Number of
Biomarker | Time point | Sample size | missing values | Median | IQR
0 42 3 4.745 1.426
24 44 1 5.214 1.44
GFAP
48 44 1 5.785 1.409
72 43 2 5.342 1.279
0 42 3 2.384 0.913
24 44 1 3.486 1.494
NfL
48 44 1 3.513 1.581
72 43 2 3.578 1.554
0 45 0 3.04 0.547
24 45 0 3.091 0.302
NSE
48 45 0 2.833 0.452
72 45 0 2.565 0.642
0 42 3 2.438 1.731
24 44 1 1.458 1.541
t-tau
48 44 1 1.518 1.672
72 43 2 1.513 1.867

Table 2. Descriptive statistical values for biomarker levels measured at 0, 24, 48, and 72 h post-OHCA. Median
(IQR) values are presented following natural logarithmic transformation. GFAP glial fibrillary acidic protein,
IQR interquartile range, NfL neurofilament light chain, NSE neuron-specific enolase, ¢-tau total-tau.

absence of a correlation between GFAP and grey matter volume loss in our study may be attributed to differences
in imaging time windows as compared with earlier studies in patient with TBI. The Xe-Hypotheca trial focused
on short-term changes (0-72 h), whereas prior studies such as those by Newcombe et al., investigated long-term
biomarker dynamics and their correlations with grey matter volume reduction extending from months to years,
when the injury had evolved into its chronic phase !'. However, these earlier findings are somewhat inconsistent.
For instance, Newcombe et al. reported that elevated NfL levels at eight months post-injury predicted grey
matter volume reduction at five years, whereas GFAP did not correlate with long-term atrophy. Moreover, higher
NfL levels at eight months were associated with increased annualized grey matter volume reduction over the
subsequent five to nine years. In contrast, Shahim et al. found significant correlations between GFAP and grey
matter volume reduction in patients with TBI *. These divergent findings suggest that the temporal dynamics
of biomarker release and the evolving pathophysiology of grey matter injury may differentially influence their
relationship with structural imaging markers. Therefore, further studies are warranted in OHCA survivors to
investigate a relationship of early phase biomarkers with evolving brain injury after a follow-up of several years.

Limitations

The study had several limitations. First, although we demonstrated relationship between selected blood-based
biomarker levels and grey matter volume reduction, the use of early phase brain imaging restricted our ability
to assess long-term structural changes. Second, due to the quality requirements of the VBM analysis, not all
patients could be included, and most of the patients with poor outcomes were excluded. This may have led to an
underestimation of the correlations between the biomarker levels and grey matter volume reduction. Therefore,
correlations involving GFAP and NSE cannot be ruled out. Third, the predominance of patients with favorable
outcome in the current cohort may have further limited observed spatial extent of the correlations. Finally,
although this study provides novel insights into the relationship between blood-based biomarkers and grey
matter volume reduction, the relatively small sample size limits the power to detect subtle regional variations.

Conclusion

To our knowledge, this is the first study to demonstrate an association between elevated blood-based biomarkers
and grey matter volume reduction within ten days following OHCA. Notably, both NfL and t-tau levels were
associated with the early grey matter volume reduction, with t-tau revealing the most consistent regional
correlations, spanning from the frontal cortex to the insula, and thalamus. These findings suggest that t-tau
may be the most promising candidate among the four biomarkers studied for monitoring early ischemic grey
matter volume reduction after OHCA. Further research is needed to evaluate the clinical utility of combining
early phase MRI with blood-based NfL and t-tau measurements to identify patients at risk for subsequent
neurocognitive impairment after OHCA.
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Fig. 4. Significant (p <0.05, FWER-corrected, TFCE statistics) clusters showing positive associations between
grey matter volume loss and biomarker levels measured at different time points after OHCA (24 h for NfL;

0, 24 and 48 h for t-tau). The clusters (in red) are overlaid on a series of slices of the MNI structural brain
template. The top row indicates the z coordinates of the slices (in mm). Hemispheres: L- left; R - right. Cluster
peak locations and statistical values are detailed in Table 3.
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Biomarker, time post- OHCA (h) | Sample size | Brain structure Cluster size (voxels) | Cluster size (mL) | p corr | x y z
GFAP, 0 42
NS
GFAP, 24 44
NS
GFAP, 48 44
NS
GFAP, 72 43
NS
NfL, 0 42
NS
NfL, 24 44
R. Thalamus 1817 6.13 0.0081 | 9 -25 | 4
L. Thalamus 0.0118 | -18 | -33 | -3
L. Ant. Cingulate G 572 1.93 0.0284 | -3 |37 |-9
R. Ant. Cingulate G 0.0300 | 1 30 |-10
L. Post. Cingulate G 211 0.71 0.0323 | -7 |-51 |18
L. Precuneus 0.0334 | -7 |-54 |9
L. Precuneus 0.0358 | -21 | -58 | 18
L. Planum Polare 80 0.27 0.0395 | -45 | -4 | -15
L. Post. Orbital G 166 0.56 0.0422 | -28 | 12 | -22
L. Temporal Pole 0.0423 | -37 | 10 | -27
L. Lateral Orbital G 34 0.11 0.0452 | -46 |24 |-13
L. Ant. Orbital G 20 0.07 0.0481 | -15 | 1 -16
NfL, 48 44
NS
NfL, 72 43
NS
NSE, 0 45
NS
NSE, 24 45
NS
NSE, 48 45
NS
NSE, 72 45
NS
t-tau, 0 42
R. Ant. Cingulate G 18 0.06 0.0392 | 4 26 | -12
R. Mid. Frontal G 8 0.03 0.0458 |43 |52 |6
R. Inf. Frontal G (Orbital part) 36 0.12 0.0459 |50 |34 |-10
t-tau, 24 44
L. Ant. Cingulate G 59 0.20 0.0408 | -8 |45 |1
R. Ant. Cingulate G 6 0.02 0.0490 |4 |34 |15
R. Ant. Cingulate G 5 0.02 0.0495 | 4 27 |24
R. Frontal Operculum 108 0.36 0.0421 |45 |26 |7
R. Inf. Frontal G (Triangular part) 0.0481 |57 |27 |8
R. Inf. Frontal G (Orbital part) 32 0.11 0.0431 |48 |34 |-10
R. Inf. Frontal G (Triangular part) | 23 0.08 0.0438 |52 |38 |0
R. Inf. Frontal G (Orbital part) 65 0.22 0.0465 |39 |30 |-2
R. Inf. Frontal G (Opercular part) |16 0.05 0.0482 |52 |14 |10
t-tau, 48 44
L. Calcarine Cortex 398 1.34 0.0349 | -12 | -87 | 4
L. Calcarine Cortex 0.0364 | -3 | -76 | 14
R. Inf. Frontal G (Orbital part) 387 1.31 0.0358 |48 |33 |-10
R. Inf. Frontal G (Orbital part) 0.0370 | 34 |28 |-2
R. Inf. Frontal G (Triangular part) | 83 0.28 0.0448 |54 |33 |2
L. Ant. Cingulate G 215 0.73 0.0361 | -6 |45 |-2
Continued
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Biomarker, time post- OHCA (h) | Sample size | Brain structure Cluster size (voxels) | Cluster size (mL) | pcorr |x |y z
R. Ant. Cingulate G 0.0423 (2 |28 |-9
L. Precuneus 218 0.74 0.0373 | -18 | -57 | 14
L. Post. Cingulate 0.0376 | -8 |-50 |8
R. Precuneus 7 0.02 0.0489 | 9 -51 |8
R. Thalamus 172 0.58 0.0407 |10 |-28 | 4
R. Central Operculum 161 0.54 0.0423 |56 |0 |9
R. Mid. Temporal G 15 0.05 0.0448 |58 |4 -22
L. Mid. Temporal G 4 0.01 0.0494 | -66 | -8 |-21
R. Inf. Temporal G 6 0.02 0.0482 |52 | -60 | -4
R. Precentral G 71 0.24 0.0456 |62 |8 18
R. Planum Polare 64 0.22 0.0466 |44 |2 -18
L. Lingual G 13 0.04 0.0477 | -8 |-76 | -4
L. Medial Frontal G 12 0.04 0.0488 | -8 12 | -20
R. Post. Orbital G 8 0.03 0.0492 |33 |22 |-15
R. Temporal Pole 10 0.03 0.0495 |56 |9 |-15
R. Ant. Insula 7 0.02 0.0497 |39 | -4 10
R. Ant. Insula 4 0.01 0.0499 |48 |9 -8

t-tau, 72 43

NS

Table 3. Peak locations and statistical values of significant clusters (p <0.05, FWER-corrected, TECE statistics)
where higher serum biomarker levels measured at 0, 24, 48, and 72 h post-OHCA were associated with greater
grey matter volume loss. Brain structure names and Montreal Neurological Institute (MNI) coordinates (x,

¥, z) are provided for the main cluster peak and secondary peaks (indented structure names). Ant Anterior,

G Gyrus, GFAP glial fibrillary acidic protein, Inf Inferior, IQR interquartile range, L Left, Mid Middle, NfL
neurofilament light chain, NS Non-significant, NSE neuron-specific enolase, Post Posterior, R Right, Sup
Superior, t-tau total-tau. Cluster volumes in mL were calculated by multiplying voxel count by the voxel
volume (1.5 mm x 1.5 mm x 1.5 mm = 3.375 mm? per voxel) and dividing by 1000.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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