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Abstract

Background This study aimed to explore the characteristics of abnormal regional resting-state functional magnetic
resonance imaging (rs-fMRI) activity in comatose patients in the early period after cardiac arrest (CA), and to inves-
tigate their relationships with neurological outcomes. We also explored the correlations between jugular venous
oxygen saturation (SjvO2) and rs-fMRI activity in resuscitated comatose patients. We also examined the relationship
between the amplitude of the N20-baseline and the rs-fMRI activity within the intracranial conduction pathway

of somatosensory evoked potentials (SSEPs).

Methods Between January 2021 and January 2024, eligible post-resuscitated patients were screened to undergo
fMRI examination. The amplitude of low-frequency fluctuation (ALFF), fractional ALFF (fALFF), and regional homoge-
neity (ReHo) of rs-fMRI blood oxygenation level-dependent (BOLD) signals were used to characterize regional neural
activity. Neurological outcomes were evaluated using the Glasgow-Pittsburgh cerebral performance category (CPC)
scale at 3 months after CA.

Results In total, 20 healthy controls and 31 post-resuscitated patients were enrolled in this study. The rs-fMRI activity
of resuscitated patients revealed complex changes, characterized by increased activity in some local brain regions
and reduced activity in others compared to healthy controls (P <0.05). However, the mean ALFF values of the whole
brain were significantly greater in CA patients (P=0.011). Among the clusters of abnormal rs-fMRI activity, the clus-

ter values of ALFF in the left middle temporal gyrus and inferior temporal gyrus and the cluster values of ReHo

in the right precentral gyrus, superior frontal gyrus and middle frontal gyrus were strongly correlated with the CPC
score (P<0.001). There was a strong correlation between the mean ALFF and SjvO2 in CA patients (r=0.910, P<0.001).
The SSEP N20-baseline amplitudes in CA patients were negatively correlated with thalamic rs-fMRI activity (all
P<0.001).

Conclusions This study revealed that abnormal rs-fMRI BOLD signals in resuscitated patients showed complex

changes, characterized by increased activity in some local brain regions and reduced activity in others. Abnor-
mal BOLD signals were associated with neurological outcomes in resuscitated patients. The mean ALFF values
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of the whole brain were closely related to SjvO2 levels, and changes in the thalamic BOLD signals correlated

with the N20-baseline amplitudes of SSEP responses.

Trial registration NCT05966389 (Registered July 27,2023).

Keywords Cardiac arrest, Rs-fMRI, BOLD signal, Prognosis, SjvO2, SSEP

Background

In comatose patients resuscitated from cardiac arrest
(CA), hypoxic ischemic brain injury (HIBI) is a promi-
nent factor contributing to mortality and long-term
disability [1, 2]. A challenge in the clinical management
of HIBI patients is that patients with similar clinical
manifestations may have markedly different outcomes,
ranging from complete recovery, and mild cognitive
deficits to minimal consciousness states, or even death
[3]. Reliable early prediction of neurological outcomes
in resuscitated patients is important for the develop-
ment of appropriate therapeutic protocols. Current
post-resuscitation guidelines recommend a multimodal
approach for predicting adverse outcomes, including
clinical examination, electrophysiology, serum bio-
markers, and neuroimaging [4]. However, these metrics
are able to reliably predict outcomes for only approxi-
mately 30—50% of CA survivors [5, 6]. Therefore, there
is an urgent need in clinical practice to improve the
capability of early prognostic assessment for patients
after CA.

Resting-state functional magnetic resonance imag-
ing (rs-fMRI) is a non-invasive imaging technique based
on blood oxygen level-dependent (BOLD), signals that
operate on the principle of detecting relative concentra-
tion changes in oxyhemoglobin and deoxyhemoglobin
[7]. The rs-fMRI BOLD signal is characterized by its high
spatial resolution, and sensitivity to both cortical and
subcortical neuronal activities [8]. Detailed characteri-
zation of the alterations in brain activity after HIBI can
be achieved with rs-fMRI BOLD signals. Previous rs-
fMRI studies have demonstrated that cerebral functional
network connectivity, especially default-mode network
(DMN), was associated with neurological outcomes [8—
10]. These studies showed that the disruption of DMN
connectivity was predictive of poor outcome in CA sur-
vivors. However, most of these studies did not quan-
tify abnormal neural activity in specific brain regions,
enrolled homogeneous patient populations, or clarified
the confounding factors that may affect BOLD signals.
Furthermore, the timing of MRI examinations after CA
varied widely. Due to the varying tolerances of different
brain regions to ischemia and hypoxia, we hypothesized
that early changes in regional or global BOLD signals
may correlate with the neurological outcomes of CA
survivors.

Jugular venous oxygen saturation (SjvO2) reflects the
disparity between the oxygen entering the brain and the
oxygen consumed by brain tissue [11]. Previous stud-
ies have shown that increased mean SjvO2 is associated
with unfavorable outcomes in patients following CA [12,
13]. While rs-fMRI activity relies on the relative levels of
oxyhemoglobin and deoxyhemoglobin. We hypothesized
that there may be a correlation between SjvO2 and the
mean whole-brain rs-fMRI activity in comatose patients
after resuscitation. Somatosensory evoked potential
(SSEP) recordings after CA provide valuable informa-
tion for the prediction of neurological outcomes [4]. The
intracerebral conduction pathways for SSEP include the
thalamus, insula, the posterior bank of the central sul-
cus, the postcentral gyrus at the omega zone, and other
regions [14, 15]. Some studies have suggested that the
N20-baseline amplitude of SSEP is correlated with neuro-
logic outcomes in CA survivors [16, 17]. The N20-base-
line amplitude may depend on the extent of damage to
the intracranial conduction pathway. We hypothesized
that N20-baseline amplitude may be correlated with rs-
fMRI activity within the intracranial conduction pathway
of SSEP.

Given the above considerations, we explored the char-
acteristics of abnormal regional rs-fMRI BOLD signals
in comatose patients in the early period after CA, ensur-
ing the homogeneity of the enrolled patient population
and the consistency of potential confounding factors.
Furthermore, we investigated their relationships with
neurological outcomes. Additionally, we explored the
correlations between SjvO2 and BOLD signals in resus-
citated comatose patients. We also examined the rela-
tionship between the N20-baseline amplitude and BOLD
signals within the intracranial conduction pathway of
SSEP.

Methods

Study design and participants

This study is a post hoc analysis of rs-fMRI BOLD sig-
nals in post-resuscitated patients. Between January
2021 and January 2024, we consecutively screened post-
resuscitated patients admitted to the emergency inten-
sive care unit (EICU) after out of hospital cardiac arrest
(OHCA) with a presumed cardiac cause, of the witnesses.
All patients were unconscious and unable to obey verbal
commands. The exclusion criteria were: patients younger
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than 18 years of age, patients with unwitnessed asystole,
patients with comborbid brain injury (stroke, cerebral
haemorrhage, etc.), patients who were pregnant, patients
with MRI contraindications such as extracorporeal mem-
brane oxygenation (ECMO) or pacemakers, patients with
haemoglobin less than 120 g/L, and patients whose fam-
ily members did not agree to the study.

Post-resuscitated patients were transferred to the EICU
for further standardized management in accordance with
guidelines. All the patients received temperature control
to maintain a target temperature of 33 °C for 24 h using
Arctic Sun® (Arctic Sun® 5000, BD, USA) feedback-
controlled surface cooling device. Then, the temperature
of the patients was gradually increased to 37 °C with a
rewarming rate of 0.1 °C/h. Patients received mechani-
cal ventilation and were sedated, primarily with propo-
fol and remifentanil. The sedation protocol was based
on the Richmond Agitation—Sedation Scale (RASS) and
was titrated to obtain a RASS of — 5. Other treatment
protocols were provided according to the international
guidelines for post-cardiac arrest care. A jugular vein bal-
loon catheter was inserted in all patients. The catheter
was inserted retrograde into the jugular innervating vein
identified by ultrasound. When there was no difference
in the jugular vein diameter between the two sides, the
right side was preferred. Ultimately, correct placement
of the catheter tip (with the tip located above the inferior
border of the C1 vertebra) was confirmed by lateral cervi-
cal radiography. SSEP recordings were performed using
a Neuron Spectrum-5 (Neurosoft, Russia). SSEP was
measured after stimulation of the right and left median
nerves using bipolar surface electrodes at the wrist. The
following data were extracted from the prospective reg-
istry: age, sex, years of education, vascular risk factors.
Bystander cardiopulmonary resuscitation (CPR) and time
from CPR to return of spontaneous circulation (ROSC).

After successful rewarming and maintenance of nor-
mothermia, and haemodynamic stability for 24 h, resus-
citated patients underwent MRI (Siemens 3 Tesla Prisma
MRI system, Germany), specifically blood oxygenation
level dependent functional magnetic resonance imaging
(BOLD-fMRI). The rs-fMRI BOLD signals were acquired
using an EPI sequence with the following param-
eters: repetition time=1000 ms, echo time=30 ms,
flip angle=70°, field of view=220 mmx220 mm,
bandwidth=1820 Hz/pixel, 60 axial slices, slice thick-
ness=2 mm, the final voxel size=2 mm X2 mm X2 mm,
with 300 volumes. During the examination, the super-
vising physician accompanied the patient to maintain
the patient’s RASS at — 5 and monitored the patient’s
vital signs using a magnetic resonance monitoring sys-
tem (Siemens Healthcare Prism, Germany). Patients
who were on ventilators were mechanically ventilated
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using a magnetic ventilator (HAMILTON-MRI, USA).
SjvO2, haemoglobin and arterial blood gas (ABG) test-
ing, and the serum neuron specific enolase (NSE) con-
centration were measured within 1 h after fMRI. SSEP
was recorded in patients after fMRI and 48 h after the
discontinuation of sedation. The N20-baseline amplitude
between the N20 peak and baseline in the left cerebral
hemisphere was measured. The neurological outcomes
were evaluated using the Glasgow—Pittsburgh Cerebral
Performance Category (CPC) scale at 3 months after
ROSC. The CPC score ranges from 1 to 5, with 1 indicat-
ing good performance, 2 indicating moderate disability, 3
indicating severe disability, 4 indicating vegetative state
and 5 indicating brain death or death. The neurological
outcomes were categorized as favorable prognosis (CPC
1-2) and poor prognosis (CPC 3-5). This study was
approved by the Beijing Chao-yang Hospital Ethics Com-
mittee (No. 2023-ke-406). Written informed consent was
obtained from all patients and/or legal surrogates.

fMRI data preprocessing and analysis

The amplitude of low-frequency fluctuations (ALFF),
fractional ALFF (fALFF), and regional homogeneity
(ReHo) were employed to quantify spontaneous activity
in brain regions and the synchronicity of neuronal activ-
ity within local brain areas [18, 19]. ALFF and fALFF
can be utilized for the detection of local spontaneous
brain activity [7]. ReHo assesses the coherence of fMRI
signal time courses between a voxel and its neighboring
voxels, typically indicating the synchronization of neu-
ronal activity within local brain regions [7]. FMRI data
preprocessing was conducted using the Data Processing
Assistant for rs-fMRI Advanced Edition (DPARSF) soft-
ware (The Mathworks, Inc., Natick, MA, USA, available
at http://rfmri.org/content/dparsf), which is based on
MATLAB 2016b (Mathworks Inc.). FMRI data preproc-
essing and analysis were performed by professionals who
were blinded to the clinical data. Preprocessing involved
removing the first 20 time-point fMRI images, applying
slice-timing correction using the middle slice as a ref-
erence, and spatially realigning all volumes to correct
for head movements. Head motion was evaluated and
corrected via rigid body registration, excluding subject
exceeding the maximum translation of 2.0 mm or rota-
tion of 2.0 degrees. Spatial normalization of the realigned
volumes to the Montreal Neurological Institute space
was performed using an EPI template, resampling images
to a voxel size of 3 mm X3 mm X 3 mm. Nuisance covari-
ates (24 motion parameters, their first derivations, white
matter, and cerebrospinal fluid) were regressed out, and
the effects of low-frequency drift and high-frequency
physiological noise were minimized through time band-
pass filtering (0.01-0.10 Hz).
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DPARSF software was also used for ALFF, fALFF and
ReHo analysis. To obtain the power spectrum, voxel time
series were transformed into the frequency domain using
fast Fourier transformation. The power spectrum was
then square-rooted and averaged over the 0.01-0.10 Hz
range for each voxel, defining the ALFF. The fALFF rep-
resents the ratio of the sum of amplitudes in the 0.01—
0.10 Hz range over the entire frequency spectrum. The
standardized ALFF/fALFF values of each voxel were
obtained by normalization to the global mean ALFF/
fALFF values. Subsequently, a Gaussian kernel of 6 mm
FWHM was applied for smoothing. ReHo was calculated
for each voxel using Kendall’s coefficient of concord-
ance (KCC), assessing the temporal similarity with its 26
nearest voxels. The standardized ReHo was derived by
normalizing each voxel's KCC against the whole brain’s
mean KCC, followed by smoothing with a 6 mm FWHM
Gaussian kernel.

Statistical analysis

Categorical variables are described as frequencies with
percentiles. Continuous variables were described as
median values with interquartile ranges (IQRs). Categori-
cal variables were compared between groups using the
X2 test corrected for continuity in a 2X2 table or Fisher
exact test. Continuous variables were compared using
Student’s t test or the Mann—Whitney U test, as appro-
priate. To assess the between-group differences in ALFF,
fALFF, and ReHo between healthy controls and CA
patients, a two-sample t test was performed, with age,
sex, and years of education as covariates, using the Sta-
tistical Parametric Mapping software package (SPM12) in
MATLAB 2016b. Brain regions were reported based on
an uncorrected voxel-wise height threshold of P<0.001
combined with an FWE-corrected cluster-wise threshold
of P<0.05 for multiple comparison correction. Receiver
operating characteristic (ROC) curves were constructed
to assess the prognostic performance in predicting poor
neurological outcomes at 3 months. The correlation of
measurement data was assessed by Spearman or Pearson
analysis. All the statistical tests were two-tailed, and a P
value less than 0.05 was considered to indicate statistical
significance. Statistical analyses were performed using
SPSS version 26.0 software (IBM, Chicago, IL, USA) and
GraphPad Prism 10 (GraphPad, La Jolla, CA).

Results

Patient characteristics

In total, a cohort of 132 comatose patients with OHCA
that was presumed to have a cardiac cause were screened.
Of these patients, 24 patients had unwitnessed asys-
tole, 47 patients had hemodynamic instability, 8 patients
had a previous history of brain disease, 6 patients had

Page 4 of 13

contraindications for MRI, 3 patients had a hemoglobin
concentration less than 120 g/L, 4 patients refused to
be enrolled, 3 patients had significant artefacts on MRI
due to obvious head motion, and 6 patients lost to fol-
low-up. Thus, 31 patients were ultimately included in
the study (Fig. 1). Notably, 90-days after ROSC, 12 (39%)
and 19 (61%) patients were assigned to the CPC 1-2 and
CPC 3-5 groups, respectively. And 8 (CPC=5) of these
patients died. Moreover, 20 healthy right-handed vol-
unteers were recruited for the control group. The base-
line characteristics of the patients are shown in Table 1.
There were no significant differences between the groups
regarding age, sex, years of education or vascular risk
factors. The median time from CA to ROSC in the CPC
3-5 group was greater than that in the CPC 1-2 group
(25 min vs. 17 min, P=0.010). The median value of SjvO2,
serum NSE, SSEP responses, and the left N20-baseline
amplitude were significantly different between the two
groups.

Characteristics of rs-fMRI BOLD signals in cardiac arrest
patients

ALFF method was conducted to measure the activity
of different brain regions in CA patients (Table 2 and
Additional file 1: Table S1). The mean ALFF values of
the whole brain were significantly greater in CA patients
than in healthy controls (P=0.010). Moreover, ALFF val-
ues were elevated in some brain regions but decreased
in others (Fig. 1). Compared with healthy controls, the
ALFF values in the bilateral precuneus cortex of post-
resuscitated patients were significantly lower, with a total
cluster size of 387 voxels (P<0.001, Fig. 2A). However,
increased ALFF values were observed in the bilateral par-
acentral lobule, the postcentral gyrus, median cingulate,
and white matter of the right frontal, parietal, and insula
lobes, with a total cluster size of 948 voxels (P<0.001,
Fig. 2B, C). Compared to the CPC 3-5 group, the CPC
1-2 group had significantly elevated ALFF values in the
left middle temporal gyrus cortex and inferior temporal
gyrus cortex, with a cluster size of 330 voxels (P=0.002,
Fig. 2D).

The fALFF values were also measured in different
subgroups (Table 2 and Additional file 1: Table S1).
Whole-brain mean fALFF values in CA patients were
not significantly different from those in healthy controls
(P=0.057). However, the fALFF values of the cortical
regions in the bilateral superior parietal gyrus, bilateral
occipital lobes, left cerebellum, and right temporal lobe
were significantly lower in CA patients than in healthy
controls (all P<0.05, Fig. 2E).

There were also significant differences in the ReHo
values between groups (Table 2 and Additional file 1:
Table S1). Compared with healthy controls, the ReHo
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132 comatose patients of OHCA who presumed cardiac cause

A4

Excluded (n=101)
e patients with unwitnessed asystole (n=24)
e patients with hemodynamic instability (n=47)
e patients with a previous history of brain disease (n=8)
e patients with contraindication for MRI scanning (n=6)
e patients with hemoglobin less than 120g/L (n=3)
e patients who refused to be enrolled (n=4)
e significant artifacts of MRI images due to obvious head
motion (n=3)

o lost to follow-up (n=6)

31 OHCA patients were included in the final study

l

l

CPC 1-2 group (n=12)

CPC 3-5 group (n=19)

Fig. 1 Flow diagram of patients based on CONSORT

values in the bilateral frontal and parietal lobes, occip-
ital lobe, and median and posterior cingulate gyrus
were decreased in CA patients, with a total cluster size
of 2732 voxels (all P<0.001, Fig. 2F). However, the CA
patients had significantly increased ReHo values in the
bilateral fusiform gyrus, hippocampus, parahippocam-
pus, insula, cerebellum (4-5), vermis (1-5), right
putamen, and white matter of bilateral temporal lobe,
with a total cluster size of 7784 voxels, with the major-
ity of these voxels located in the subcortex (P=0.002,
Fig. 2G). Compared with the CPC 3-5 group, the CPC
1-2 group showed elevated ReHo values of the cortical
regions in the right precentral gyrus, superior frontal
gyrus, middle frontal gyrus, and bilateral parietal lobe,
with a cluster size of 330 voxels (P<0.001, Fig. 2H).
However, significantly decreased ReHo values in the
subcortical regions were observed, significant reduc-
tions were noted in the left insula, left hippocampus,
parahippocampal region, and the white matter of the
left frontal and temporal lobes in the CPC 1-2 group
compared to the CPC 3-5 group (all P<0.01, Fig. 2I).

Predictive potential of rs-fMRI BOLD signals: ROC curve
analysis

ROC curves were established to evaluate the predictive
qualities of the rs-fMRI BOLD signals (Additional file 2:
Table S2). Among the clusters with abnormal ALFF val-
ues, the maximum area under the curve (AUC) for pre-
dicting prognosis of CPC 3-5 was found in the cluster
of the left middle temporal gyrus and inferior temporal
gyrus, with an AUC of 0.794 (P=0.007, Fig. 3 red line).
Among the clusters with abnormal fALFF values, the
cluster of the left superior parietal gyrus had the high-
est AUC for predicting prognosis of CPC 3-5, with a
value of 0.728 (P=0.035, Fig. 3 yellow line). The maxi-
mum AUC of the ReHo values for predicting progno-
sis of CPC 3-5 was observed in the cluster of the right
precentral gyrus, superior frontal gyrus, and middle
frontal gyrus, with an AUC of 0.943 (P<0.001, Fig. 3
blue line). Interestingly, the AUC of the serum NSE
concentration for predicting prognosis of CPC 3-5 was
0.820 (P=0.003, Fig. 3 green line).
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Table 1 Baseline demographic data and arrest characteristics
Variables Healthy controls CA patients P value CA patients P value
CPC1-2 CPC3-5
Number 20 31 - 12 19 -
Age,y 56 (52-59) 55 (46-62) 0.668 55 (43-59) 59 (46-65) 0.978
Male, n (%) 12 (60.0%) 20 (64.5%) 0.745 8 (64.3%) 12 (60.0%) 1.000
Education, y 12 (12-16) 12 (12-16) 1.000 12 (12-16) 12 (12-16) 0.834
DM, n (%) 6 (30.0%) 10 (29.4%) 0.865 3(25.0%) 7 (36.8%) 0.697
Hypertension, n (%) 6 (30.0%) 14 (44.1%) 0.279 5(41.7%) 9 (47.4%) 1.000
Dyslipidaemia, n (%) 5(25.0%) 7 (20.6%) 0.842 2(16.7%) 5 (26.3%) 0676
Smoking 7 (35.0%) 12 (35.3%) 0.789 4(33.3%) 8(42.1%) 0717
Alcohol consumption 5 (25.0%) 13 (38.2%) 0217 5 (41.7%) 8(42.1%) 1.000
Bystander CPR - 16 (50.0%) - 7 (58.3%) 9 (47.4%) 0.716
Time to ROSC, min - 20 (16-26) - 17 (13-20) 25(17-30) 0.010
pH - 7.37(7.35-7.42) - 7.37 (7.36-7.40) 7.38(7.35-7.42) 0.679
PaO2 (mmHg) - 104 (93-114) - 107 (97-120) 101 (93-113) 0223
PaCO2 (mmHg) - 40 (37-42) - 38 (36-41) 40 (37-43) 0279
Haemoglobin (g/L) 133 (126-138) 128 (124-134) 0219 130 (123-135) 127 (124-134) 0.500
SjvO2 (%) - 77 (69-84) - 69 (63-76) 83 (75-88) <0.001
Serum NSE (ng/mL) 5.8(3.8-84) 56.8(39.5-93.7) <0.001 40.8 (29.2-65.9) 864 (47.5-101.2) 0.006
SSEP responses, n (%): - 0.018
Bilaterally absent - 6 (19.3%) 0 6 (31.6%)
Unilaterally present - 3(9.7%) 0 3(15.8%)
Bilaterally present 22 (71.0%) 12 (100%) 10 (52.6%)
Left N20-baseline amplitude (uV) - 0.68 (0-1.28) - 1.38(1.18-1.66) 0.38 (0-0.62) <0.001

Data are shown as median and interquartile range unless otherwise indicated

CA cardiac arrest, CPC cerebral performance category, CPR Cardiopulmonary resuscitation, DM Diabetes mellitus, NSE neuron specific enolase, PaCO2 Partial pressure
of carbon dioxide in arterial blood, PaO2 Partial pressure of oxygen in arterial blood, ROSC return of spontaneous circulation, SjvO2 Jugular venous oxygen saturation,

SSEP Somatosensory evoked potentials

Correlations between rs-fMRI BOLD signals and CPC scores
Correlation analyses were performed between the rs-
fMRI BOLD signals and CPC scores in CA patients.
Among the clusters with abnormal ALFF values, the
best correlation was found in the cluster of the left mid-
dle temporal gyrus and inferior temporal gyrus, which
showed negative correlation with the CPC score (r=-
0.630, P<0.001, Fig. 4A). Abnormal fALFF values of
all the clusters had poor correlations with CPC scores
(P>0.05). However, among the clusters with abnormal
ReHo values, the cluster values of the right precentral
gyrus, superior frontal gyrus and middle frontal gyrus
showed a strong negative correlation with CPC scores
(r=—0.812, P<0.001, Fig. 4B).

Correlations between rs-fMRI BOLD signals and Sjv02

Although the ALFF values in the brains of CA patients
were elevated in some brain regions and decreased in
others, the mean ALFF values of the whole brain were
significantly greater in CA patients than in healthy con-
trols (P=0.010). Interestingly, there was a strong correla-
tion between the mean ALFF and SjvO2 in CA patients

(r=0.910, P<0.001, Fig. 4C). The mean fALFF values and
mean ReHo values of the whole brain had a poor correla-
tion with SjvO2.

Correlations between rs-fMRI BOLD signals and SSEP
responses

We analyzed the correlations between the rs-fMRI BOLD
signals of the left thalamus, insula, postcentral gyrus
and rolandic operculum and SSEP N20-baseline ampli-
tude. CA patients were divided into CPC 1-2 group and
CPC 3-5 group, and then CPC 3-5 group was catego-
rized into N20 presence and absence groups. The median
ALFF, fALFF and ReHo values in each group are shown
in Table 3. There were no differences between healthy
controls and those in the CPC 1-2 group (P> 0.05). How-
ever, the rs-fMRI measurements in the CPC 1-2 group
showed a stepwise change compared to those in the N20
presence and absence groups. The most significant dif-
ferences in the conduction pathways were the rs-fMRI
BOLD signals in the thalamus (all P<0.001). Correlation
analysis revealed that the SSEP N20-baseline amplitudes
in CA patients were negatively correlated with thalamic
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Table 2 The abnormal rs-fMRI BOLD signals clusters in localized brain regions of patients with cardiac arrest
Region Mni coordinate Cluster size  Peak T value
(Voxels)

X Y z
ALFF values
HCs > CA patients:
Left superior parietal gyrus -10 -62 72 107 — 5569
Right superior parietal gyrus 46 -52 58 280 —5559
HCs < CA patients:
Right paracentral lobule, postcentral gyrus, median cingulate 10 -36 64 400 4.940
Left paracentral lobule, postcentral gyrus, median cingulate -12 —-38 58 169 4.926
White matter of right frontal, parietal and insula lobe 44 -26 34 379 5.051
CPC 1-2 group > CPC 3-5 group:
Left middle temporal gyrus, inferior temporal gyrus -62 —-40 -16 330 6.758
fALFF values
HCs > CA patients:
Right superior parietal gyrus 48 -52 58 582 -5.818
Left superior parietal gyrus -10 -62 74 344 —5558
Bilateral occipital lobe, left cerebellum (1) -6 -92 38 825 -5.073
Right temporal lobe 60 - 54 20 218 —5.750
Reho values
HCs > CA patients:
Right frontal lobe 26 4 68 225 —5.943
Left frontal lobe -24 4 66 247 —4.723
Bilateral parietal lobe, occipital lobe, median and posterior cingulate gyrus 12 —-86 42 2260 —5.940
HCs < CA patients:
Bilateral fusiform gyrus, hippocampus, parahippocampal, insula, Cerebellum (4-5), Vermis 38 -52 0 7784 8.097
(1-5), right putamen, and white matter of bilateral temporal lobe
CPC 1-2 group > CPC 3-5 group:
Right precentral gyrus, superior frontal gyrus and middle frontal gyrus 42 8 58 512 7.389
Bilateral parietal lobe -4 -80 40 2403 8.275
CPC 1-2 group < CPC 3-5 group:
Left Insula - 34 18 8 360 —5.387
Left hippocampus, parahippocampal and white matter of left frontal and temporal lobe -26 -28 22 473 —-6.703

ALFF Amplitude of Low Frequency Fluctuation, BOLD blood oxygenation level-dependent, CA cardiac arrest, CPC cerebral performance category, fALFF fractional
Amplitude of Low Frequency Fluctuation, HC healthy controls, ReHo Regional Homogeneity, rs-fMRI Resting-state functional Magnetic Resonance Imaging

BOLD signals, including ALFF (r=— 0.777, P<0.001,
Fig. 5A), fALFF (r=— 0.586, P=0.001, Fig. 5B), and ReHo
(r=— 0.643, P<0.001, Fig. 5C).

Discussion

This study focused on detecting early changes in rs-fMRI
BOLD signals in comatose patients after CA. In this
cohort study, we ensured the homogeneity of the enrolled
patient population, including resuscitated patients with
presumed cardiac causes, patients with initial shockable
rhythms, patients with witnessed arrests, and the con-
sistency in the timing of MRI examinations. The poten-
tial confounding factors that may affect BOLD signals,
such as PaCO2 levels, haemoglobin levels, pH, PaO2, and
hemodynamics, remained consistent. This study showed

that the BOLD signals of resuscitated patients revealed
complex changes, characterized by increased activity in
some local brain regions and reduced activity in others
compared to those of healthy controls. Abnormal BOLD
signals were associated with neurological outcomes in
resuscitated patients. The mean ALFF values of the whole
brain were closely related to SjvO2 levels. The extent of
thalamic damage as revealed by BOLD signals may deter-
mine SSEP N20-baseline amplitudes.

The pathophysiology of HIBI can be divided into pri-
mary and secondary injuries, which are caused by cere-
bral ischemia during CA and reperfusion after successful
resuscitation. Due to the varying tolerances of different
brain regions to ischemia and hypoxia, neurological dam-
age in the brain may manifest as a mixed presentation
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Fig. 2 The abnormal rs-fMRI BOLD signals clusters in localized brain regions of patients with cardiac arrest. Clusters indicating regions

with significant increases in activity are highlighted in red-yellow, while those with significant decreases in activity are depicted in blue-white.
In comparison to the healthy controls, CA patients exhibited reduced BOLD signals primarily in the cortex, while increased BOLD signals were
predominantly distributed in subcortical areas. Patients in the CPC 1-2 group showed increased BOLD signals in the cortical regions compared

to those in the CPC 3-5 group

100

Siiiss

40—
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the ALFF values in the cluster of left middle temporal
gyrus and inferior temporal gyrus

the fALFF values in the cluster of left superior parictal
gyrus

the ReHo values in the cluster of right precentral gyrus,
superior frontal gyrus and middle frontal gyrus

- —— serum neuron-specific enolase (NSE) concentration
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Fig. 3 Receive operating characteristic curve for predicting poor
prognosis of rs-fMRI BOLD signals and serum NSE concentration

in post-resuscitated patients. Areas under the curve (AUCs) for poor
prognosis: the ALFF values in the cluster of left middle temporal
gyrus and inferior temporal gyrus (red line) 0.794, the fALFF values
in the cluster of left superior parietal gyrus (yellow line) 0.728,

the ReHo values in the cluster of right precentral gyrus, superior
frontal gyrus and middle frontal gyrus (blue line) 0.943, the serum
NSE concentration (green line) 0.820

where some brain regions experience no-reflow, others
exhibit hypoperfusion, and still others exhibit hyperemia
[3, 20]. Regional cerebral blood flow alterations result in
changes in deoxyhemoglobin concentration, which are
manifested by abnormal rs-fMRI BOLD signals [21]. Due

to the complex changes in cerebral hemodynamics after
CA, BOLD signals in different brain regions exhibit vary-
ing manifestations, characterized by increased activity in
some local brain regions and reduced activity in others.
The decreased BOLD signals may reflect regional dys-
function, accompanied by reduced local cerebral perfu-
sion [22, 23]. The increased BOLD signals might reflect
a compensatory mechanism of the brain to maintain a
desired function [19, 24]. We found that, in comparison
to healthy controls, CA patients exhibited reduced BOLD
signals primarily in localized cortical areas. This finding
may be attributed to the high susceptibility of the cor-
tex to hypoxia. Patients in the CPC 1-2 group showed
increased BOLD signals in cortical regions compared to
those in the CPC 3-5 group. This result may suggest that
patients with a favorable prognosis have better compen-
satory function in their cortex.

The regional biomarkers indicative of poor progno-
sis following OHCA are primarily identified using MRI
technology. Michael and colleagues showed that cortical
structures, in particular the occipital and temporal lobes,
and the putamen exhibited the most profound apparent
diffusion coefficient reductions in poor-outcome patients
after CA [25]. These brain regions have partial overlap
with our study. However, their study population includes
patients with in-hospital and out-of-hospital cardiac
arrests, encompassing a variety of etiologies. Previous
studies have also investigated the relationship between
connectivity of rs-fMRI and neurological outcomes in
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Table 3 The rs-fMRI BOLD signals of localized brain regions within the intracerebral conduction pathways for SSEP

HCs (n=20) CPC1-2(n=12) CPC3-5(n=19) P value
N20 present (n=11) N20 absent (n=28)

ALFF values

Postcentral gyrus 0.89 (0.83-0.95) 091 (O 88-0. 96) 0.84 (0.82-0.89) .81 (0.77-0.85) 0.037
Rolandic operculum 1.00 (0.96-1.06) 04 (1.0 06) 1.05 (0.99-1.07) .03 (0.98-1.08) 0.440
Insula 1.15(1.05-1.21) 09 (1.03-1.14) 1.10(1.09-1.14) 11(1.08-1.15) 0.376
Thalamus 0.90 (0.85-0.92) 0.90 (0.83-0. 93) 0.95 (0.88-1.07) .06 (1.03-1.08) <0.001
fALFF values

Postcentral gyrus 0.90 (0.88-0.92) 0.90 (0.90-0.93) 0.87 (0.85-0.94) 0.86 (0.85-0.89) 0.040
Rolandic operculum 0.95 (0.94-0.98) 0.97 (0.96-0. 99) 0.99 (0.96-0.99) 0.96 (0.95-0.97) 0.200
Insula 0.99 (0.96-1.03) 0.97 (0.95-1.01) 1.00(0.98-1.03) 00 (0.99-1.01) 0.099
Thalamus 0.90 (0.89-0.92) 0.91 (0.90-0. 95) 1.00 (0.90-1.01) 00 (0.98-1.01) <0.001
RetHo values

Postcentral gyrus 1.01(0.93-1.07) 1.02 (0.98-1.07) 0.89 (0.86-1.14) 0.88 (O 84-0.89) 0.002
Rolandic operculum 0.87 (0.84-0.89) 0.90 (0.88-0.92) 0.92 (0.89-0.93) 0.93 (0.91-0.93) 0.009
Insula 0.85 (0.79-0.89) 0.88(0.82-0.92) 0.93 (0.89-0.97) 0.95 (O 89-0.99) 0.001
Thalamus 0.73 (0.66-0.76) 0.71 (0.68-0.74) 81 (0.69-0.90) 0.89 (0.83-0.94) <0.001

Data are shown as median and interquartile range unless otherwise indicated

ALFF Amplitude of Low Frequency Fluctuation, BOLD blood oxygenation level-dependent, CPC cerebral performance category, fALFF fractional Amplitude of Low
Frequency Fluctuation, HCs healthy controls, ReHo Regional Homogeneity, rs-fMRI Resting-state functional Magnetic Resonance Imaging, SSEP Somatosensory

evoked potentials

CA patients. Pugin and colleagues reported higher func-
tional connectivity according to rs-fMRI in patients who
were recovering consciousness (n=17) [26]. However,
their study population included patients with in-hospi-
tal and out-of-hospital cardiac arrests, and they did not
clarify the consistency of various confounding factors
that may affect rs-fMRI BOLD signals. Keijzer and col-
leagues showed that resting-state functional connectivity

was strongly associated with neurological recovery
(n=48) [8]. However, only 28 patients were in a coma-
tose state during the MRI examination, and the etiologies
and confounding factors were not specified in their study.
Other studies showed that patients with unfavorable out-
comes typically exhibited decreased network strengths
in the default mode network, with MRI examinations
conducted between 4 and 13 days after CA [9, 10, 27].
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However, most of these studies did not quantify abnor-
mal neural activity in specific brain regions. Wu and col-
leagues reported that alterations in the regional neural
activity of rs-fMRI BOLD signals were associated with
cognitive and physical impairments in CA survivors with
preserved neurological function (n=13) [28]. However,
the MRI examinations in their study were performed at
14.85 +4.90 days after CA when the patient was in stable
condition. In this study, the study sample was as homo-
geneous as possible, and potential confounding factors
remained consistent. Furthermore, our study demon-
strated the characteristics of altered early regional neural
activity observed through rs-fMRI in comatose survivors
of CA.

The relationships between the rs-fMRI BOLD signals
and neurological outcomes were also evaluated in resus-
citated patients. ALFF showed decreased activity in the
cluster of the left middle temporal gyrus and inferior
temporal gyrus in the CPC 3-5 group compared to the
CPC 1-2 group. The activity of this cluster was associ-
ated with favorable prognosis in patients after CA. The
middle temporal gyrus and inferior temporal gyrus are
involved in several cognitive processes [29, 30]. The
decreased ALFF values of these regions may suggest
potential cognitive impairments in resuscitated patients.
ReHo exhibited a broader distribution of abnormal
regions in the CPC 3-5 group. Of these, the clusters of
the right anterior frontal gyrus, superior frontal gyrus,
and middle frontal gyrus were more strongly associ-
ated with poor functional recovery. Interestingly, these
regions are involved in conscious perception, attention
and memory and executive functions [31, 32]. Our inves-
tigation also revealed significant differences in ReHo val-
ues within specific brain regions, including the parietal
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lobe, the left hippocampus, the parahippocampal region,
and the white matter of the left frontal and temporal
lobes. The parietal lobe may be involved in integrating
information from different sensory modalities, contrib-
uting to conscious awareness [33]. The left insula plays
a significant role in the formation and regulation of con-
sciousness, particularly in emotional awareness and self-
awareness [34]. The left hippocampus is implicated in the
integration of memory and the perception of time, aiding
in the formation of a continuous sense of self [35]. The
parahippocampal area is particularly involved in visual
memory and scene recognition [36]. The white matter
of the left frontal and temporal lobes may facilitate rapid
information exchange between different brain regions,
which is crucial for the formation of a coherent conscious
experience [37]. Notably, the predictive potential of the
ReHo was greater than that of the serum NSE concentra-
tion in resuscitated patients. The possible reason for this
may be that rs-fMRI BOLD signals can be direct indica-
tors of changes in local brain activity, whereas the serum
NSE concentration is an indirect indicator based on its
release into the peripheral blood through the compro-
mised blood brain barrier (BBB) [38].

Another interesting finding of this study was that the
mean ALFF values of the whole brain were closely related
to SjvO2 levels. An increased mean SjvO2 was often
associated with unfavorable outcomes in patients after
CA [12, 13]. Impaired oxygen diffusion or compensatory
mechanisms for hypoxic-ischemic brain injury result in
elevated levels of oxyhemoglobin and reduced levels of
deoxyhemoglobin in cerebral capillaries, as evidenced by
increased ALFF values. This phenomenon may lead to
the "arterialization" of venous blood, which manifests as
elevated SjvO2 levels.
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The SSEP is one of the guideline-recommended multi-
modal prediction approaches for assessing the initiation
of withdrawal of life-sustaining treatment (WLST) [4,
39]. The bilateral absence of N20 SSEP responses is con-
sidered a reliable predictor of poor prognosis, however
its sensitivity is only approximately 30% [4, 40]. Some
studies have suggested that a low N20-baseline amplitude
may have a higher sensitivity for predicting poor out-
comes in resuscitated patients [16, 17]. These alterations
may depend on the extent of damage to the thalamocorti-
cal loop, particularly involving the thalamus. This study
demonstrated that the N20-baseline amplitudes were
strongly correlated with the degree of thalamic damage,
as reflected in the rs-fMRI BOLD signal. Interestingly,
postmortem histopathology in postanoxic coma patients
revealed that the absence of SSEP responses was always
accompanied by thalamic damage [15]. Notably, previous
studies have shown that a high N20-baseline amplitude
predicts a good prognosis with high specificity but low
to moderate sensitivity [16, 41]. The pathophysiological
mechanism of this phenomenon may be elucidated in our
research. Although the intracerebral conduction path-
ways for SSEP remain intact, abnormal activity in other
localized brain regions associated with conscious percep-
tion and processing may also lead to unfavorable neuro-
logical prognosis.

This study has several limitations. First, the study
population included patients with CA that was con-
sidered cardiac cause, an initial shockable rhythm and
witnessed arrests. The different etiologies of CA may
involve in different pathophysiological mechanism [42,
43]. And other variables, such as the quality of CPR
and time to ROSC, may affect the degree of cerebral
hypoxia—ischemia in patients with CA. Therefore, it is
important to note that the abnormal rs-fMRI BOLD
signals observed in this study may not be generaliz-
able to all patients with CA. And despite our efforts to
control for the impact of potential confounding fac-
tors, the influence of respiratory variations during the
MRI examination may not be entirely eliminated. Sec-
ond, the impaired oxygen diffusion or compensatory
mechanisms in HIBI may undergo changes over time.
Dynamic monitoring of rs-fMRI BOLD signals in resus-
citated patients may provide additional valuable infor-
mation. Studies have demonstrated that breath-hold
challenges can serve as a useful tool to probe cerebro-
vascular reactivity, which was mapped using the BOLD
signal of fMRI [44, 45]. Incorporating breath-hold
paradigms into rs-fMRI protocols to directly assess
cerebrovascular reactivity in resuscitated patients may
provide additional information regarding neurological
prognosis. Third, quantitative electroencephalography
(qEEG) was not included in the study. qEEG analyses
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the electrical activity of the brain to measure and dis-
play patterns that correspond to diagnostic information
[46]. Investigating the correlation between qEEG and
rs-fMRI BOLD signals could be an interesting direc-
tion for future research. Fourth, this study focused on
the local function of specific brain regions through the
analysis of rs-fMRI activity. The functional connectivity
between different brain areas could be detected using
rs-fMRI connectivity analysis [47]. Examining both
the local and global organization of brain networks in
resuscitated patients may reveal more comprehensive
information.

Conclusions

This study revealed that abnormal rs-fMRI BOLD sig-
nals in resuscitated patients showed complex changes,
characterized by increased activity in some local brain
regions and reduced activity in others. Abnormal BOLD
signals were associated with neurological outcomes in
resuscitated patients. The mean ALFF values of the whole
brain were closely related to SjvO2 levels, and changes in
thalamic BOLD signals correlated with the N20-baseline
amplitudes of SSEP responses.
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