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Introduction: Post-COVID-19 condition refers to a range of persisting physical, neurocognitive, and neuropsy-
chological symptoms after SARS-CoV-2 infection. Abnormalities in brain connectivity were found in recovered
patients compared to non-infected controls. This study aims to evaluate the effect of hyperbaric oxygen therapy
(HBOT) on brain connectivity in post-COVID-19 patients.

Methods: In this randomized, sham-controlled, double-blind trial, 73 patients were randomized to receive 40
daily sessions of HBOT (n = 37) or sham treatment (n = 36). We examined pre- and post-treatment resting-state
brain functional magnetic resonance imaging (fMRI) and diffusion tensor imaging (DTI) scans to evaluate
functional and structural connectivity changes, which were correlated to cognitive and psychological distress
measures.

Results: The ROI-to-ROI analysis revealed decreased internetwork connectivity in the HBOT group which was
negatively correlated to improvements in attention and executive function scores (p < 0.001). Significant group-
by-time interactions were demonstrated in the right hippocampal resting state function connectivity (rsFC) in the
medial prefrontal cortex (Prwg = 0.002). Seed-to-voxel analysis also revealed a negative correlation in the brief
symptom inventory (BSI-18) score and in the rsFC between the amygdala seed, the angular gyrus, and the pri-
mary sensory motor area (Prywg = 0.012, 0.002). Positive correlations were found between the BSI-18 score and
the left insular cortex seed and FPN (angular gyrus) (Prwg < 0.0001). Tractography based structural connectivity
analysis showed a significant group-by-time interaction in the fractional anisotropy (FA) of left amygdala tracts
(F = 7.81, P = 0.007). The efficacy measure had significant group-by-time interactions (F = 5.98, p = 0.017) in
the amygdala circuit.

Conclusions: This study indicates that HBOT improves disruptions in white matter tracts and alters the functional
connectivity organization of neural pathways attributed to cognitive and emotional recovery in post-COVID-19
patients. This study also highlights the potential of structural and functional connectivity analysis as a promising
treatment response monitoring tool.

1. Introduction COVID-19 with having symptoms that persist for more than two months

and cannot be explained by an alternative diagnosis (WHO, 2019).

The ongoing respiratory syndrome coronavirus 2 (SARS-CoV-2)
pandemic has resulted in a highly prevalent new global long-term con-
dition, defined by the World Health Organization as post-COVID-19
condition (Ceban et al., 2022; Herridge and Azoulay, 2022; Michelen
et al., 2021). This condition is confirmed three months from the onset of

Moreover, a recently published systematic review revealed that multiple
physical, cognitive, and mental health symptoms persist for at least one
year in a sizeable proportion of COVID-19 survivors (Han et al., 2022).

There is growing evidence that abnormalities seen in brain imaging
are highly associated with the neurological sequelae of COVID-19. In the
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acute stage, neuroimaging studies show the presence of a wide range of
cerebrovascular pathologies: micro and macro-bleeds, cerebral swelling,
and hemorrhage in gray matter (GM) and white matter (WM) (Egbert
et al., 2020; Katal et al., 2021). Recent review studies have revealed
predominant involvement of the olfactory area, along with neighboring
brain regions, including the prefrontal and limbic regions, in recovered
COVID-19 patients, two to six months after infection. These studies have
demonstrated structural and functional abnormalities including white
matter hyperintensities (WMH), reduced gray matter volume, hypo-
perfusion, and microstructure changes (Benedetti et al., 2021; Duan
et al., 2021; Huang et al., 2022; Najt et al., 2021; Qin et al., 2021). A
recent large-scale neuroimaging study using the UK biobank cohort
identified longitudinal effects in structural and functional brain scans
before and after mild infections with COVID-19, with an average 141
days between the infection and second imaging scan. The study
demonstrated significant loss of gray matter in areas with high con-
nectivity to the olfactory system: the parahippocampal gyrus, the lateral
orbitofrontal cortex, and the insula, notably in the left hemisphere.
Mean diffusivity differences in longitudinal effects between recovered
patients and controls were seen mainly in the orbitofrontal cortex,
anterior cingulate cortex, as well as in the left insula and amygdala
(Douaud et al., 2021; Douaud et al., 2022). Dysregulations in resting
state functional connectivity (rsFC) within and between major neural
networks have been identified among COVID-19 survivors two weeks to
six months after infection. These alternations were associated with
cognitive deficits, fatigue, depression, psychological distress, and post-
traumatic stress disorder (PTSD) symptoms (Benedetti et al., 2021;
Esposito et al., 2022; Fu et al., 2021; Hafiz et al., 2022; Silva et al., 2021;
Tu et al., 2021; Yildirim et al., 2022).

We have recently shown in a prospective, randomized sham-
controlled trial that hyperbaric oxygen therapy (HBOT) improves dys-
executive functions, psychiatric symptoms and fatigue in post-COVID-19
condition patients (Zilberman-Itskovich et al., 2022). Clinical im-
provements were correlated with increased cerebral blood flow (CBF),
increased gray-matter mean diffusivity (MD), and increased white-
matter fractional anisotropy (FA) in frontal, parietal and limbic re-
gions associated with cognitive and psychiatric roles. These findings are
supported by pre-clinical and clinical studies demonstrating HBOT’s
neuroplasticity effects through multiple mechanisms including anti-
inflammatory, mitochondrial function restoration, increased perfusion
via angiogenesis and induction, proliferation and migration of stem cells
(Brkic et al., 2012; Efrati and Ben-Jacob, 2014; Gottfried et al., 2021;
Hadanny and Efrati, 2020; Rockswold et al., 2010).

The aim of the current study was to further evaluate HBOT’s effect on
rsFC in patients suffering from post-COVID-19 condition, and its corre-
lation to cognitive and psychiatric symptoms, in a randomized, sham-
controlled, double blind clinical trial.

2. Methods
2.1. Patients

Patients were at least 18 years old with reported post-COVID-19
cognitive symptoms that affected their quality of life and persisted for
more than three months following an RT-PCR test confirming a symp-
tomatic SARS-CoV-2 infection. Patients were excluded if they had a
history of pathological cognitive decline, traumatic brain injury or any
other known non-COVID-19 brain pathology. Participants were
recruited through public announcements, and from post-COVID-19
clinics.

2.2. Trial design
A prospective randomized, double-blind, sham-controlled trial was

conducted at the Shamir Medical Center (SMC), Israel. After signing an
informed consent, patients were randomized to either HBOT or control
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groups at a 1:1 ratio according to a computerized randomization table,
supervised by a blinded researcher. Evaluation procedures were done at
baseline and 1-3 weeks after the last HBOT/control session. All evalu-
ators were blinded to the patients’ group allocation.

This study is part of a comprehensive post-COVID-19 condition
study. Detailed overview of the methodology and results of the clinical
outcomes are provided in the study protocol and in (Zilberman-Itskovich
et al., 2022). The study was approved by SMC’s Institutional Review
Board (IRB) (No. 332-20-ASF) and all participants signed an informed
consent prior to their inclusion. All research was performed according to
the relevant guidelines and regulations.

2.3. Intervention

Both HBOT and sham protocols were administrated in a multi-place
Starmed-2700 chamber (HAUX, Germany). The protocol comprised of
40 daily sessions, five sessions per week within a two-month period. The
HBOT protocol included breathing 100 % oxygen by mask at 2ATA for
90 min with five-minute air-breaks every 20 min. Compression/
decompression rates were 1.0 m/minute. The sham protocol included
breathing 21 % oxygen by mask at 1.03 ATA for 90 min. To mask the
controls, the chamber pressure was raised up to 1.2 ATA during the first
five minutes of the session along with circulating air noise followed by
decompression (0.4 m/minute) to 1.03 ATA during the next five
minutes.

2.4. Outcome measures

The primary outcome of the study was the cognitive assessment as
evaluated by the NeuroTrax computerized cognitive testing battery
(NeuroTrax Corporation, Bellaire, TX). This assessment evaluates
various cognitive domains including memory, executive function,
attention, information processing speed, and motor skills. Cognitive
scores were normalized for age, gender and educational levels (Doniger,
2007, 2012).

The brief symptom inventory (BSI-18) was used to evaluate psy-
chological distress, based on three subscales: depression, anxiety, and
somatization.

2.4.1. Brain imaging

Brain imaging MRI scans were performed on a MAGNETOM VIDA 3
T scanner, configured with 64-channel receiver head coils (Siemens
Healthcare, Erlangen, Germany). The MRI protocol included 3D T2-
weighted, 3D fluid attenuated inversion recovery (FLAIR), susceptibil-
ity weighted imaging (SWI), pre and post contrast high-resolution T1-
weighted (MPRAGE), and diffusion tensor imaging (DTI) for structural
WM connectivity determination.

Structural T1-weighted MRI scans were acquired for co-registration
purposes using a T1l-weighted 3D magnetization-prepared rapid
gradient-echo (MPRAGE) sequence in sagittal plane with 1 mm isotropic
resolution. Sequence parameters: TR: 2,000 ms, TE: 1.9 ms, flip angle:
9°, TI: 920 ms, FOV: 256 x 256, and 256 contiguous slices.

A total of 300 volumes (7:40 min) resting state fMRI scans were
acquired using gradient-echo-planar imaging BOLD sequence. Scan pa-
rameters: TR: 1,500 ms, TE: 30 ms, flip angle: 90°, voxel size:
2.2x2.2x3.0 mm, distance factor: 25 %, FOV: 210, number of slices: 36,
axial slices parallel to the AP-PC plane. During scanning, each partici-
pant was asked to remain still and relaxed, with eyes open, and without
thinking of anything deliberate. Foam pads and earplugs were employed
to reduce head motion and scanning noise.

Whole brain diffusion weighted images were acquired with the
following parameters: sixty axial slices, slice thickness = 2 mm, voxel
size = 2x2 mm, TR = 3400 ms, TE = 63 ms, and matrix = 248x128 mm,
SMS factor = 3. Diffusion gradients were applied along 64 noncollinear
directions (b = 1000 s/mm2) and seven volumes without diffusion
weighting, including five volumes in read directions and two volumes in



M. Catalogna et al.

Table 1
Baseline characteristics.
HBOT Control P-
VALUE
N 28 28
Age (V) 48.2 +£10.6 48.2 +9.5 1.000
Males 15 (53.6) 7 (25.0) 0.054
Female 13 (46.4) 21 (75.0) 0.054
BMI (Kg/m?) 27.0+5.5 26.6 + 5.1 0.760
Years of education 147 £ 2.5 149 £ 4.0 0.843
Marital status
Single 3(10.7) 7 (25.0) 0.295
Married 21 (75.0) 15 (53.6) 0.162
Divorced 2(7.1) 5(17.9) 0.422
Widowed 2(7.1) 1(3.6) 1.000
N of children 25+13 21+14 0.377
Employment status 3(10.7) 3(10.7) 1.000
Time from infection (days) 157.5 + 171.5 + 0.482
74.5 71.1
MoCA - cognitive assessment 259+ 2.7 249 + 3.4 0.222
Hospitalized* 4(14.3) 4 (14.3) 1.000
High risk conditions
BMI™> 30 9(32.1) 8 (28.6) 1.000
Age >60Y 3(10.7) 4 (14.3) 1.000
Cancer 0 (0.0) 0 (0.0) 1.000
Diabetes mellitus 0(0.0) 1 (3.6) 1.000
Hypertension 4 (14.3) 2(7.1) 0.669
Heart disease 1(3.6) 1(3.6) 1.000
Immune deficiency 0(0.0) 0 (0.0) 1.000
Asthma 1(3.6) 0 (0.0) 1.000
Other chronic lung diseases 0 (0.0) 0 (0.0) 1.000
Chronic liver disease 0(0.0) 3(10.7) 0.236
Chronic kidney disease 0(0.0) 0 (0.0) 1.000
Hematologic disease\disorder 0 (0.0) 0 (0.0) 1.000
Chronic neurological impairment 1(3.6) 1(3.6) 1.000
\disease
Smoking
Current 0(0.0) 0 (0.0) 1.000
Previous 8 (28.6) 4 (14.3) 0.329

Data presented as n (%); continuous data, mean + SD; { The body-mass index is
the weight in kilograms divided by the square of the height in meters.
* during COVID19 infection; MoCA, Montreal cognitive assessment.

phase direction to compensate for EPI distortions.

White matter hyperintensities (WMH) were assessed, by an experi-
enced neuroradiologist, on axial 3D FLAIR images and rated according
to the age-related white matter change and Fazekas scales (standard 4-
point scales) (Fazekas et al., 1987).

2.4.2. BOLD data preprocessing

Functional connectivity analysis was carried out using the CONN-
fMRI toolbox v17 as implemented using statistical parametric map-
ping software SPM12 (https://www.fil.ion.ucl.ac.uk/spm). Functional
volumes pre-processing pipeline included slice-timing correction,
realignment, co-registration, normalization to MNI space (152-brain
template) with a resolution voxel size of 2 x 2 x 2 mm, and spatial
smoothing (8 mm FWHM Gaussian kernel) steps (Whitfield-Gabrieli and
Nieto-Castanon, 2012). The preprocessing steps derived (1) the
realignment covariate, containing the six rigid-body parameters char-
acterizing the estimated subject motion, (2) the scrubbing covariate
containing potential outlier scans performed with CONNs artifact
detection tool (ART), and (3) the quality assurance (QA) covariate based
on global signal change (>3 standard deviations from the mean image
intensity) and framewise displacement (FD) scan-to-scan head-motion.
Age and sex were also used as group (second level) covariates. A
component-based noise correction procedure (CompCor) approach
(Behzadi et al., 2007) was used to identify additional confounding
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temporal factors controlling for physiological noise, BOLD signal present
in WM, and head motion effects. Finally, residual BOLD time series were
then bandpass filtered at a frequency range of 0.01-0.1 Hz (Whitfield-
Gabrieli and Nieto-Castanon, 2012). Individual connectivity maps were
generated using the seed-to-voxel approach. We examined rsFC using a
priori seeds derived from the FSL Harvard-Oxford atlas (Desikan et al.,
2006), focusing on COVID-19 related commonly reported large-scale
brain networks, which included: default mode (DMN), salience (SN),
dorsal attention (DAN), fronto-parietal (FPN) (also known as central
executive network, CEN), and sensorimotor (SMN). We also examined
the rsFC of the hippocampus, amygdala and insula as seed ROlIs,
following the hypothesis of the involvement of these regions in post-
covid symptoms (networks and the coordinates of the associated seed
regions are presented in Supplementary Table 1). Bivariate correlation
analysis was used to determine the linear association of the BOLD time
series between the seed and significant voxel clusters. Fisher’s Z trans-
formation was applied to the correlation coefficients to satisfy normality
assumptions. Then, functional connectivity maps were thresholded at P
< 0.05 false discovery rate (FDR) corrected for multiple comparisons
(Whitfield-Gabrieli and Nieto-Castanon, 2012). Finally, participants
with head motions of > 2 mm in any direction between volumes, rota-
tions of > 2° in any axis during scanning, or mean FD of > 0.5 in either
the pre- or post-treatment maps were excluded from the dataset.

2.4.3. Adjusted ROI-to-ROI network analysis

We defined the adjusted ROI-to-ROI network analysis. We used the
seeds described above (Supplementary Table S1) to conduct adjusted
ROI-to-ROI network analysis to test connectivity within and between
DMN, SNN, DAN, FPN and SMN networks. To overcome anatomical
variations between patients, patient specific adjusted ROIs were derived
as follows: in each map, a cluster was identified in within spheres of 6
mm radii centered on the coordinates of interest from each network.
Then, the voxel with the maximal value within the sphere was identified
as the adjusted ROL. For each corrected location, the mean Z-score value
was calculated within a 3 mm radius. Inter-network and intra-network
connectivity values were calculated producing a symmetrical 22 x 22
connectivity matrix. Analysis was performed using inhouse software
written in MATLAB R2021b (MathWorks, Natick, MA).

2.4.4. DTI data analysis

Preprocessing of DWI images and DTI analysis was performed with
ExploreDTI software (https://www.ExploreDTIL.com) (Leemans et al.,
2009) including regularization (denoising) motion and distortion
correction.

A whole-brain structural connectivity matrix was computed using a
network analysis tool implemented in the ExploreDTI software. We used
the automated anatomical labeling (AAL) atlas as a template with 90
distinct regions of interest (ROIs) which were registered to each sub-
ject’s dataset (Tzourio-Mazoyer et al., 2002). Tractography was per-
formed between every inversely transformed AAL-ROI pair using the
criteria of angle threshold > 45° and FA < 0.2. Then, 90x90 connectivity
matrices (CMs) were derived according to the following variables:
fractional anisotropy (FA), mean diffusion (MD), radial diffusion (RD),
axial diffusivity (AD), linear anisotropy (Cl), planar anisotropy (Cp), and
spherical anisotropy (Cs), average tract length, and density weight
(Alexander et al., 2000; Hagmann et al., 2008). Whole brain density, and
whole brain and regional efficacy were calculated using the brain con-
nectivity toolbox (https://sites.google.com/site/bctnet/) (see Supple-
mentary Materials for more details). Finally, we extracted tracts passing
through either the left or the right ROIs: amygdala, hippocampus and
insula, used as seed regions for MRI tractography, and calculated the
total variable measure (Tv) of the ROI tracts (according to (Soravia et al.,
2022):
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90
Ty = Z CMgori

i=1

where, CM is the connectivity matrix, ROI is the index in the AAL
atlas, and V is the examined variable (FA, MD, RD, etc.).

2.5. Statistical analysis

2.5.1. Descriptive statistics

The demographics and clinical continuous data are expressed as
means + standard deviations (SD). Two-tailed independent t-tests were
performed to compare variables between groups when a normality
assumption held according to a Kolmogorov-Smirnov test. Categorical
data were expressed in numbers and percentages, compared by chi-
square/Fisher’s exact tests. Data analysis was performed using MATLAB
R2021b (MathWorks, Natick, MA) statistics and machine learning
toolbox.

2.5.2. Imaging analysis statistic

At the group level, seed-to-voxel resting-state functional connectivity
(rsFC) was analyzed using a mixed design repeated measure ANOVA
model to test the main interaction effect between time and group. The
analysis was implemented in SPM software (version 12, UCL, London,
UK) with a non-parametric permutation-based (1000 permutation)
analysis approach across the entire brain volume (Bullmore et al., 1999;
Whitfield-Gabrieli and Nieto-Castanon, 2012). RsFC was considered
significant at joint-probability thresholds of 0.001 at the voxel level, and
p < 0.05 family-wise error (FWE) corrected for multiple comparisons
across the whole brain at the cluster level, with a minimum cluster size
of 50 voxels. The REX toolbox was used to extract cluster connectivity
statistical values (Whitfield-Gabrieli and Nieto-Castanon, 2012). Wil-
coxon rank-sum tests were used to test for differences in rsFC between
the HBOT group and controls in the ROI-to-ROI analysis. The nonpara-
metric effect size was calculated as Z divided by the square root of the
number of observations (Fritz, 2011). P-values were corrected for mul-
tiple correlations based on a false discovery rate using the Benjamini-
Hochberg FDR procedure (P < 0.05) (Benjamini and Hochberg, 1995).
Spearman rank correlations were used to test for associations with
cognitive and BSI-18 scores.

The structural connectivity group analysis was performed using a
mixed design repeated measure ANOVA model to test the main inter-
action effect between time and group. Data analysis was performed
using the MATLAB R2021b (MathWorks, Natick, MA) Statistics and
Machine Learning Toolbox.

2.5.3. Sample size

The sample size was estimated on the basis of the primary outcome
based on our recent study in healthy adults (Amir et al., 2020). A
NeuroTrax global cognitive score improvement of 5.2 and 0.8 points,
with a standard deviation of 6.7 points was found in the HBOT and
control groups respectively. Assuming a power of 80 %, and 5 % two-
sided level of significance, a total of 74 participants would be
required, 37 participants in each arm. Considering a dropout rate of 15
% the total sample size required is 85.

3. Results
3.1. Patients

Ninety-one patients were eligible to participate in the study. Twelve
patients did not complete baseline evaluations and the remaining
seventy-nine were randomized to one of the two arms. Two patients
from the control group withdrew their consent during treatment, and
one patient was excluded due to poor compliance and did not complete
the assessments. Two patients from the HBOT group were excluded, one
due to intercurrent illness, and one due to a personal event that
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Table 2
ROI-to-ROI network analysis: changes in post-treatment functional connec-
tivity in HBOT compared to controls.

SEED TARGET Punc- Prpr- Effect
value value size
Decrease in
1sFC
Intra-network connectivity
SMN. SN.RPFC 0.0001 0.024 —0.472
Superior (R)
SMN. SN.RPFC 0.0004 0.049 —0.419
Superior (L)
SMN. SN.ACC 0.0007 0.057 —0.397
Superior
SMN.Lateral SN.RPFC 0.0018 0.061 —0.358
@ @
SMN.Lateral ~ SN.RPFC 0.0031 0.060 —0.334
(L) ®)
SMN.Lateral =~ FPN.LPFC 0.0047 0.067 —-0.314
(L) R)
SN.Alnsula FPN.LPFC 0.0016 0.074 —0.364
@) ®)
SN.ACC DAN.FEF 0.0018 0.068 —-0.365
R)
SN.Alnsula FPN.PPC 0.0034 0.061 —-0.329
@) @
SN.RPFC (L)  DAN.FEF 0.0043 0.071 —0.318
@
DMN.LP (R) FPN.LPFC 0.0020 0.059 —0.354
@
DMN.LP (R) FPN.PPC 0.0023 0.060 —0.347
@
Inter-network connectivity
FP.PPC (L) FP.PPC (R) 0.0012 0.071 -0.375
Increase in
FC
Intra-network connectivity
S.RPFC/L FP.LPFC/R 0.0030 0.063 0.336
Inter-network connectivity
SN.ACC SN. 0.0028 0.065 0.338
Ainsula/L
SN.ACC SN.RPFC/L 0.0045 0.069 0.316

Default mode (DMN), dorsal attention (DAN), fronto-parietal (FPN), salience
network (SN), sensorimotor (SMN); BOLD Pgpgr < 0.05, UNC, uncorrected, FDR.
false discovery rate, R, right, L, left.

prevented completion of the protocol. An additional patient from the
HBOT group withdrew his consent during treatment. Accordingly, 37
patients from the HBOT group and 36 patients from the control group
completed the protocol and were included in the analysis. The patient
flowchart and study timeline are presented in Supplementary Figure S1.
No statistically significant differences between the two groups were
observed in baseline characteristics. From the study sample, nine pa-
tients from the HBOT group and eight patients from the control group
were excluded from further analysis due to excessive motion or head
motion artifacts. Consequently, the final analysis included 28 patients
from each group, and no significant difference in head motion was found
between the groups (max translation, 1.02 + 0.46 and 1.07 &+ 0.41, p =
0.549, max rotation, 0.84 + 0.44 and 1.00 + 0.54, p = 0.087). The
baseline characteristics of the patients are summarized in Table 1.

At baseline, 12 (54 %) patients had mild, and two patients had
moderate WMH in the HBOT group, and 17 (47 %) patients had mild,
and two patients had moderate WMH in the control group (P = 0.642)
according to the Fazekas scale (Supplementary Table S2). There was no
change in WMH analysis after HBOT or control sessions.

The results of the cognitive tests and BSI-18 questionnaires are
detailed in our previous publication (Zilberman-Itskovich et al., 2022)
and were used for correlation with the connectivity data. Briefly,
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Decreased connectivity

SN.RPFC SN.RPFC

FPN.LPFC P FPN.LPFC

S-SR FPN.PPG

s O

FPN.PPG
DMN.LP
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Increased connectivity

FPN.LPFC

SN.RPFC

SN.AINS

Default Mode (DMN)
Dorsal Attention (DAN)
2 Fronto-Parietal (FPN)
Salience (SN)
Sensorimotor (SMN)

Fig. 1. ROI-to-ROI network analysis longitudinal group differences. Changes in post-treatment functional connectivity in the HBOT group compared to controls.
Node color - network, node size — significance (see Table 2). Edge color: blue, inter-network connectivity; green, intra-network connectivity. Brain images were
created using BrainNet Viewer software (http://www.nitrc.org/projects/bnv/). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 3

Correlations between changes in rsFC and changes in cognitive scores.
connection Cognitive index r P-value
SMN.Superior SN.RPFC (L) EF —0.510 0.0001
DAN.FEF/R SN.ACC Attention —0.453 0.0005
DAN.FEF (L) SN.RPFC (L) IPS —0.441 0.0008
SMN.Superior SN.RPFC (L) Global —0.374 0.0046
DMN.LP (R) FPN.LPFC (L) EF —0.350 0.0081
SMN.Superior SN.RPFC (L) Motor skills —0.343 0.0095
SN.AlInsula (L) FPN.LPFC (R) EF —0.306 0.0220
DMN.LP (R) FPN.LPFC (L) Attention —0.304 0.0227
FPN.LPFC (L) DMNL.LP (R) BSI-18 0.2781 0.0380
SN.AlInsula (L) FPN.LPFC (R) Global —0.273 0.0421
SN.RPFC (L) SMN.Superior BSI-18 0.263 0.0499

Default mode (DMN), dorsal attention (DAN), fronto-parietal (FPN), salience
network (SN), sensorimotor (SMN), EF, executive function, IPS, information
processing speed, BSI-18, BSI-18 questionnaire total score, r, Pearson’s corre-
lation coefficient, R, right, L, left.

following HBOT, there was a significant group-by-time interaction in
global cognitive function, attention and executive function (d = 0.495,
p =0.038; d = 0.477, p = 0.04 and d = 0.463, p = 0.05 respectively).
Improvement in psychological symptoms were also demonstrated after
HBOT with significant group-by-time interaction and large effect size in
the total BSI-18 score (d = 0.636, p = 0.008). Both somatization (d =
0.588, p = 0.014) and depression (d = 0.491, p = 0.04) scores showed
significant group-by-time interactions.

3.2. ROI-to-ROI network analysis

Table 2 and Fig. 1 show group differences in rsFC. The ROI-to-ROI
analysis revealed decreased SMN-SN connectivity between the supe-
rior primary motor area and bilateral rostral prefrontal cortex (RPFC)
seeds (Pppr = 0.024, 0.049, ES = -0.472, —0.419) in the HBOT group
compared to controls. There was a trend-level reduction with a mod-
erate effect size in the DMN-FPN connectivity between the right lateral
parietal (LP) and left lateral prefrontal cortex (LPFC) and posterior pa-
rietal cortex (PPC) (p = 0.002, 0.0023, Prpg = 0.059, 0.06, ES = -0.354
and —0.347), and in the sN-FPN connectivity between the left anterior-
insula and the left posterior parietal cortex (PPC) (p = 0.0034, Pppr =
0.061, ES = -0.365). Importantly, changes in NeuroTrax attention index
negatively correlated to connectivity between DMN and FPN (r =

-0.453, p = 0.0005), while changes in executive function index was
negatively correlated to sN-SMN connectivity and sN-FPN connectivity
(r =-0.510, —0.361, p = 0.0001, 0.007 respectively) (Table 3, Fig. 2). A
trend-level hyperconnectivity was detected within the SN between ACC,
anterior-insula and RPFC seeds, and sN-FPN between RPFC and LPFC
seeds (Table 2, Fig. 1).

3.3. Seed-to-voxel based rsFC analysis of the hippocampus

Seed-to-voxel based functional connectivity analysis revealed a
significantly increased rsFC in the HBOT group compared to the con-
trols, as shown in Fig. 3. Significant group-by-time interactions were
demonstrated in the right hippocampal and the left parahippocampal
rsFC with the medial prefrontal cortex (DMN-MPFC, BA10) (T = -5.0,
—4.19, Ppywg = 0.002, 0.024, respectively).

3.4. 1sFC of the amygdala and the insula

Next, we investigated the relationship between cognitive and psy-
chiatric scores, and the amygdala and insula maps using voxel-based
analysis as shown in Table 4 and Fig. 4. Negative correlations were
observed between the BSI-18 score and rsFN between the amygdala seed
and FPN (angular gyrus) and SMN (primary sensory motor area) (Prwg
= 0.012, 0.002). Positive correlations were found between the BSI-18
score and the left insular cortex seed and FPN (angular gyrus) (Prwg
< 0.0001). Positive correlations with cognitive scores (IPS, EF) were
found between the amygdala seed and the SN (supramarginal gyrus) and
Broca area (a region suggested to part of the language network) (Prwg <
0.05).

3.5. Structural connectivity of the amygdala

There were no significant differences between the groups in all the
baseline structural connectivity measures (Table S3). There was a sig-
nificant group-by-time interaction in the FA of left amygdala tracts post-
HBOT compared to the control group (F = 7.81, P = 0.007) (Fig. 5).
Additionally, Cl and efficacy measures had significant group-by-time
interactions (F = 8.452, p = 0.005 and F = 5.98, p = 0.017 respec-
tively) (Supplementary Table S3). No significant change was detected in
the hippocampus and insula measures. There was no significant change
in whole brain structural efficacy (F = 0.24, P = 0.628). There was a
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significant negative correlation between the left amygdala FA changes
and changes in BSI-18 scores analyzed in the entire cohort (r = -0.350, p
= 0.005), as shown in Fig. 5B.

4. Discussion

In this randomized sham-controlled trial, we identified longitudinal
changes in cerebral network functional and structural connectivity
during cognitive and emotional recovery in post-COVID-19 patients. We
found that improvements in cognitive function induced by HBOT is
correlated with reorganization and restoration of connectivity patterns
between large-scale cognitive control networks. Moreover, enhance-
ment in both functional connectivity and structural efficacy parameters
of the amygdala circuit may reflect improvements in psychiatric symp-
toms related to post-COVID-19 condition.

Abnormalities in rsFC were found in individuals in the acute stage of
severe to mild COVID-19 infection, but also in recovered patients
compared to non-infected controls. Silva et al. (2021) detected inter-
network hyperconnectivity in eleven large-scale networks in recovered
individuals from mild infection. The most prominent effect was
observed in the DAN (visuospatial) network connected to the left su-
perior, parietal lobule, supramarginal gyrus, postcentral gyrus, and
angular gyrus, and in the SN and DMN networks. In another study,
increased connectivity was also detected in the DMN and DAN networks
in patients in the acute stage. These changes were associated with

cognitive impairment and increased inflammatory markers (Niroumand
Sarvandani et al.). Increased time varying and topological organization
between sensorimotor and visual networks were found in COVID-19
survivors six months after hospital discharge (Fu et al.,, 2021). In a
study among post COVID-19 patients with a disorder of consciousness
(DoC), significant reductions were observed in DMN intra-connectivity,
but increased internetwork connectivity was found between DMN and
SN networks (Fischer et al., 2022). Lastly, a study in recovered patients
suffering from long lasting fatigue symptoms showed increased con-
nectivity in the basal ganglia network within the occipital lobe and in
the precuneus network in the precuneus and the superior parietal lobule
(Hafiz et al., 2022). In our study, using HBOT, an opposite trend was
demonstrated by reduced internetwork rsFC in the SMN and cognitive
related networks (FPN, DMN, and SN), suggesting a potential reorga-
nization and restoration of brain functional connectivity.

More specifically, the relationship between the FPN, DMN, and SN is
known as a triple-network organization of cognitive function (Menon
and D’Esposito, 2022; Menon, 2011). While the frontal cortex was found
to play an important role in the coordination of cognitive control and
executive function, the SN functions as an activating switch between the
FPN and DMN when external or internal stimuli occurs respectively
(Miller and Cohen, 2001). Previous studies have shown that hyper-
connectivity is a common response to neurological disruptions associ-
ated with cognitive decline (Eyler et al., 2019; Hampson et al., 2010;
Hillary and Grafman, 2017; Hillary et al., 2015; Krishnadas et al., 2014).
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cluster. p < 0.05, FWE corrected, k, cluster size, R, right.

Our results show that the strong trend of reduced connectivity, and
reorganization of the triple-network rsFC was correlated with cognitive
recovery.

Alterations in the olfactory brain network are associated with
COVID-19 related hyposmia (Chung et al., 2021; Douaud et al., 2021;
Esposito et al., 2022; Yildirim et al., 2022; Zhang et al., 2022). Although
the pathogenesis of the post-COVID-19 condition is not yet determined,
it was suggested that possible mechanisms include direct brain invasion
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of the virus, dysregulated immunologic responses, thrombotic disease,
mitochondrial dysfunction and vascular injury with secondary tissue
hypoxia (Silva Andrade et al., 2021; Yong and Liu, 2021). The olfactory
brain structures, given their unique anatomical features, project to the
orbitofrontal cortex, amygdala, hypothalamus, insula, entorhinal cor-
tex, and hippocampus (Patel and Pinto, 2014). The olfactory region was
suggested to serve as an entry zone to direct viral infection that impacts
the hippocampus as secondary to the olfactory area (Najt et al., 2021). It
has been shown that stress may reduce hippocampal volume and its
connectivity with the ventromedial prefrontal cortex (Admon et al.,
2013). Therefore, as anxiety is one of the major symptoms of post-
COVID-19 condition (Shanbehzadeh et al., 2021), increased connectiv-
ity of the bilateral hippocampal rsFC with the medial prefrontal cortex
(DMN-MPFC, BA10), induced by HBOT, may be linked to reformation of
normal connectivity patterns and clinical relief from anxiety symptoms.

Post-COVID-19 condition is associated with long term psychiatric
symptoms including depression, anxiety, and somatization (Stefano,
2021; Vanderlind et al., 2021). As shown in our previous publication,
HBOT improved both depression and somatization symptoms in post-
COVID-19 condition patients (Zilberman-Itskovich et al., 2022). An as-
sociation between COVID-19 related psychiatric symptoms and alter-
nations in rsFC has been demonstrated in several studies (Chen et al.,
2021; Fu et al., 2021; Liu et al., 2021; Sheynin et al., 2020). In the
current study, we observed increased connectivity between the amyg-
dala and left angular gyrus and the primary sensory-motor area, which
are associated with the execution of cognitive emotion regulation
initiated by frontal areas (Kohn et al., 2014; Kropf et al., 2018). These
changes have been correlated with improved psychiatric scores. Similar
results were demonstrated in studies of depression and mental health
problem suggesting that attenuated amygdala activity induce cortico-
limbic rsFC alternations that may improve emotional regulation (Ber-
shad et al., 2020; Pannekoek et al., 2014; Schreiner et al., 2017). Taken
together, alternations in cognitive emotion regulation networks induced
by HBOT may explain the clinical improvement in somatization and
depression measures.

According to the MRI tractography, the structural connectivity from
the left amygdala to other brain regions was significantly increased in
the HBOT group compared to control, in means of FA, and subregion
efficacy. The amygdala plays a crucial role in emotion processing and
cognitive disorders by serving an important hub of anatomical connec-
tions to other limbic and cortical regions (Barbas, 2000). It has been
shown that a reduction of anisotropy in the amygdala circuit indicates
lower WM microstructure integrity which was associated in psychiatric
disorders, depression, and aging (Burzynska et al., 2010; Ho et al., 2019;
Podwalski et al., 2021). Furthermore, Qin et al. demonstrated wide-
spread decreases in volume, length, and the mean FA value in associa-
tion, commissural, projection, and limbic fiber bundles in mild and
severe patients recovered from COVID-19 without neurological mani-
festations at the 3-month follow-up study (Qin et al., 2021). Persistent
WM changes were also found in post COVID-19 patients at the 1-year

Table 4

Effects of cognitive and psychiatric scores on rs-FC between amygdala and insula seeds and post-hoc target clusters.
Seed Cluster size X y z Anatomical Labels Network BA T Prwe-value Punc-value Effect
BSI-18
Amygdala (L) 85 —50 —60 48 Angular gyrus (L) FPN 39 —4.33 0.012 0.0004 1 1sFC | BSI
Amygdala (R) 235 17 -31 80 Prim sensory (R) SMN 1 —6.03 0.003 0.0001 1 rsFC | BSI

3 -27 71 Prim motor (R) SMN 4 —3.86 0.041 0.0003 1 rsFC | BSI

Insular cortex (L) 343 —44 —64 50 Angular gyrus (L) FPN 39 4.68 < 0.0001 0.0000 | rsFC | BSI
EF
Amygdala (R) 84 58 —40 36 Sumpermarginal gyrus (R) SN 40 4.30 0.039 0.0022 1 rsFC 1 EF
Amygdala (R) 42 —56 —38 30 Sumpermarginal gyrus (L) SN 40 3.29 0.050 0.0010 1 rsFC 1 EF
IPS
Amygdala (R) 136 —54 28 8 Broca (L) LANG 45 4.53 0.008 0.0000 1 rsFC 1 IPS
Amygdala (L) 84 —54 26 8 Broca (L) LANG 45 4.33 0.047 0.0023 1 rsFC 1 IPS

Fronto-parietal (FPN), salience network (SN), sensorimotor (SMN), language (LANG), EF, executive function, IPS, information processing speed, UNC, uncorrected,
FWE, family-wise error. coordinates: x, sagittal, y, coronal, z, axial, refers to Montreal Neurological Institute (MNI), BA, Brodmann area, R, right, L, left.
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follow-up study (Huang et al., 2022). Hence, increases in FA and
structural efficacy may indicate response to treatment through
improvement in WM fibers integrity.

The primary limitation of this study is the heterogeneity of clinical
characteristics observed in this cohort, along with the relatively small
sample size (symptom severity, time from infection, vaccination status,
and post-COVID-19 symptoms) which may limit the ability to generalize
from our findings. However, the longitudinal sham protocol provides a
reliable control condition. Although rsFC has been widely used to
explore longitudinal and group modifications, head motion is still a
confounding factor due to the relatively long examination (Power et al.,
2015) which resulted in a large dropout group and a potential for un-
derpowered outcome estimation. Lastly, results were collected 1-3

weeks after the last HBOT session, and long-term results remain to be
collected.

In conclusion, this study indicates that HBOT improves disruptions in
WM tracts and alter functional connectivity organization of neural
pathways attributed to cognitive and emotional recovery in post-COVID-
19 patients. This study highlights the potential of structural and func-
tional connectivity analysis as a promising treatment eligibility and
response monitoring tool.
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