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Abstract 

Objective: Cumulative data indicate that 

new protocols of hyperbaric oxygen 

therapy (HBOT) may induce 

neuroplasticity and improve clinical 

symptoms of patients su'ering from 

posttraumatic stress disorder (PTSD). The 

aim of the current study was to evaluate 

the e'ects of HBOT on veterans with 

combat-associated PTSD (CA-PTSD) 

in a randomized, sham-controlled trial. 

Methods: Male veterans aged 

25–60 years with CA-PTSD, with a 

Clinician-Administered PTSD Scale for 

DSM-5 (CAPS-5) score above 20, were 

included. Exclusion criteria included a 

history of traumatic brain injury, other 

psychiatric diseases, or contraindication 

to HBOT. Participants were randomly 

assigned to HBOT or sham intervention. 

Both interventions involved 60 daily 

sessions, with 90 minutes of either 100% 

oxygen at 2 atmospheres absolute (ATA) 

(HBOT) or 21% oxygen at 1.02 ATA (sham) 

with 5-minute air breaks every 

20 minutes. CAPS-5 score, Beck 

Depression Inventory-II (BDI-II), the 

Depression, Anxiety and Stress Scale 

21 Items (DASS-21), and resting-state 

functional magnetic resonance imaging 

(rsfMRI) were assessed at baseline and 

posttreatment, with the primary end point 

defined as a 30% reduction in CAPS-5 

score from baseline. 

Results: The study was conducted between 

February 2020 and July 2023. Of 

63 veterans who underwent randomization, 

56 completed the study protocol (28 in 

each group). The HBOT group showed a 

significant decrease in mean CAPS-5 total 

score, from 42.57 ± 9.29 at baseline to 

25.8 ± 9.5 following HBOT (P < .001) and 

25.08 ± 13.08 at follow-up (P < .001). The 

sham group demonstrated a significant 

increase in CAPS-5 total score from 

baseline to follow-up, from 45.11 ± 8.99 to 

47.75 ± 11.27 following HBOT (P = .069) 

and 49.22 ± 10.26 at follow-up (P = .011). 

Significant improvements in the depression 

domain of the DASS-21 questionnaire and 

BDI-II were demonstrated (F = 4.55, 

P = .03 and F= 4.2, P = .04, respectively). The 

stress and anxiety domains of DASS-21 did 

not reach statistically significant levels. 

Analysis of rsfMRI demonstrated improved 

connectivity within the 3 main networks 

(default-mode network, central-executive 

network, salience network) in HBOT vs sham 

groups. 

Conclusions: Dedicated HBOT protocol 

can improve PTSD symptoms of 

veterans with CA-PTSD. The clinical 

improvement was accompanied by 

enhanced functional connectivity 

demonstrated by rsMRI. 
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P 
osttraumatic stress disorder (PTSD) leads to 

lasting social, behavioral, and occupational 

dysfunctions and affects a substantial proportion 

of veteran combatants.1 Despite advancements in both 

psychological and pharmacologic treatments, many 

individuals with PTSD do not experience remission.2 

Additionally, treatment nonresponse rates are high, 

particularly in the military and veteran populations, with 

two-thirds of the treated population retaining a PTSD 

diagnosis after receiving treatment.3 Real-world data on 

treatment effectiveness, based on the Israeli Ministry 

of Defense clinics, show a remission rate of 39.4%, with 

remission rates for intrusive symptoms being lower than 

15%.2 Modest treatment response rates were also 

demonstrated among veterans with military-related 

PTSD in the United States and Australia.4,5 Emerging 

research suggests that persistent PTSD symptoms may 

be rooted in biological changes in brain activity and 

structure.6–9 Functional magnetic resonance imaging 

(fMRI) studies reveal disruptions in the frontolimbic 
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circuit, indicating impaired control of the prefrontal 

cortex over the limbic system among PTSD patients 

when compared to non-traumatized or traumatized 

healthy individuals.6–9 Insights regarding the role of 

brain activity changes in the non-remitting nature of 

PTSD have prompted scientists and clinicians to 

pursue biological interventions that can facilitate 

neuroplasticity. One of the measured objective outcomes 

of neuroplasticity includes changes in brain network 

connectivity as evaluated using resting-state fMRI 

(rsfMRI).10 In recent years, a growing body of evidence 

has emerged regarding the neuroplasticity-inducing 

effects of new hyperbaric oxygen therapy (HBOT or 

HBO2) protocols.11–14 We know today that the 

fluctuations between hyperoxia and normoxia on the 

cellular level, induced by HBOT, stimulate stem cell 

activity, promoting their migration and differentiation, 

trigger mitochondrial proliferation and biogenesis, 

facilitate mitochondrial transfer, and foster 

angiogenesis.11 This phenomenon, termed the 

“hyperoxic-hypoxic paradox,” was shown both 

clinically and via imaging to contribute to improvements 

even years after acute insults, across various conditions 

including chronic poststroke, postconcussion, and 

post-COVID patients.13,15–17 The beneficial effects of HBOT 

on combat-associated PTSD (CA-PTSD) were previously 

demonstrated in an open-label controlled trial involving a 

similar cohort of veterans with PTSD.18 A long-term 

follow-up study, conducted 704 ± 230 days postcompletion 

of the HBOT course, revealed persisting treatment results.19 

Additionally, 10 previous studies12,20–27 including 

6 controlled trials14,22,25–28 evaluated the effect of HBOT on 

PTSD. In 4 of them, patients were recruited for traumatic 

brain injury (TBI), but the impact of HBOT on 

posttraumatic symptoms was evaluated as well.22,25–27 

HBOT has a positive effect on postconcussion symptoms, 

and due to the potential overlap between posttraumatic 

and postconcussion symptoms, differentiating the effects 

of the treatment on each of these diagnoses might be 

difficult. Thus, the current study aims to evaluate the 

efficacy and safety of HBOT on veterans with CA-PTSD, 

without a known previous TBI. 

MATERIALS AND METHODS 

Study Design and Patients 
The study was a randomized, sham-controlled trial 

conducted at the Sagol Center for Hyperbaric Medicine 

and Research at the Shamir Medical Center, Israel, 

between February 2020 and July 2023. The protocol 

was approved by Shamir’s Institutional Review Board 

(291/19) and was registered with ClinicalTrials.gov 

(NCT04518007). 

Patients were referred to the study by their 

psychiatrist or psychotherapist, or by expressing interest 

after learning about the treatment from fellow veterans. 

The study included male veterans, aged 25–60 years, 

with CA-PTSD lasting 5 or more years prior to their 

inclusion. Patients were recruited if they had persistent 

residual debilitating PTSD symptoms after being treated 

with at least 1 course of trauma-focused psychotherapy 

and pharmacotherapy, and still fulfilled the Clinician- 

Administered PTSD Scale for DSM-5 (CAPS-5) 

diagnostic criteria for PTSD with a score over 20. 

Exclusion criteria included a history of TBI or any 

other known brain pathology; active malignancy; 

substance or alcohol misuse at baseline (except for 

prescribed cannabis, in either nebulized or tincture 

forms); active manic or psychotic episodes; serious 

current suicidal ideation; severe or unstable physical 

disorders or major cognitive deficits at baseline; 

previous HBOT treatments; chest, ear, or sinus 

pathologies incompatible with pressure changes; inability 

to perform an awake brain MRI; active smoking; and 

inability to read and sign an informed consent form. 

Randomization and Masking 
Eligible candidates were randomized with equal 

probability to the HBOT and sham interventions. After 

randomization, when a cluster of 4–6 subjects from one 

of the arms was filled, the intervention for that cluster 

was initiated within the HBOT/sham chamber, which 

accommodates up to 6 subjects. 

Patients, physicians, therapists, and assessors 

were blinded to the intervention assignment. The 

randomization code was generated by a coordinator 

who was masked to the study and was not involved 

in the study’s execution. To evaluate the blinding, 

following the first HBOT/sham session, patients were 

asked to discreetly answer a questionnaire about their 

perception of whether they were allocated to the 

treatment or sham group. All data were stored in 

a dedicated database and were checked for accuracy 

and completeness. 

Procedures 
After signing an informed consent form, patients 

underwent a baseline evaluation, including a medical 

history review, a physical examination, a clinical 
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interview by 2 senior clinicians, psychiatric evaluation by 

a psychiatrist, filling of questionnaires, and a brain MRI. 

Both the HBOT and sham protocols were conducted 

in a multiplace Starmed-2700 chamber (HAUX-Life- 

Support GmbH, Germany). The protocol comprised 

60 daily sessions, 5 days per week. Protocol completion 

was limited to 14 weeks in case of missed sessions. Due to 

the COVID-19 isolation regimens, extension of the 

treatment period was allowed in specific cases. 

HBOT protocol. Each HBOT session consisted of 

90 minutes’ exposure to 100% oxygen at 2 atmospheres 

absolute (ATA) with 5-minute air breaks every 20 minutes. 

Sham protocol. Each sham session consisted of 

90 minutes’ exposure to 21% oxygen by mask at 1.02 ATA 

for 90 minutes. To achieve blinding and have the subjects 

perform pressure equalization, compression to 1.2 ATA 

was performed for the first 5 minutes, followed by slow 

decompression to 1.02 ATA in the following 5 minutes. 

The minimal added 0.02 ATA was required to maintain the 

chamber door shut. 

Meetings of the study participants with study 

investigators were scheduled every 2 weeks during the 

HBOT/sham period to monitor symptoms and evaluate 

potential adverse events. 

Patients in both groups continued their psychological 

and pharmacologic treatments as they did before their 

inclusion, acknowledging that some may not have had 

active treatment at inclusion. Any changes in the 

frequency of psychological treatments or pharmacotherapy 

doses were reported and documented. 

Outcomes 
The primary end points were responder rates, defined 

as a 30% reduction of CAPS score from baseline.29 

Secondary end points included changes in PTSD 

symptoms load, based on CAPS-5 scores and remission 

rates, defined as CAPS scores lower than 20, severity of 

depression evaluated by the Beck Depression Inventory- 

II (BDI-II) and severity of anxiety, somatization, and 

stress as evaluated by the Depression, Anxiety and Stress 

Scale 21-Item (DASS-21) questionnaire. The interview 

and inventories were administered by the study 

investigators at baseline, after 1–4 weeks, and 3 months 

after the last HBOT/sham session. Brain connectivity 

was evaluated using the rsfMRI sequence during brain 

MRI imaging performed at baseline and after 1–4 weeks 

from the last HBOT or sham session. 

CAPS-5. CAPS-5 is a structured interview–based test 

that consists of 30 items. Items are rated on a 0 to 4 severity 

scale. Twenty of the items are summed to give a score that 

reflects the severity of DSM-V PTSD symptoms and served 

as the primary end point. The score ranges between 0 and 

80, with higher scores indicating more severe PTSD 

symptoms.30 

BDI-II. BDI-II is a widely used psychometric test for 

measuring the severity of depression. It consists of 

21 multiple-choice questions and a self-report inventory 

about how the subject has been feeling in the last week. 

Each answer is scored on a scale of 0–3. The score ranges 

between 0 and 63, with higher scores indicating more severe 

depression symptoms.31 

DASS-21. DASS-21 is a 3-part self-report scale designed 

to measure the emotional state of depression, anxiety, and 

stress. Each of the 3 scales contains 7 items, divided into 

subscales with similar content. The summed numbers in 

each subscale are then multiplied by 2 to obtain total scores 

that can be compared to the original DASS-42. Scores range 

between 0 and 42 in each subcategory, with higher scores 

reflecting severity.32 

Brain imaging data acquisition. MRI scans were 

performed on a MAGNETOM Vida 3T Scanner, configured 

with a 64-channel receiver head coil (Siemens Healthcare, 

Erlangen, Germany). The MRI protocol included 3D T2- 

weighted, 3D fluid attenuated inversion recovery, 

susceptibility weighted imaging, high-resolution T1- 

weighted (magnetization-prepared rapid acquisition with 

gradient echo), and blood oxygen level dependent (BOLD). 

The BOLD sequence consisted of 300 volume 

measurements of gradient-echo (echo-planar imaging) 

contrast sequences. Scan parameters are as follows: 

repetition time: 1,500 milliseconds, echo time: 

30 milliseconds, flip angle: 90°, voxel size: 

2.2 × 2.2 × 3.0 mm, distance factor: 25%, field of view: 

210, number of slices: 36, axial slices parallel to the AP- 

PC plane. During the scanning process, each participant 

was instructed to remain motionless and relaxed, with 

their eyes open, and to refrain from engaging in 

deliberate thoughts. Foam pads and earplugs were 

utilized to minimize head movement and scanning noise. 

BOLD preprocessing. Functional connectivity 

was analyzed using the CONN-fMRI Toolbox v17 

(https://www.nitrc.org/projects/conn) and SPM v12 

(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). 

A flexible preprocessing pipeline was conducted including 

realignment with correction of susceptibility distortion 

interactions, slice timing correction, outlier detection, 

direct segmentation, and Montreal Neurological Institute- 

space normalization and smoothing (see full description in 

Supplementary Materials). 

Sample size. The sample size of the study was calculated 

using GpPower software, version 3.1.9.7. The sample size 

calculation was based on the results of a previous study in 

a similar cohort with HBOT.18 According to that study, 71% 

of patients in the HBOT group responded to HBOT. The 

expected response in the sham group was 32%.33 Using 

the z-test method, a sample size of 28 patients in each group 

allows for an 85% statistical power, with a 2-sided 

significance of .05, to detect a 39% difference in treatment 

response between the intervention and placebo groups. 

Considering the dropout rate of 15% according to a 

previous study,18 the sample size was determined to be 
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70 patients. However, due to a higher-than-expected 

dropout rate, the sample size was increased following 

approval to 98. The study was analyzed as intention-to-treat, 

meaning that patients were included in the analysis if they 

attended at least 1 session of HBOT/sham and completed 

the assessments. 

Data analysis. Continuous data were expressed as 

means ± standard deviations, or as medians and 

interquartile ranges (quartiles 1–3) if variables did not 

follow a normal distribution. Categorical variables were 

expressed as frequencies. Normally distributed variables 

were compared between the 2 groups using a t test (2- 

sided). Nonparametric U tests (Mann-Whitney) were 

performed to compare variables with skewed 

distributions, and categorical data were compared 

between the 2 groups with χ2 tests. The differences 

between the 2 groups at the 3 different timepoints, as well 

as the effect of the intervention (HBOT vs sham) on 

changes in the study variables (interaction effect 

between time and group), were analyzed using mixed 

repeated-measures analysis of variance (ANOVA). Data 

were analyzed using SPSS software (version 28.0). 

rsfMRI data analysis. Individual connectivity maps were 

generated utilizing the seed-to-voxel approach. We 

focused on a priori seeds obtained from the CONN-fMRI 

Toolbox, Harvard Oxford Atlas, specifically targeting 

commonly reported large-scale brain networks 

associated with PTSD. These networks include the 

default mode, salience, frontoparietal (also known as 

the central executive network), hippocampus, 

amygdala, and thalamus.34 Bivariate correlation analysis 

was used to determine the linear association between 

the seed and significant voxel clusters. On the group 

level, a mixed repeated-measures ANOVA model was 

utilized to assess the primary interaction effect between 

time and group. P values were adjusted for multiple 

correlations using the false discovery rate procedure 

(P < .05). 

RESULTS 

Ninety-eight patients signed the informed consent 

form. Thirty-five were excluded before randomization: 

Figure 1. 

Study Flowchart 

Assessed for Eligibility (n=98)

Randomized (n=63)

Allocated for Sham treatment 

(n=29)

Allocated for Active treatment 

(n=34)

Analyzed (n=28)Analyzed (n=28)

Excluded (n=6)

Use of illegal drugs or 

alcohol during study 

treatment (n=2)

Withdrawn consent (n=4)

Excluded (n=1)

Withdrawn consent (n=1)

Excluded (n=35)

Decline to participate (n=24)

Excluded by study psychiatrist 

(n=8)

Brain SOL or lesions require 

further evaluation (n=2)

Presence of shards as CI for 

MRI (n=1)

Abbreviations: CI = contraindication, MRI = magnetic resonance imaging, SOL = Space Occupying Lesion 
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24 could not commit to the study schedule, 8 were 

excluded by the study psychiatrist due to psychiatric 

exclusion criteria conditions, 2 were excluded due to 

brain pathologies diagnosed on baseline MRI, and 

1 subject was excluded due to the presence of shrapnel 

that precluded the performance of MRI. Of the 

remaining 63 patients, 6 were excluded, 2 were 

excluded due to the use of illegal drugs and alcohol 

during the study treatment course, and 4 withdrew 

consent (Figure 1). Accordingly, 28 patients from the 

HBOT group and 28 patients from the sham group who 

completed at least 1 session and the study assessments 

were included in the clinical analysis. All participants 

except 8 patients in the sham group completed at least 

50 sessions; the mean number of sessions completed by 

the HBOT group was 59.92 (58–60) and by the sham 

group was 52.42 (20–60). Baseline characteristics are 

summarized in Table 1. There was no significant 

difference between the groups in any of the baseline 

characteristics. 

Blinding Evaluation 
Patient blinding was found to be reliable, where 

the treatment perception rate did not differ between the 

2 groups. In both the HBOT and sham groups, 64% 

of the participants assumed they were receiving HBOT 

while 36% assumed they were receiving sham treatment 

(P = 1.0; Supplementary Figure 1). 

Primary Outcome 
Treatment response rates were 68% vs 4% at the end 

of HBOT/sham treatment (P < .001) and 61% vs 4% at the 

end of follow-up, respectively (P < .001). 

The results of the CAPS score are summarized in 

Table 2. A significant improvement in all CAPS symptom 

clusters was demonstrated in the HBOT arm, while no 

improvement was seen in the sham group. A significant 

group-by-time interaction (F = 27.33, P < .001) was 

demonstrated between the groups (Table 2; Figure 2). 

Seven patients (25%) achieved remission in the HBOT 

group compared to 1 (3.6%) in the sham group by the 

end of the treatment (P < .01). Additionally, at follow-up, 

11 patients (39.2%) in the HBOT group achieved 

remission, whereas none did in the sham group (P < .01). 

Secondary End Points 
BDI and DASS-21 questionnaire analyses are 

summarized in Table 2. On the BDI, there was a 

significant improvement in the HBOT group as 

compared to the sham group (F = 4.2 and P = .043). 

Significant improvements in the depression domain of 

the DASS-21 questionnaire were also demonstrated in 

the HBOT group as compared to the sham group 

(F = 4.55, P = .034). The stress and anxiety domains of 

DASS-21 did not reach statistically significant levels. 

rsfMRI Analysis 
Of the 56 included patients, 1 patient did not 

complete the full 7.5-minute rsfMRI sequence, and 

2 patients were omitted due to inconsistencies in 

scanning parameters, leaving 25 in the sham group 

and 28 in the HBOT group. 

Seed-to-voxel functional connectivity analysis 

revealed significant group-by-time interactions in 

connectivity patterns across diverse brain networks 

in the HBOT group compared to the sham 

group. Specifically, there was a notable increase in 

functional connectivity between the left and right 

thalami, acting as seeds, and pivotal nodes within 

the frontoparietal network, including the left and right 

posterior parietal cortex, the left and right lateral 

prefrontal cortex, and the angular and supramarginal 

gyri (Figure 3; Supplementary Table 1). 

An augmentation in functional connectivity was 

evident within the default mode network, particularly 

between the medial prefrontal cortex as a seed and the 

lingual gyrus (Figure 3; Supplementary Table 1). 

Table 1. 

Baseline Characteristicsa 

HBOT Sham 

N 28 28 

Age, y 37.75 ± 8.29 36.4 ± 7.36 

Marital status 
Single 9 (32.1 ) 13 (46.4) 

Married 15 (53.6) 15 (53.6) 

Divorced 4 (14.3) 0 

No. of children 3.05 ± 2.0 2.6 ± 1.3 

Education, y 13.86 ± 2.89 14.0 ± 3.4 

Working 17 (60.7) 13 (46.4) 

Service duration 7.84 ± 8.3 7.2 ± 2.6 

Time from last combat exposure 12.4 ± 7.62 12.0 ± 6.8 

Mild (CAPS 20–39) 10 (35.7) 8 (28.57) 

Moderate (CAPS 40–59) 17 (60.71 ) 19 (67.9) 

Severe (CAPS 60–80) 1 (3.6) 1 (3.6) 

Total CAPS score 42.57 ± 9.28 45.11 ± 8.98 

Current major depression 15 (53.6) 17 (60.7) 

Medications 
SSRIs/SNRIs 10 (28.5) 11 (42.86) 

Antipsychotic 6 (14.25) 5 (17.86) 

Benzodiazepines 3 (10.71 ) 5 (17.86) 

Cannabis 11 (32.14) 14 (46.43) 

Cannabis (g per month) 28.64 ± 12.27 37.86 ± 13.69 

Baseline questionnaires 
BDI-II 28.67 ± 10.26 32.32 ± 10.86 

Depression (DASS-21 ) 11 ± 4.40 11.36 ± 4.57 

Anxiety (DASS-21 ) 10.14 ± 5.19 9.68 ± 5.39 

Stress (DASS-21 ) 14.29 ± 4.73 15.32 ± 4.71 

aContinuous variables are expressed as mean ± standard deviation. Categorical 
variables are expressed as number (percentage). Normally distributed continuous 
variables were compared by t test, nonnormal continuous variables were 
compared between the groups by the Mann-Whitney U test, and χ2 tests were 
used to compare categorical variables. 

Abbreviations: BDI-II = Beck Depression Inventory-II, CAPS-5 = Clinician- 
Administered PTSD Scale for DSM-5, DASS-21 = Depression Anxiety Stress Scale- 
21, HBOT = hyperbaric oxygen therapy, SNRI = serotonin-norepinephrine 
reuptake inhibitor, SSRI = selective serotonin reuptake inhibitor. 
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Elevated functional connectivity was also observed 

in frontoparietal network hubs, showcasing heightened 

connectivity between the left lateral prefrontal cortex 

and the bilateral thalami, and between the right lateral 

prefrontal cortex and the supramarginal and angular gyri, 

the putamen, insula, precuneus, and right frontal pole 

(Figure 3; Supplementary Table 1). 

Within the salience network, increased connectivity 

was noted between the bilateral rostral prefrontal cortex 

and the right frontal pole (Figure 3; Supplementary 

Table 1). There were no significant group-by-time 

connectivity decreases in all seeds. 

The hippocampi and amygdala as seeds had no 

significant group-by-time interactions based on seed- 

to-voxel analysis. 

Safety and Side E2ects 
HBOT and sham treatments were both well tolerated, 

with 23 documented mild and self-limited adverse events 

in the HBOT group and 15 mild and self-limited events 

in the sham arm (Table 3). A total of 8 events of self- 

remitting barotrauma, defined as reported ear pain 

accompanied by tympanic membrane redness or 

hematoma, were documented, 6 in the HBOT group and 

2 in the sham group. Seven subjects from the HBOT group 

reported surfacing of new memories during the HBOT 

course. This phenomenon was accompanied by distress 

that made the patients report memory surfacing and seek 

professional advice. The patients were reassured that, 

based on previous study in similar populations,35 this 

is an expected phenomenon. The distress persisted for 

several days and was followed by resolution. None of 

the sham group patients reported surfacing of new 

memories. 

DISCUSSION 

The current study evaluates, for the first time in a 

sham-controlled study, the effect of HBOT on veterans 

suffering from CA-PTSD without previous TBI. HBOT 

induced significant reductions in PTSD symptom 

severity, as evaluated by CAPS-5 scores, and reductions in 

depression symptoms, as evaluated by the BDI-II and 

DASS-21 questionnaires. In accordance with the clinical 

improvement, brain connectivity, evaluated by rsfMRI, 

significantly increased in the frontoparietal network, the 

default mode network, and the connectivity between the 

right dorsolateral prefrontal cortex and the thalamus. 

Previous controlled studies have shown the positive 

effect of HBOT on posttraumatic symptoms.14,22,25–28 Two 

of the studies that used lower doses of hyperbaric 

therapy as control treatment showed improvement of 

posttraumatic symptoms in the so-called sham arm.26,27 

It is well known today that HBOT provided at low 

pressure can induce significant biological effects36,37 and Ta
bl
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thus should not be regarded as sham.36,37 In the current 

study, we used a dedicated sham protocol previously 

shown to have masking and no significant biological 

effect.17,38 As in previous studies using the same sham 

protocol, patient blinding was found to be reliable.39–41 

Along with the biological effects observed in previous 

HBOT studies, their shorter treatment duration and the 

short-term evaluation might have contributed to 

additional significant placebo effects. 

The current study comprised 60 daily sessions 

over a three-month period, and thus, any temporary 

improvements often seen with sham treatments due to 

the participation effect42 should vanish over this time 

period. Therefore, making the effort to attend 60 daily 

sessions poses a significant time and resource demand 

on these patients. The lack of clinical improvement 

potentially discouraged patients in the sham group, as 

reflected by 8 patients who ended the HBOT sessions 

earlier. Lastly, the characteristics of the current study’s 

population who suffered from long-standing PTSD 

and failed to have a significant beneficial response to 

previous treatments might also contribute to lower 

placebo effects in the sham treatment than usually 

reported.33 

In the past decade, cross-sectional studies have 

revealed rsfMRI alterations in individuals with PTSD. 

rsfMRI is being used to measure the correlation between 

brain activation patterns across different regions, 

reflecting the synchronization of neural activity during 

periods of rest. Notably, it has been proposed that 

changes in specific networks, the default mode 

network, the frontoparietal network, and the salience 

network, may underlie PTSD symptoms.43 The 

thalamus has also garnered recent attention in the 

context of PTSD.34 

The default mode network, which encompasses the 

medial prefrontal cortex, posterior cingulate cortex, 

precuneus, and temporoparietal regions, is implicated in 

self-referential processing, with decreased connectivity 

associated with PTSD symptoms.43 In the current study, 

there was a significant increase in functional 

connectivity between the medial prefrontal cortex and 

high-level visual areas following HBOT. 

The salient network, which includes the dorsal 

anterior cingulate cortex, rostral prefrontal cortex, and 

insula, is associated with attentional processes.43 We 

found the rostral prefrontal cortex exhibits enhanced 

connectivity with the right frontal pole following HBOT. 

The frontoparietal network includes centers around 

the dorsolateral prefrontal cortex and is involved in 

higher-order executive functioning and emotion 

regulation with significant relevance to PTSD functional 

connectivity patterns.44 Our analysis found amplified 

connectivity in the HBOT group, between the 

Figure 2. 
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dorsolateral prefrontal cortex and the inferior parietal 

areas including the supramarginal gyrus and the angular 

gyrus, the precuneus, and the thalamus. 

Decreased connectivity of the thalamus has been 

shown to characterize PTSD patients.45 We demonstrated 

increased connectivity of the left thalamus with the right 

inferior parietal lobe, bilateral supramarginal and right 

angular gyri, and the right thalamus with the left middle 

frontal gyrus. 

We did not find any decrease in functional 

connectivity following the treatment within the HBOT 

group compared to the sham group. The consistency 

of these results across studies further substantiates the 

neural basis for the clinical improvements observed 

following HBOT. 

The current study has several limitations. A 28- 

patient cohort in each group may be considered small. 

However, the sample size did not compromise the 

significance of the results. Additionally, the relatively 

short-term follow-up of 3 months in the current study 

may not fully reflect changes in the disorder’s course. 

However, it is worth noting that a previous study,18 

which evaluated long-term effects 2 years after treatment 

cessation, suggests long-lasting effects of HBOT, 

contributing to the expected long-term effects in the 

Figure 3. 

Significant Seed-to-Voxel Functional Connectivity Group-by-Time Interactionsa,* 
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and right) and the midfusiform gyrus. 

bThe seed region is the medial prefrontal cortex. The clusters with high correlation with the medial prefrontal cortex include regions in the lingual 
gyrus and calcarine cortex. 

cThe seeds are left and right prefrontal cortex. The left prefrontal cortex shows high correlation with the bilateral thalami. The right PFC is highly 
correlated with the supramarginal and angular gyrus. 

dThe seeds are the left and right RPFC. Both seeds show high correlation with the right frontal pole. Additionally, the right RPFC is also highly 
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the brain images and the bars (representing T test statistics) indicate significantly higher posttreatment connectivity compared to pretreatment 
in the treatment group (+1 ) vs the sham group (–1 ). 

Abbreviations: LPFC = lateral prefrontal cortex, MPFC = medial prefrontal cortex, PFC = prefrontal cortex, RPFC = rostral prefrontal cortex. 

Table 3. 

Adverse Events 

HBOT Sham 

Barotraumaa 6 2 

Recovery of new memoriesa 7 0 

Viral infection 4 4 

Cannabis overdose 1 0 

Abnormal laboratory testb 1 2 

Epistaxis 0 1 

Headache and musculoskeletal pain 0 3 

Trauma (head, eye, ankle) 2 1 

Extravasation of contrast media 0 1 

Dyspnea 1 0 

Tenesmus 1 0 

Temporal confusion 0 1 

Total 23 15 

aStatistically significant di erence between the groups with P < .05. 
bElevated thyroid-stimulating hormone, elevated liver function tests, and elevated 

creatine kinase. 
Abbreviation: HBOT = hyperbaric oxygen therapy. 
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current study. Another limitation may be related to the 

study generalizability. Given the rigorous nature of the 

trial and the significant demands on participants, it is 

possible that the study population may predominantly 

consist of individuals experiencing a substantial 

symptom burden. 

In 2018, the Veterans Affairs (VA) evidence-based 

synthesis program for TBI and PTSD stated that, based 

on the data available up to 2018, it was difficult to make 

clear decisions regarding the use of HBOT for PTSD46 and 

that further research in this field is needed. In 2023, the VA/ 

Department of Defense Clinical Practice Guideline for 

PTSD stated that the available studies suggested a benefit 

for HBOT on the outcome of PTSD; however, the absence of 

an adequate control condition limits the confidence in 

these results. The present data, together with previous 

studies in the same population,18,19 fill this gap and may thus 

support the recommendation of future guidelines for 

providing HBOT to many veterans with PTSD who are 

refractory to first-line recommended treatments. 

When applying the study’s results for the treatment 

of posttraumatic veterans, it is extremely important to 

adhere to the evidence-based, proven protocol detailed 

in the current study. The currently used protocol that 

includes 60 daily sessions, 5 days per week, with 2 ATA, 

100% oxygen, and 5-minute air breaks every 20 minutes 

has been shown to induce neuroplasticity and recovery 

of posttraumatic symptoms.47 The study’s conclusions 

should not be used to encourage hyperbaric treatments 

in non–medical grade facilities, variations of 

monoplaces, home used chambers, or clinics without a 

professional multidiscipline medical team. Furthermore, 

given the potential for symptom worsening and memory 

surfacing during the treatment course, patients should be 

committed to the full course of at least 60 sessions, and 

the treatment protocol should be provided only by 

centers with professionals in the field of PTSD treatment 

to avoid patient risk. 

CONCLUSION 

HBOT presents a novel therapeutic approach 

for PTSD, targeting the biological consequences of 

traumatic events. This randomized sham-controlled trial 

demonstrates that HBOT can improve brain connectivity 

and alleviate PTSD-related symptoms in veterans with 

CA-PTSD. Taken together, the treatment’s safety profile 

and efficacy support its use for veterans not responding 

to psychotherapy. 
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BOLD Preprocessing 

Functional and anatomical data were preprocessed using a flexible preprocessing pipeline[4] 

including realignment with correction of susceptibility distortion interactions, slice timing 

correction, outlier detection, direct segmentation and MNI-space normalization and smoothing. 

Functional data were realigned using SPM realign & unwarp procedure[5], where all scans were 

coregistered to a reference image using the least squares approach and a 6 parameter (rigid body) 

transformation[6], and resampled using b-spline interpolation to correct for motion and magnetic 

susceptibility interactions.  

Temporal misalignment between different slices of the functional data (acquired in ascending 

order) was corrected following SPM slice-timing correction (STC) procedure[7,8], using sinc 

temporal interpolation to resample each BOLD slice timeseries to a common mid-acquisition time.  

Potential outlier slices were identified using ART[9] as acquisitions with framewise displacement 

above 0.9 mm or global BOLD signal changes above 5 standard deviations[10,11], and a reference 

BOLD image was computed for each subject by averaging the slices excluding outliers.  

Functional and anatomical data were normalized into standard MNI space, segmented into grey 

matter, white matter, and cerebrospinal fluid (CSF) tissue classes, and resampled to 2 mm isotropic 

voxels following a direct normalization procedure[11,12] using SPM unified segmentation and 

normalization algorithm[13,14] with the default IXI-549 tissue probability map template.   

Functional data were smoothed using spatial convolution with a Gaussian kernel of 8 mm full 

width half maximum (FWHM). 

Functional data were then denoised using a standard denoising pipeline[15] including the regression 

of potential confounding effects characterized by white matter timeseries (5 CompCor noise 

components), CSF timeseries (5 CompCor noise components), outlier scans (below 85 factors)[10], 

motion parameters and their first order derivatives (12 factors)[16], session and task effects and 

their first order derivatives (4 factors), and linear trends (2 factors) within each functional run, 

followed by bandpass frequency filtering of the BOLD timeseries[17] between 0.008 Hz and 0.09 

Hz. CompCor[18,19] noise components within white matter and CSF were estimated by computing 

the average BOLD signal as well as the largest principal components orthogonal to the BOLD 

average, motion parameters, and outlier scans within each subject's eroded segmentation masks. 

From the number of noise terms included in this denoising strategy, the effective degrees of 



freedom of the BOLD signal after denoising were estimated to range from 101.6 to 133.8 (average 

131.1) across all subjects[11]. 

BOLD analysis 

First-level analysis (individual maps) 

Seed-based connectivity maps (SBC) and region of interest (ROI)-to-ROI connectivity matrices 

(RRC) were estimated characterizing the patterns of functional connectivity with 23 HPC-ICA 

networks[2] and Harvard-Oxford atlas ROIs[20]. The ROIs examined included PTSD commonly 

reported large-scale brain networks: default mode (DMN), salience (SN), fronto-parietal (FPN), 

thalami, amygdala and hippocampi . Functional connectivity strength was represented by Fisher-

transformed bivariate correlation coefficient from a weighted general linear model (weighted-

GLM[21]), defined separately for each pair of seed and target area. Individual scans were weighted 

by a boxcar signal characterizing each individual task or experimental condition convolved with 

an SPM canonical hemodynamic response function and rectified. 

Second-level analysis (group-level analyses) 

Second-level were performed using a General Linear Model (GLM)[22]. For each individual voxel 

a separate GLM was estimated, with first-level connectivity measures at this voxel as dependent 

variables (one independent sample per subject and one measurement per task or experimental 

condition, if applicable), and groups or other subject-level identifiers as independent variables. 

Voxel-level hypotheses were evaluated using multivariate parametric statistics with random-

effects across subjects and sample covariance estimation across multiple measurements.  

Inferences were performed at the level of individual clusters (groups of contiguous voxels). 

Cluster-level inferences were based on parametric statistics from Gaussian Random Field 

theory[23,24].  

Results were thresholded using a combination of a cluster-forming p < 0.001-0.005 voxel-level 

threshold, and a familywise corrected p-FDR < 0.05 cluster-size threshold[25]. 
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Supplementary Figure 1: Confusion Matrix 

Confusion matrix showing treatment perception in the two groups. Accuracy was calculated as 

the true perceived HBOT or sham divided by the total participants. Recall was calculated as the 

number of true HBOT perceptions divided by the total actual HBOT perceptions. Precision was 

calculated as the number of true HBOT perceptions divided by the sum of true HBOT 

perceptions and false sham perceptions. 
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Supplementary Table 1:  

Significant seed to voxel functional connectivity group-by-time interactions 
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