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Background: Infective endocarditis (IE) is associated with a high morbidity and mortality. Adjunctive hyperbaric oxygen (HBO2) 
treatment may enhance bactericidal effects of antibiotics and improve outcomes in patients with IE We conducted an open label, 
feasibility, and safety trial, including exploratory biomarker analyses, to evaluate HBO2-therapy in patients with IE.
Methods: This Phase I/II feasibility and safety trial included patients aged >18 years, with left-sided IE caused by Gram-positive cocci. 
The intervention consisted of six consecutive HBO2-sessions at 2.4 atm. Antibiotics were administered 1 hour before each HBO2-session.
Results: Of 26 screened patients, 13 patients were included and 10 (77%) completed the HBO2-therapy (age 80 years (IQR 73–83); 70% 
male). Median time from diagnosis of IE to first HBO2 session was 6 days (IQR 5–7). No serious adverse events or suspected unexpected 
serious adverse reactions were recorded. Pre- and post-HBO2 blood samples revealed significant changes in biomarkers: reduced median 
CRP levels (22 vs 15 mmol/L, p=0.043) and hemoglobin levels (6.4 vs 5.8 mmol/L, p=0.021); increased mean serum VCAM-1 (1.22x106 

vs. 1.29x106 pg/mL, p=0.0003) and E-selectin (5.7x104 vs. 6.41x104 pg/mL, p=0.044); and a decrease in G-CSF levels (73.85 vs 72.93 
pg/mL, p=0.021), activated platelets (193.7 vs 169.8 MFI, p=0.015), and platelet-neutrophil complexes (2747 vs 1916 MFI, p=0.003).
Conclusion: Adjunctive HBO2 therapy was feasible and safe in selected patients with IE. Significant changes in biochemical markers 
suggest potential immunomodulatory effects of HBO2-therapy. Randomized controlled trials are required to evaluate the clinical 
efficacy of HBO2 as an adjunct to standard care in IE.
Study Id: EudraCT (2019–000857-29). Danish Medicines Agency (2019030362).
Keywords: infective endocarditis, hyperbaric oxygen, adjunctive therapy, biofilm infection

Introduction
The incidence of infective endocarditis (IE) is increasing,1–3 with in-hospital mortality largely unchanged at 20%4–6 and 
a 35–50% all-cause mortality at 3–5 years follow-up.7–9

Antibiotics may have reduced efficacy in valvular vegetation biofilm infections,10 abscesses, and peripheral tissue with 
poor oxygenation, due to reduced bacterial killing by reactive oxygen species (ROS) and polymorphonuclear neutrophils.11

Hyperbaric oxygen (HBO2) treatment is commonly applied in repeated sessions of 1–1.5 hours, in a pressure chamber 
where the patient breathes pure oxygen, resulting in estimated oxygen levels at 6–10 fold higher than normal physiological 
tissue-levels.11,12 Improvement of antibacterial effects of certain antibiotics through HBO2 treatment has shown promise in 
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in vitro biofilm models, as well as in animal models with Staphylococcus aureus IE.10,13 Possible positive effects of adjunctive 
HBO2 treatment include (i) decreased tissue hypoxia, (ii) reduced biofilm, (iii) reduced microbial growth and virulence, (iv) 
reduced pro-inflammatory cytokines and adhesins, and (v) enhanced growth factors and anti-inflammatory cytokines.11

To our knowledge, HBO2 treatment has not previously been studied in patients with IE. The safety profile of HBO2 

treatment in an IE patient population remains unknown and implementing the therapy during the active phase of IE is 
organizationally challenging. Based on these considerations, we initiated a phase I/II trial (ENDOHOT trial) to evaluate 
the safety and feasibility of adjunctive HBO2 treatment in hemodynamically stable patients with left-sided IE caused by 
Gram-positive cocci, which account for 85% of all IE cases4,14 Additionally, exploratory biomarker analyses were 
performed to provide a foundation for the design of a large-scaled randomized controlled trial of HBO2 treatment of 
patients with IE.

Materials and Method
Trial Design and Oversight
The ENDOHOT trial (Hyperbaric oxygen treatment in humans with Gram-positive cocci endocarditis) was an open label, 
non-randomized single-arm phase I/II trial performed at the Copenhagen University Hospital, Rigshospitalet and Herlev- 
Gentofte Hospital, Denmark. The study was approved by the Danish Medicines Agency (Journal file no.: 2019030362), 
the Danish Data Protection Agency (Journal file no.: VD-2019-149) and the regional ethical committee of the Capitol 
Region of Denmark (Journal file.no: H-19024913). The study was registered on EudraCT (2019–000857-29). The trial 
was overseen by the Copenhagen University GCP-Unit and complied with WHO GCP criteria for good clinical research 
practice and was performed in accordance with the principles of the Declaration and Helsinki. All participants provided 
written informed consent. All the authors vouch for the completeness and accuracy of the data and analyses presented.

Patient Population
Inclusion of 10 patients with a completed course of HBO2 treatments was planned. Eligible patients were adults (≥18 years), 
fulfilling the modified Duke criteria for left-sided definitive IE, including positive blood cultures with Gram-positive cocci. 
Patients needed to be respiratory and hemodynamically stable, with no need of mechanical support or inotropes and/or 
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vasopressor support, able to perform Valsalva’s maneuver or accepting either tympanic paracentesis- or tubulation if needed, 
and able to be seated for duration of treatment. Only patients where HBO2 treatment could be initiated within 2 weeks after the 
diagnosis of IE with concurrent initiation of appropriate antibiotic treatment were eligible for inclusion.

Patients were excluded if they suffered from severe claustrophobia, were clinically or hemodynamically unstable, had 
2nd or 3rd degree AV-block without a temporary pacemaker, had signs of pneumothorax on X-ray or CT, or were planned 
for cardiac surgery within the same timeframe as planned HBO2 treatment.

Hyperbaric Oxygen Treatment
Patients were scheduled for six consecutive HBO2 sessions over a maximum of 5 days, with one to two sessions per day 
and at least a six-hour interval between sessions. Each session consisted of placement in an HBO2 multi-place chamber 
with 100% oxygen at 2.4 atmospheres absolute (ATA, or 243 kPa)) for 90 min at a time including two air brakes of 
5 minutes each (Figure S1). Intravenous antibiotic treatment was administered <1 hour prior to HBO2 treatment. Patients’ 
vital signs including electrocardiogram, oxygen saturation, pulse rate, level of consciousness and respiratory rate were 
continuously monitored during treatment. All patients were monitored with telemetry, daily labs, and blood cultures and 
vital signs during hospitalization in the IE ward, in addition to standard care.

Observations and Outcomes
The primary feasibility outcomes of the trial were (I) patient compliance (tolerance/acceptance of the treatment) and (II) 
practical feasibility of completing all six HBO2 treatment sessions. A successful session required ≥60 min of HBO2 at 2.4 
ATA, and adequate treatment was defined as ≥4 completed session.

Primary safety endpoint was assessed by monitoring and reporting of serious adverse events (SAE’s) and suspected 
unexpected serious adverse reactions (SUSAR’s), according to the Clinical Study Serious Adverse Event Report Form 
and the Danish Health and Medicines Authority’s form for SUSAR’s.

Secondary endpoints included assessment of changes on imaging by echocardiography <48 hours before and after 
first and last HBO2 session, biochemistry including C-reactive protein (CRP), procalcitonin, white blood cell count, 
haemoglobin, coagulation parameters, D-dimer, kidney and liver parameters, serum biomarkers, daily blood cultures and 
whole blood for flow cytometrical analysis of neutrophils, platelets, and their complexes.

Samples
Blood was drawn from participants via 21G butterfly needle or from a central venous catheter. All patients had blood 
drawn before (max 1 hour) and directly after HBO2 treatment (±15 min post-treatment).

Serum Cytokines
For multiplex analysis, a human cytokine assay (Bio-Rad, Hercules, CA) was used on a LUMINEX® 200TM platform 
(Luminex Corporation, Austin, TX). Granulocyte–colony stimulating factor (G-CSF),15 urokinase plasminogen activator 
surface receptor (uPAR, CD87),16 interleukin (IL)-1β and IL-8,15,17 vascular endothelial growth factor (VEGF),18 intercellular 
adhesion molecule 1 (ICAM-1),19 vascular cell adhesion protein 1 (VCAM-1)20 and E-selectin20 were measured (purchased 
from R&D systems, Abingdon, UK). Missing samples and sample outliers with values beyond ±2 standard deviations were 
excluded for analysis.

Flow Cytometry
To measure total leukocyte count (data not shown) and neutrophils (Panel 1), 50 µL of citrate whole blood were added to 
counting tubes (BD Trucount™ tube, 340334) placed on ice followed by addition of 10 µL each of the following antibodies: 
CD11b Monoclonal Antibody (M1/70), APC, eBioscience™, CD15 Monoclonal Antibody (HI98), FITC, eBioscience, and 
CD45 Monoclonal Antibody (HI30), eFluor 450, eBioscience. The samples were incubated in the dark for 30 min and added 
1 mL FACS lysing solution (BD FACS™ lysing Solution) dilute 1:10 in MilliQH2O for simultaneous lysing of erythrocytes 
and fixation. After incubation for 10 minutes, the samples were analyzed by flow cytometry.
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For estimating platelet-neutrophil-complexes (Panel 2), 100 µL of citrate whole blood was added to a 5 mL falcon 
tube (Corning Science México S.A. de C.V. Ref 352054) placed on ice followed by addition of 10 µL each of the 
following antibodies: CD11b Monoclonal Antibody (ICRF44), Super Bright 600, eBioscience, CD15 Monoclonal 
Antibody (HI98), eFluor 450, eBioscience, CD42b Monoclonal Antibody (HIP1), FITC, eBioscience, and CD62P 
(P-Selectin) Monoclonal Antibody (Psel.KO2.3), APC, eBioscience. The samples were incubated in the dark for 
30 min and diluted 1000 times in cold PBS filtered through a 0.22 µm filter before flow cytometrical analysis on an 
Attune NxT flow cytometer (Thermo Fisher Scientific, Waltham, MA, USA).

Samples from panel 1 were recorded using standard filter settings and samples from panel 2 were recorded using the 
Attune NxT No-Wash No-Lyse Filter Kit (Thermo Fisher Scientific).21 Missing and failed samples and outliers with 
values beyond ±2 standard deviations were excluded from the analysis.

Statistical Analysis
Continuous variables are presented as means and standard deviations or medians and interquartile ranges, as appropriate. 
Categorical variables are expressed as absolute numbers and frequencies. Parametric data were assessed for normality 
using the D’Agostino and Pearson omnibus normality test and analyzed using paired t-tests (pooled data). For non- 
parametric data, the Wilcoxon matched-pairs signed-rank test was applied, with correction for multiple comparisons.22 

Two-sided P-values of less than 0.05 were considered statistically significant. Analyses were performed with the use of 
R software (R Foundation for Statistical Computing). Statistical analyses of serum cytokines and flow cytometry data 
were performed using GraphPad Prism v.10.1.2 (GraphPad Software, Inc., San Diego, CA).

Results
Patient Inclusion and Feasibility
A total of 26 patients were screened for inclusion. Of these, 13 patients were excluded prior to initiation of HBO2 

treatment; one (8%) due to pneumothorax, two (15%) due to hemodynamic instability, two (15%) could not be initiated 
within the first 14 days of relevant antibiotic treatment and eight (62%) declined to participate (Figure 1). For the 
remaining 13 patients, 62 HBO2 sessions in total were initiated, with intravenous antibiotics administered ≤ 1 hour before 
HBO2 treatment in 60 sessions (97%). Two (15%) patients were excluded without completion of any HBO2 sessions due 
to claustrophobia and one (8%) patient was excluded after completion of the 1st HBO2 session due to subacute cardiac 
surgery, leaving 10 patients who completed treatment. Eight patients (80%) completed all six sessions of 90 mins 
duration. One (10%) patient completed five sessions, before early termination of HBO2 treatment due to planned 
subacute cardiac surgery. One (10%) patient completed four sessions of 90 minutes, 40 min of a 5th session (terminated 
due to diarrhea related to preparation for colonoscopy). Final session was omitted due patient fatigue. Details of 
treatment-related side-effects and patient tolerance are provided in the supplementary (Table S1).

Baseline Characteristics
Of the 10 patients completing HBO2 treatment, the majority were men (n=7, 70%) and the median age was 80 years (IQR 
73–83) (Table 1). All patients were assessed by transesophageal echocardiography at time of diagnosis. Median time 
from diagnosis to first HBO2 session was 6 days (IQR 5–7). The pathogens were Streptococcus spp. (n = 5, 50%) 
followed by Enterococcus faecalis (n= 4, 40%) and Staphylococcus aureus (n=1, 10%). Half of the patients (n=5, 50%) 
had a prosthetic heart valve at baseline. The most common affected valve was the aortic valve (n = 8, 80%) and four 
(40%) patients had cardiac abscess formation, three of which were not considered surgical candidates and were 
discharged as terminally ill. Echocardiographic variables before and after HBO2 treatment are shown in Table S2. No 
patients underwent cardiac surgery prior to inclusion in the trial. The median level of CRP at inclusion was 26 mmol/L 
(IQR 15–58 mmol/L). Baseline lab values can be seen in Table S3.
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Safety and Secondary Outcomes
There were no SAE’s or SUSARs registered, and no deaths considered related to HBO2 therapy. Echocardiographic 
parameters before and after HBO2 treatment were largely unchanged (Table S2). There were no relapses of positive blood 
cultures and no new surgical indications identified. One patient (10%) died within 30 days of HBO2 treatment, due to 
heart failure caused by IE complicated by severe valvular heart disease with no surgical options and the patients had been 
discharged to palliative care. Outcome was not considered related to HBO2 treatment.

Biochemistry before and after HBO2 treatment can be seen in Supplementary Figure S2. After HBO2 treatment, there 
were significant reductions in CRP levels (pre-HBO2 CRP: 22 mmol/L (IQR 14–46) vs post-HBO2 CRP: 15 mmol/L 
(IQR 9–21), p=0.043) and in hemoglobin levels (pre-HBO2 Hgb: 6.4 mmol/L (IQR 5.9–7.6) vs post-HBO2 Hgb: 
5.8 mmol/L (IQR 5.5 −7.6), p=0.021). There were no significant differences in WBC or eGFR.

Serum Cytokines and Adhesins
The concentrations of serum cytokines and adhesion markers measured pre- and post-HBO2 treatment over the entire 
treatment period are presented in Figures 2 and S3.

Pooled pre- and post-HBO2 treatment data demonstrated a significant increase in VCAM-1 and E-selectin levels, accom
panied by a decrease in G-CSF. VCAM-1 increased from a mean of 1.22 × 106 ± 1.09 × 106 pg/mL (95% CI 9.25–15.16 × 106) to 
1.29 × 106 ± 1.11 × 106 pg/mL (95% CI 9.90–15.91 × 106; p = 0.0003, n = 55). E-selectin increased from 5.70 × 104  

± 7.42 × 104 pg/mL (95%CI 3.76–7.77 × 104) to 6.41 × 104 ± 9.83 × 104 pg/mL (95% CI 3.76–9.07 × 104; p = 0.044, n = 55). In 
contrast, G-CSF levels decreased from 73.85 ± 39.86 pg/mL (95% CI 63.08–84.63) to 72.93 ± 47.40 pg/mL 
(95% CI 60.11–85.74; p = 0.021, n = 55) (Figure S4). For other measured cytokines and adhesion markers no significant 
differences were found (data not shown).

Figure 1 Inclusion and exclusion of patients. 
Abbreviation: HBO2, Hyperbaric oxygen.
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Neutrophil Count, Neutrophil, and Platelets Activation and Platelets-Neutrophil 
Complex Formation
Flow cytometry analysis of neutrophils revealed a non-significant increase at pre- vs. post-HBO2 treatment for sessions 1, 3, 
and 5 based on paired analysis. Specifically, for session 1 (S1): pre-treatment: 5.52 ×109 ± 1.59 ×109 vs. post-treatment: 5.57 
×109 ±1.96 ×109, p=0.92; for session 3: pre-treatment: 4.84 ×109 ±1.65 ×109 vs. post-treatment: 5.28 ×109 ±1.63 ×109, 
p=0.32; and for session 5: pre-treatment: 4.86 ×109 ±1.63 ×109 vs. post-treatment: 5.40 ×109 ±1.43 ×109, p=0.35. Similarly, 
activated neutrophils showed no significant change across sessions (S1 pre-treatment: 2505 ± 1292 vs. S1 post-treatment: 
2357 ±828, p=0.50; S3 pre-treatment: 2707 ±1504 vs. S3 post-treatment: 2469 ±1479, p=0.47; S5 pre-treatment: 2228 ±908 
vs. S5 post-treatment: 2338 ±1482, p=0.70) (Figure S5a and b).

Activated platelets exhibited a decrease at session 3, with a reduction in mean fluorescence intensity (MFI) from pre-HBO2 

(193.4 ±44.81) to post-HBO2 treatment (176.3 ±37.47 MFI), p=0.037. A non-significant reduction was observed at sessions 1 
and 5 (p=0.34 and p=0.12, respectively). Platelet-neutrophil complexes showed a reduction at sessions 3 (pre-treatment (2931 

Table 1 Clinical Characteristics of Patients

Characteristics HBO2 treatment, n = 10

Male – n (%) 7 (70%)

Age, years – median (IQR) 80.0 (73.2, 82.8)

BMI, kg/m2 – median (IQR) 25.8 (22.6, 28.0)
Days from diagnosis to start HBO2 treatment – median (IQR) 6 (5–7)

Coexisting condition or risk factor - n (%)

Heart disease 7 (70%)

HIV 1 (10%)
Neurological disease 3 (30%)

Renal disease 2 (20%)

Dialysis 0 (0%)
Liver disease 1 (10%)

Diabetes 2 (20%)

COPD 2 (20%)
Intravenous substance use disorder 0 (0%)

Cancer 2 (20%)

Preexisting prosthesis or implant and cardiac involvement - n (%)

Pacemaker/ICD 1 (10%)
Heart valve prosthesis 5 (50%)

Cardiac abscess formation 4 (40%)

Aortic valve IE 8 (80%)
Mitral valve IE 4 (40%)

Tricuspid valve IE 0 (0%)

Pulmonic valve IE 0 (0%)
Moderate to severe aortic insufficiency 2 (20%)

Moderate to severe aortic stenosis 2 (20%)

Moderate to severe mitral insufficiency 1 (10%)
Severe mitral stenosis 1 (10%)

Heart valve surgery during IE before HBO2 treatment 0 (0%)

Pathogen - n (%)

Streptococcus spp. (non-hemolytic) 3 (30%)

Streptococcus spp. (hemolytic) 2 (20%)

Enterococcus faecalis 4 (40%)
Staphylococcus aureus 1 (10%)
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±1548 MFI) vs. post-treatment (1893 ±665 MFI), p=0.050) and 5 (pre-treatment (2463 ±1032 MFI) vs. post-treatment (1349 
±257 MFI, p=0.03) (Figure 3). Paired analysis of all individual values (pooled data, n=23) revealed a non-significant increase 
in the total number of neutrophils comparing pre- vs. post-HBO2 treatment (5.12 ×109 ±1.58 ×109 vs. 5.42 ×109 ±1.66 ×109 

neutrophils /L, p=0.28) (Figure S6a). Whole blood analysis for activated neutrophils, as indicated by CD11b expression, 
showed a non-significant reduction after HBO2 treatment (2314 ±1083 vs. 2181 ±1016 fluorescence intensity (MFI), p=0.35) 
(Figure S6b). In contrast, activated platelets, as indicated by CD62p expression, showed a significant reduction after HBO2 

treatment (193.7 ±46 vs. 169.8 ±33 MFI, p=0.015) (Figure S6c). Additionally, analysis of whole blood platelet-neutrophil 
complexes revealed a significant reduction post-HBO2 (2747 ±1631 vs. 1916 ±1271 MFI, p=0.003) (Figure S6d).

Discussion
In this phase I/II feasibility trial of HBO2 treatment as adjunctive therapy in patients with left-sided IE, we found that this 
treatment was feasible in 62% of the patients, with partial completion in an additional 15% of patients. No SAE’s or 
SUSARs were seen in relation to HBO2 treatment. The main side effect specifically related to HBO2 treatment was 
claustrophobia. Based on these findings, HBO2 treatment as adjunctive therapy in patients with IE is regarded feasible 
and safe in the majority of patients. The exploratory analysis of biomarkers measured before and after each session of 
HBO2-treatment showed significant changes in a proportion of several markers, yet might be confounded by antibiotic 
treatment and reflect the natural disease course. Larger randomized trials are needed to assess the impact of HBO2 on 
clinical outcomes, including efficacy on pathogen eradication, risk of IE relapse, and need of later surgical intervention in 
addition to effect on short- and long-term mortality, and also on risk of relapse of infection and need for surgery.

Figure 2 Serum cytokine and adhesion molecule levels pre- and post-HBO2 treatment. Serum levels of granulocyte colony-stimulating factor (G-CSF) (a), interleukin-1β (IL- 
1β) (b), vascular cell adhesion protein 1 (VCAM-1) (c), and E-selectin (d) were measured before (pre) and after (post) each hyperbaric oxygen (HBO2) treatment. 
Concentrations are presented in pg/mL. The number of patients included in the analysis for each HBO2 session was as follows: session 1 (n=9), session 2 (n=7), session 3 
(n=8), session 4 (n=9), session 5 (n=9), and session 6 (n=7). Samples were excluded if missing or identified as outliers beyond ± standard deviations. Statistical analysis was 
not performed.
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Undertaking six sessions of HBO2 treatment twice daily during the early critical treatment phase of IE23 was 
organizationally challenging and affected the timing of other procedures. This was reflected in the need to expand the 
initial timeframe for completion of six sessions within 3 days to a maximum of 5 days, allowing for initiation of 
treatment in the evening and restricting HBO2 treatment to one session on days where other diagnostic procedures such 
as PET-CT and endoscopies were performed. For one patient, it was only possible to complete four full sessions and one 
40-min session due to the patient’s clinical condition. The initial protocol planned to include patients within 1 week of 
initiation of antibiotic therapy. This timeframe was expanded to 2 weeks by the trial investigators, to allow for higher 
recruiting rate. Considering the large resource allocation associated with completing all six HBOT sessions as per 
protocol, further knowledge on the benefits of HBO2 treatment is needed to assess the gain from adjunctive therapy of 
HBO2 treatment. However, we identified a potential benefit of HBO2 therapy for patients with IE. If adjunctive therapy 
with HBO2 was found to enhance antibiotic efficacy and improve bacterial eradication in randomized clinical trials, it 

Figure 3 Flow cytometry analysis of whole blood pre- and post-HBO2 treatment. Flow cytometry was used to analyze whole blood samples collected pre and post HBO2 

treatment, at session 1, 3 and 5. Activated platelets (panel a) and platelet-neutrophil complexes (panel b) we quantified. A paired t-test was used to compare pre- and post- 
HBO2 measurements. n=samples for analysis. Significant decreases are indicated by asterisks (*P ≤ 0.05). 
Abbreviations: MFI, mean fluorescent index; ns, non-significant.

https://doi.org/10.2147/IDR.S568123                                                                                                                                                                                                                                                                                                                                                                                                                                                                Infection and Drug Resistance 2026:19 8

Pries-Heje et al                                                                                                                                                                     

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



might be of clinical value in selected patients, eg. those who are not surgical candidates or with abscess formation, 
prosthetic material in the heart, or reduced kidney function, to reduce risk of relapse or possibly reduce the total daily 
antibiotic dosage.

We found that CRP levels were significantly lower at the end of HBO2 treatment; however the patients already had low 
levels at time of treatment. This might reflect the natural treatment course of the disease over time and is difficult to interpret 
in relation to the anti-inflammatory effect of HBO2 treatment measured by serum cytokines. A randomized study including 
patients both in the early and the septic phase of IE could provide valuable insights into the effects of HBO2 treatment. This 
approach has shown promise in an experimental rat models of S. aureus IE,13 undergoing 6 consecutive sessions with HBO2 

treatment at 280 kPA pressure HBO2 treatment has also been demonstrated beneficial in patients with infection caused by 
other severe biofilm-forming infections such as necrotizing soft tissue infections, including a study of 114 patients with 
septic shock, undergoing daily HBO2 treatment at 284 kPA pressure19,24,25 We also found significantly lower hemoglobin 
levels which might reflect a response to treatment, but might also be related to development of inflammatory anemia caused 
by the infection,26 in combination with iatrogenic anemia caused by multiple blood tests.

No significant changes were seen in sequential measurements of the serum cytokines and adhesion molecules during 
HBO2 treatment. This could be explained by the stability and low inflammation seen in patient at the state of inclusion 
(baseline biochemistry) contrary to other observations in HBO2 treated patients with sepsis and septic shock27 and after 
several day of antibiotic treatment. Pooled data showed a temporary elevation of serum VCAM-1 and E-selectin and decline of 
G-CSF after HBO2 exposure. VCAM-1 and E-selectin are co-regulated markers of endothelial activation and leukocyte 
recruitment, frequently elevated together in cardiovascular and inflammatory disease.28 The impact of this temporary 
elevation of VCAM-1 and E-selectin remains uncertain and should be interpreted with caution. Evidence is limited, but it 
may reflect endothelial activation that promotes leukocyte recruitment, including VCAM-1–mediated rolling, firm adhesion, 
and subsequent transmigration to the site of infection. The temporary decline of G-CSF could reflect reduced inflammation. 
However, these serum markers are surrogate markers for the actual inflammation in the surrounding of the endothelium of the 
heart valves and could indicate the extensive activation of endothelial and the dominating source of VCAM-1 and E-selectin 
cells during infection. Elevation of these soluble serum markers could also be a consequence of shredding from the endothelial 
line in the regeneration and healing process of the endothelium induced by HBO2, which has also been observed in vitro 
endothelial cell study.29 Another explanation for the transient rise in VCAM-1 and E-selectin post HBO2 sessions may reflect 
short-term endothelial activation or “priming” in response to hyperoxia and oxidative signals, without implying harmful or 
sustained vascular injury.30 Söderquist et al20 have also shown that VCAM-1 and E-selectin are elevated in patients with 
S. aureus IE and S aureus bacteremia. These adhesions molecules are expressed by several cell types that play key roles in both 
the innate immune and adaptive immune response.31,32 The local response in the heart valves could for obvious reasons not be 
investigated in this trial but was assessed by consecutive echocardiography. However, the previous mention precursor of this 
trial, a pre-clinical study of S. aureus IE, suggest that HBO2 treatment can reduce levels of several proinflammatory cytokines 
and adhesins in infected valves.13

In response to HBO2 treatment we found no significant differences in total PMNs count and activated leukocytes, 
although there was a trend of elevated leukocytes after HBO2 treatment. Previous studies have shown that the HBO2 

treatment can mobilize stem cells from the bone marrow especially CD34+ progenitor cells (pluripotent) by stimulating 
NO synthesis,33,34 but importantly our trial found no adverse effects on the PMNs. Activated platelets play a crucial role 
in the innate immune response during intravascular infection and platelet-neutrophil complexes are essential for infection 
control. However, in IE, an exaggerate immune response or inadequate infection control may promote the formation of 
platelet-neutrophil complexes, contributing to septic thrombosis.35 We observed that the number of activated platelets 
was decreased post-HBO2 and significantly at session 3 of HBO2 treatment. The number of platelet-neutrophil complexes 
was also decreased significantly at session 3 and 5, which could indicate a beneficial and protective immune response by 
HBO2 treatment, in regards oto thrombosis.

Strengths and Limitations
This trial is a phase I/II trial of the feasibility and safety of adjunctive HBO2 treatment in humans with IE, performed at two 
large centers in the Capital Region of Denmark. While we found that HBO2 treatment was feasible, with no registered SAE or 
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SUSARs, the design and small number of patients and the lack of control group limits assessment the clinical effect, as the 
single-arm, non-comparative design does not allow for causal inference of the treatment and changes seen in biomarkers.

Median time from diagnosis to initiation of HBO2 treatment was 6 days due to inclusion criteria, practical setup in the 
hyperbaric chamber, and need for transfer of patients to the tertiary centre for inclusion. While all patients were considered to 
be in the initial stage of treatment for endocarditis, most were clinically stable with a CRP < 50 mmol/L. The timing of 
initiation of treatment might have influenced the effect of the HBO2 treatment and yielded smaller changes in biomarkers than 
if initiated immediately after diagnosis, yet might also decrease confounding from initiation of antibiotic treatment.

Conclusion
This phase I/II trial found HBO2 treatment for IE in selected patients to be feasible with no adverse effects. Significant 
changes were observed in biomarkers and key inflammatory markers, which might reflect effects from HBO2 treatment. 
Further studies are needed to verify these findings and determine if adjunctive HBO2 could help reduce IE’s high 
complication and mortality rates.

Data Sharing Statement
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