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Background 
Stroke is one of the leading causes of death and disabilities in elderly population worldwide. In high-income countries, stroke is the third most common cause of death and the main cause of acquired adult disability 1. The most widespread and widely recognized mutilation caused by stroke is motor impairment, although other cognitive functions may also be impaired 1-3. Intensive functional therapy and rehabilitation programs are essential to minimize the cognitive and physical sequels associated with acquired brain injury, in order to maximize the patient's quality of life 4, 5. Unfortunately, these programs are only partially successful, and alternative approaches are needed to expand metabolic recovery of the injured cerebral tissues. Hyperbaric oxygen therapy (HBOT) has been proposed as a possible post-stroke adjuvant therapy. However, the results of HBOT application during the acute phase, i.e. immediately after stroke, are contradictory 6-9, whereas data on the effect of HBOT in the chronic stage are scanty. 

HBOT has been investigated for treatment of numerous diseases for more than 300 years. The principal effect of HBOT is increasing the solubility of oxygen in plasma to a level sufficient to support tissues with minimal oxygen supply carried on by hemoglobin. Transport of oxygen to mitochondria, the main sites of oxygen utilization within each individual cell, occurs by diffusion, via a stepwise decrease in the driving oxygen pressure gradient. Diffusion oxygen gradient is a vector  indicating the direction of the greatest rate of change between oxygen dissolved in the blood and oxygen within the cell/entire tissue. As a whole, breathing oxygen under hyperbaric conditions has been shown to be a potent means of increasing arterial oxygen tension, as well as brain oxygen tension 10, 11 . For example, at 2 absolute atmospheres (ATA), plasma O2 tension rises above 1110 mmHg, whereas at normal environmental conditions, i.e. at the sea level, it reaches only 98 mmHg. As can be concluded, hyperbaric conditions can provide about a ten-fold increase in the amounts of O2 reaching the hypoxic brain tissue. HBO therapy is well tolerated and has been considered safe when used according to the standard protocols, with oxygen pressure not exceeding 3 ATA and treatment sessions limited to a maximum of 120 min 12.  
It has been speculated that following hypoxic/ischemic episodes,  mitochondrial membrane alterations, microvascular failure and intermittent cerebral blood flow (CBF) reduction might impair efflux of oxygen from the capillaries into the tissue, and subsequently - into the neurons and then into the mitochondria, thus contributing to the functional failure of aerobic metabolism  13 and development of oxygen delivery/demand mismatch. Increasing plasma oxygen concentrations by means of HBOT is a potent tool for urgent oxygen supply to the perfused tissue 14. Moreover, HBOT might augment oxygen delivery to the hypoxic brain areas by yet a different mechanism, namely via increasing deformability of the red blood cells 15. Under normal conditions, HBOT application to the preserved, uninjured brain tissue also enhances brain oxygenation, albeit concomitantly induces vasoconstriction 16. It has been demonstrated, both in experimental 17-19 and clinical studies 20, 21, that CBF of injured brain does, indeed, decrease following exposure to HBOT. Furthermore, a propensity for vasoconstriction and decrease in CBF during exposure to HBOT was observed in uninjured areas of the brain, whereas in the injured areas CBF showed a tendency to increase 22. Therefore, it can be suggested that HBOT of the same magnitude differentially and selectively affects blood vessels within different brain areas, depending on the severity of the injury 22-24. It has been suggested that by such mechanism HBOT might initiate and/or regulate cellular and vascular repair processes within the injured brain 7, 25. Indeed, HBOT was shown to improve CBF in patients with chronic neurological deficiency, as demonstrated by brain SPECT imaging 26, 27.  

The effects of HBOT on the damaged/ischemic neuronal tissue has been extensively evaluated 28. Among the most important findings, the following should be mentioned: recovery of mitochondrial membranes and their functioning 29-33; improved BBB and decreased secondary inflammatory reactions 34, 35; improved cellular metabolism 7, 26, 35-38; initiation of anti-inflammatory activities, such as downregulation of ICAM-1 and other inflammatory cytokines 28, 35, 39, 40, diminished infiltration and reduced  adhesion of leucocytes within the injured brain 35, 41-43; reduced COX-2 expression 44,  decreased synthesis of apoptosis-regulating proteins, e.g. caspase 3, caspase 9, bcl-2 and  p53 and, accordingly, reduced apoptosis 35, 45, 46; reduced expression of HIF-1 47, 48; increased Na+-K+ ATPase activity and ATP production, resulting in stabilization of transmembrane ion gradients 49; upregulation of antioxidant enzyme synthesis and reduction of hydroxyl radical formation 50-53; suppression of NADPH oxidase 54 activity;  increased expression of neurotrophin 44, 55; increased NO activity 56; inhibited Nogo-A, Ng-R, or RhoA expression 57; up-regulated presence of axon guidance  agents 35 . 

HBOT-associated neuronal effects can be also mediated indirectly, via glial cells and asrocytes 58. Glial cells, which are robustly activated after cerebral insult, are known to play important role in the processes associated with neuroprotection and/or neurodegeneration 59, 60. In a variety of pathologic conditions, including ischemia, microglial cells release soluble factors such as pro-inflammatory cytokines and proteases, which are directly linked to neurodegeneration 61-63 By contrast, astrocyte activities promote the recovery of neuronal functions after injury by providing the energy substrates and trophic factors to btain cells, act as free radical and glutamate scavengers, promote remyelination and neovascularization and stimulate neurogenesis from neural stem cells 64. In permanent cerebral ischemia, astrocytes might be involved in regulation of high-to-toxic ATP concentrations by the induced expression of specific P2X receptor subtypes 65. In a model of permanent cerebral ischemia, HBOT has been demonstrated to decrease microgliosis, but to increase astrogliosis, within the peri-infarct areas 58. HBOT treatment has been shown to promote neurogenesis of the endogenous neural stem cells, thus also contributing to the repair processes within the injured brain 66-68.  
 
The major limitation, interfering with any conclusions drawn from the information concerning the metabolic effects of HBOT at the cellular level, is that these conclusions would be based on a striking diversity among the experimental models, types of neurologic damage and varieties of HBOT protocols (with respect to the applied pressure and duration of treatments). Nevertheless, there exists at least one underlying common denominator: unexceptionally, all described repair/regeneration mechanisms are energy/oxygen dependent. Consequently, at least one conclusion is unequivocal: HBO therapy improves metabolic processes of the neuronal tissue by providing the energy/oxygen supply, mandatory for successful regeneration processes within the brain recuperating from severe injury. 

The improved metabolic platform generated by HBOT is expected to initiate and enable many regeneration processes. In other organs suffering from oxygen supply/ demand mismatch, such as non-healing wounds in diabetic patients, it was already prove that HBOT can initiate many regeneration process eventually culminate in wound healing. The same is expected to happen in the relatively hypoxic-energy depleted areas of the injured brain.        




Objectives
The aim of the current study is to evaluate, for the first time in a prospective randomized study, the effect of hyperbaric oxygen therapy (HBOT) on patients with chronic neurological deficiency due to stroke. 
· The primary endpoints of the study are to evaluate the effects of the HBOT on:
· National Institutes of Health Stroke Scale (NIHSS) 
· Activities of daily living (ADL)
· Brain metabolism as visualized by SPECT
· The secondary endpoints included quality of life evaluation.

The safety of the HBOT in this post stroke population will also be evaluated and any adverse event will be recorded.

Study design
A prospective, randomized, control-crossed over trial. 
The study will be done in the hyperbaric chamber and in the research and development unit of Assaf Harofeh Medical Center, Israel. 
The brain SPECT evaluation will be done in Nuclear Medicine institute in Assaf-Harofeh Medical Center, Israel. 
 
Inclusion criteria 
· Ischemic or hemorrhagic stroke 6-36 months prior to the inclusion in the study.
· All patients had to have persistent (stable non improving) neurologic deficiency that includes at least one motor dysfunction (paresis or plegia) without noticeable improvement during the last month prior to their enrolment. 
· age 18 years or older


Exclusion criteria
Patients will be excluded if they will have one of the following criteria: 
· Dynamic neurologic improvement or worsening during the last month
· Had been treated with HBOT for any other reason prior to their inclusion
· Have any other indication for HBOT; 
· Chest pathology incompatible with pressure changes; 
· Inner ear disease; 
· Patients suffering from claustrophobia; 
· Inability to sign written informed consent.   
· Smoking patients were not allowed to smoke during the study and if they could not comply with this demand they were excluded.
· Inability to sign informed consent


Study protocol
After signing the informed consent, patients were randomized in 1:1 manner into the treated or the control-cross group. After the randomization, patients were invited for baseline evaluation that included full review of their medical status and complete physical examination. All patients had baseline CT scan. After their inclusion patients were randomized to two groups: a treated group and a cross group. All patients had evaluation of their neurologic functions by physical examination, ability to perform activities of daily living, quality of life and brain functional imaging (rCBF-SPECT scan). The patients in the treated group were evaluated twice – at baseline and after 2 months of HBOT treatment. The patients of the cross group were evaluated three times – at baseline, after a 2 month control period of no treatment and after a consequent 2 month period of HBOT treatment. We emphasize that the study was a cross-over trial and patients in the cross group received HBOT treatment after their second evaluation and had a third neurological evaluation after the cross, when they have completed their HBOT. 

The following HBOT treatment protocol was practice: The patient were treated 40 times (each treatment session was given on a separate day) distributed over two months (five days a week).  Each session was for 90 minutes in 100% oxygen atmosphere and at pressure of  2 ATA. 

Neurologic evaluation
National Institutes of Health Stroke Scale (NIHSS)
The neurological evaluation will be done at baseline and after 2 months for all patients. In the cross group a 3rd evaluation will be performed after 4 month- after crossing and completing 2 months of HBOT treatment. The clinical severity of the stroke will be assess by trained physician according to the National Institutes of Health Stroke Scale (NIHSS)69, 70.  
The NIHSS is attached in appendix 1. 

Activities of daily living (ADL)
The activities of daily living (ADL) will be evaluated by a questioner that covers the following functions: bathing, dressing, grooming, oral care, toileting, walking, climbing stairs, eating, shopping, cooking, managing medications, using phone, housework, doing laundry, driving and managing finances71. For each criterion the patient had to define whether he/she is independent, needs help, dependent or does not do at all (The range of the total score is from 0 (best) to 51 (worst)). 
The ADL is attached in appendix 2. 

Brain functional Imaging SPECT imaging and Analysis 
Single photon emission computed tomography (SPECT) will be conducted before and after HBOT. Subjects will lay supine in a quiet dimly lit room for 20 min prior to injection of the radiopharmaceutical. Apart from administration of the injection by a physician, they will remainalone in the room during this period. Subjects will be asked to remain at rest for 10 min after the injection of the radiopharmaceutical to allow uptake of the radiopharmaceutical in the brain.
An injection of 925-1110 MBq (25-30 mCi) of technetium-99m ethyl cysteinate dimmer (Tc-99m-ECD) will be given into an arm vein through a previously placed intravenous cannula. SPECT imaging of the brain was performed, at 40-60 min post injection, with the subject’s head supported by a headrest, using a dual detector gamma camera (ECAM or Symbia T, Siemens Medical Systems) equipped with high resolution collimators. Data will be acquired in the step-and-shoot mode, using a 360 degree circular orbit, with the detectors of the gamma camera as close as possible to the subject’s head. The camera used for imaging will noted for each subject and the same camera will be used for the follow-up study. Data will be acquired using a 128׳128 image matrix in 3 degree steps of 20 seconds per step. Data will be reconstructed by iterative reconstruction with no filtering. The Chang method (μ=0.12/ cm) will be used for attenuation correction. 
Intra subject visual analysis will be conducted using a process in which pre and post treatment studies are fused and normalized to pre-treatment whole brain activity.
Visual analysis will be carried out by two nuclear medicine physicians who compared the scans independently and grad them as either: 1=no change, 2=mild change and 3=significant change. Where, no change is assign when no visual difference is noted in the number or size of perfusion deficits, mild change is given when a reduced number of perfusion defects are noted or the size of the perfusion defects is reduced. Significant change should be attributed when a global perfusion increment is observe in addition to diminution of defect numbers or size. Differences in evaluation will be resolve after reviewing the images together. Scan visual interpretation will be carried out while blinded to any laboratory or clinical data. 
A comparison of the SPECT results with anatomical imaging (CT or MRI) will be done in order to evaluate the extent of perfusion deficit in relation to the anatomical lesion.
Quality of life evaluation
Quality of live will be evaluated by the EQ-5D questioner72, 73. EQ-5D essentially consists of 2 pages - the EQ-5D descriptive system and the EQ visual analogue scale (EQ VAS). The EQ-5D descriptive system comprises the following 5 dimensions: mobility, self-care, usual activities, pain/discomfort and anxiety/depression. Each dimension has 3 levels: no problems, some problems, extreme problems. 
The EQ VAS records the respondent’s self-rated health on a vertical, visual analogue scale where the endpoints are labeled “Best imaginable health state” and “Worst imaginable health state” (0 is denoting the worst imaginable health state while 100 is denoting the best imaginable health state). The validity and reliability of the EQ­5D questionnaire have been tested74,75. 
The EQ-5D questioner is attached in appendix 3. 
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Administration and regulation
Informed Consent
The investigator will obtain written informed consent from the patient participates in this study after adequate explanation of the aims, methods, objectives, and potential hazards of the study and prior to undertaking any study-related procedures.  The investigator must utilize a consent form for documenting written informed consent.  Informed consent will be appropriately signed and dated by the patient or the subject’s legally authorized representative and the person obtaining consent.

[bookmark: _Toc466346561][bookmark: _Ref467294131][bookmark: _Ref467294559][bookmark: _Toc114976117][bookmark: _Toc119213574][bookmark: _Toc263698596][bookmark: _Toc268708705]Confidentiality
Subjects’ anonymity will be strictly maintained and that their identities are protected from unauthorized parties. The information is not to be disclosed to any third party (except for medical stuff or employees or agents directly involved in the conduct of the study or as required by law). 

[bookmark: _Toc466346562][bookmark: _Toc114976118][bookmark: _Toc119213575][bookmark: _Toc263698597][bookmark: _Toc268708706]Study Files 
The medical records will be maintained adequately to enable good data storage and latter on management.  Subject clinical source documents would include (although not, limited to) the following: subject hospital/clinic/ hyperbaric unit records, physician’s and nurse’s notes, appointment book, original laboratory reports, electroencephalogram (EEG), X-ray, SPECTs, CT and special assessment reports, consultant letters, screening and enrollment log  etc.

Statistical Considerations 
[bookmark: _Toc118076480][bookmark: _Toc118083468][bookmark: _Toc120544354][bookmark: _Toc145592424]Analysis Sets
[bookmark: _Toc118076481][bookmark: _Toc118083469][bookmark: _Toc120544355][bookmark: _Toc145592425]Safety Analysis Set
The safety analysis set will consist of all subjects for whom the study treatment was initiated.
[bookmark: _Toc145592426]Primary Efficacy Analysis Set
In this trial will be measured the co-primary endpoint parameters: improvement in NIHSS tests score and improvement in ADL score following HBOT treatment for post stroke patients suffering chronic neurological deficiencies.
The primary efficacy analysis evaluation will include all subjects who completed the HBOT treatment or the control period; had no major protocol violations, and for whom there is a valid NIHSS and ADL tests score following 2 months of HBOT treatment. 

[bookmark: _Toc118076484][bookmark: _Toc118083472][bookmark: _Ref120542869][bookmark: _Toc120544358][bookmark: _Toc145592427]Sample Size Considerations
Presentation of sample size is based on achieving 80% power overall to demonstrate that improvement rate in NIHSS test score is at least 0.25 and, separately, that improvement rate in ADL test score is at least 0.25. An improvement rate of at least 25% in the NIHSS test and ADL score in the treatment group (comparing to baseline, prior to HBOT treatment) would be an appropriate clinical target for HBOT treatment success and of sufficient interest to encourage further investigation of HBOT treatment for post stroke patients suffering chronic NIHSS deficiencies.
Sample size was based on the assumption that exposure to the NIHSS tests and ADL evaluation (at baseline) without any additional training might induce up to 4% score improvement in the second NIHSS test (following treatment). Assuming a true success rate of 25% a sample of N = 31 will provide 80% power to show that HBOT treatment induces at least 25% improvement on NIHSS test score and separately, on ADL test score. This is based on a power analysis using the normal approximation for the binomial, with one-sided Alpha=0.05.
[bookmark: _Toc145592433]Statistical Analysis
[bookmark: _Toc118076493][bookmark: _Toc118083481][bookmark: _Toc120544365][bookmark: _Toc145592434][bookmark: _Toc118076491][bookmark: _Toc118083479]Safety Analysis
AE's will be tabulated by treatment group, severity and relation to treatment.

[bookmark: _Toc120544366][bookmark: _Toc145592435]Primary Efficacy Analysis

This study has co-primary endpoints:  NIHSS tests score and ADL score. For each of the co-primary endpoints we will compute Overall Proportion of Success:


 

The following hypotheses are specified and will be tested separately:
For NIHSS tests score proportion of improvement:
H0: p p
H1: p p
While p1= 0.25 and p2=0.04

For ADL score proportion of improvement: 
H0: p p
H1: p p
While p1= 0.25 and p2=0.04

Each of these hypotheses will be tested by:

a. Constructing a one-sided, lower 95% confidence interval about the observed Overall Proportion of Success in the relevant cohort.
b. Examining whether the lower limit of the confidence interval is at or above the success criterion

Study success will be declared if the following is met:
a. Lower confidence limit of HBOT treatment success is at 0.25 or above



[bookmark: _Toc466346547][bookmark: _Ref476388068][bookmark: _Toc114976097][bookmark: _Toc119213557][bookmark: _Toc263698582][bookmark: _Toc268708691]Randomization
Since the diversity of the patients included in the study, after signing the informed consent was expected to be high, no stratifies criteria was used. Patients were randomized in 1:1 fashion to either treatment or controlled-cross group. 
There is no placebo in the cross group during the control period. The only way to give “placebo” of HBOT, is to bring the patients to the hyperbaric chamber and to increase the environmental pressure- in a way the patients will “feel the hyperbaric pressure” in their ears. However, Henry’s law states: “the amount of a given gas dissolved in a given type and volume of liquid is directly proportional to the pressure of that gas in equilibrium with that liquid”. Thus, hyperbaric environment significantly increases the dissolved oxygen pressure even if a person holding his breath76. Moreover, the alternative of hosting the patients in the hyperbaric chamber without any pressure increase cannot serve as a real placebo since the patients will not feel the pressure. Accordingly, the only real “placebo” could be archived by increasing the pressure and reducing the percentages of the oxygen but that holds significant safety consideration.
From the ethical point of view, it was deemed unethical to “treat” the patients (40 sessions in the hyperbaric chamber) while they actually know that it is a placebo. In order to somewhat compensate for this limitation, the control was a cross group and after the 2nd evaluation at the end of a control period they were crossed to HBOT.  The cross for treatment enables intra-group efficacy evaluation in both treatment and control group. 
Since the patients knew they were not receiving HBOT during the control period they were not blinded with regard to the treatment arm. Accordingly the ADL and quality of life evaluations were not blinded. Moreover, in the current clinical setting, it was not possible to assure that the NIHSS evaluation could be done completely blinded by the physician. The complete blindness evaluation could be assured in the brain SPECT evaluation done by the radiologist. The correlation between metabolic blinded evaluation of the brain (SPECT) and the neurological un-blinded evaluations give further support and strength to the clinical findings.   

Adverse Events 
An adverse event (AE) is any untoward medical occurrence in a clinical investigation subject administered a medicinal product and which does not necessarily have a causal relationship with this treatment.  An AE can therefore be any unfavorable and unintended sign, symptom, or disease temporally associated with the use of a medicinal product, whether or not considered related to the medicinal product. Pre-existing events, which increase in severity or change in nature during or as a consequence of use of a medicinal product in human clinical trials, will also be considered AEs.
Any medical condition or clinically significant laboratory abnormality with an onset date before the screening visit and not related to study procedures is considered to be pre-existing, and should be documented in the case report form. 
[bookmark: _Toc456152406][bookmark: _Toc466346549]Any AE (i.e., a new event or an exacerbation of a pre-existing condition) with an onset date after the screening visit up to the last day on study (including the follow-up, off study medication period of the study), should be recorded as an AE on the appropriate CRF page(s). 
An AE does not include:
· Medical or surgical procedures (e.g. surgery, Endoscopy, tooth extraction, transfusion); the condition that leads to the procedure are an adverse event.
· Pre-existing diseases or conditions or laboratory abnormalities present or detected prior to the screening visit that does not worsen.
· Situations where an untoward medical occurrence has not occurred (e.g. hospitalization for elective surgery, social and/or convenience admissions).
· Overdose of either study drug or concomitant medication without any signs or symptoms unless the subject is hospitalized for observation.
[bookmark: _Toc114976099][bookmark: _Toc119213559][bookmark: _Toc263698584][bookmark: _Toc268708693]Assessment of Adverse Events
All AEs will be assessed by the investigator and recorded on the appropriate CRF page, including the date of onset and resolution, severity, relationship to study drug or study procedures, outcome and action taken with study medication. 
The relationship to study drug therapy or study procedures should be assessed using the following definitions:
No: Evidence exists that the adverse event has an etiology other than the study drug or study procedures (e.g. pre-existing condition, underlying disease, intercurrent illness, or concomitant medication).
Yes: A temporal relationship exists between the event onset and administration of the study drug or between the event and the study procedures.  It cannot be readily explained by the subject’s clinical state or concomitant therapies and, in the case of the study drug, appears with some degree of certainty to be related based on the known therapeutic and pharmacologic actions or adverse event profile of the study drug.  In case of cessation or reduction of the dose, the event abates or resolves and reappears upon re-challenge. It should be emphasized that ineffective treatment should not be considered as causally related in the context of adverse event reporting.
These criteria in addition to good clinical judgment should be used as a guide for determining the causal assessment.  If it is felt that the event is not related to study drug therapy, then an alternative explanation should be provided.
[bookmark: _Toc114976100][bookmark: _Toc119213560][bookmark: _Toc263698585][bookmark: _Toc268708694]Serious Adverse Events
A serious adverse event (SAE) is defined as follows:  
Any adverse drug experience occurring at any dose that results in any of the following outcomes: 
· Death; 
· Life-threatening situation (subject is at immediate risk of death);
· In-patient hospitalization or prolongation of existing hospitalization (excluding those for study therapy or placement of an indwelling catheter, unless associated with other serious events); 
· Persistent or significant disability/incapacity;
· Congenital anomaly/birth defect in the offspring of a subject who received study drug;
Other: medically significant events that may not result in death, be immediately life-threatening, or require hospitalization, may be considered a SAE when, based upon appropriate medical judgment, they may jeopardize the Subject and may require medical or surgical intervention to prevent one of the outcomes listed in this definition.
Examples of such events are:
· Intensive treatment in an emergency room 
· [bookmark: OLE_LINK84][bookmark: OLE_LINK85]Blood dyscrasias or convulsions that do not result in hospitalization
· Development of drug dependency or drug abuse


The investigator should notify the Institutional Review Board (IRB) or Independent Ethics Committee (IEC) as soon as is practical, of serious events in writing where this is required by local regulatory authorities, and in accordance with the local institutional policy.
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Appendix S1. National Institutes of Health Stroke Scale (NIHSS)
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Appendix S2. Activities of daily living (ADL) questioner
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Appendix S3. EQ-5D questioner
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