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Functional MRI evaluation of hyperbaric oxygen therapy effect on hand motor recovery in a chronic post-stroke patient: a case report and physiological discussion
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Introduction: Impairments in activities of daily living (ADL) are a major concern in post-stroke rehabilitation. Upper-limb motor impairments, specifically, have been correlated with low quality of life. In the current case report, we used both task-based and resting state functional MRI (fMRI) tools to investigate the neural response mechanisms and functional reorganization underlying hyperbaric oxygen therapy (HBOT)-induced motor rehabilitation in a chronic post-stroke patient suffering from severe upper-limb motor impairment.

Methods: We studied motor task fMRI activation and resting-state functional connectivity (rsFC) in a 61-year-old right-handed male patient who suffered hemiparesis and physical weakness in the right upper limb, 2 years after his acute insult, pre- and post-treatment of 60 daily HBOT sessions. Motor functions were assessed at baseline and at the end of the treatment using the Fugl–Meyer assessment (FMA) and the handgrip maximum voluntary contraction (MVC).

Results: Following HBOT, the FMA score improved from 17 (severe impairment) to 31 (moderate impairment). Following the intervention during trials involving the affected hand, there was an observed increase in fMRI activation in both the supplementary motor cortex (SMA) and the premotor cortex (PMA) bilaterally. The lateralization index (LI) decreased from 1 to 0.63, demonstrating the recruitment of the contralesional hemisphere. The region of interest, ROI-to-ROI, analysis revealed increased post-intervention inter-hemispheric connectivity (P = 0.002) and a between-network connectivity increase (z-score: 0.35 ± 0.21 to 0.41 ± 0.21, P < 0.0001). Seed-to-voxel-based rsFC analysis using the right SMA as seed showed increased connectivity to the left posterior parietal cortex, the left primary somatosensory cortex, and the premotor cortex.

Conclusion: This study provides additional insights into HBOT-induced brain plasticity and functional improvement in chronic post-stroke patients.
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Introduction

Stroke is the second leading cause of long-term disability worldwide, where ~80% of individuals with acute stroke present upper-limb motor impairment, and 50–60% of them will have persistent disability or weakness at the chronic phase (1, 2). Impaired upper-limb motor function is highly associated with low self-care ability, limited mobility, and poor quality of life (3). Furthermore, subjective wellbeing was found to decrease 1 year after stroke and was mainly correlated with arm motor impairments (4). These long-term disabilities may affect social reintegration and result in direct and indirect economic impacts. Therefore, improving upper-limb function is a core element of stroke rehabilitation.

Biological mechanisms of motor function recovery were found to be associated with cell genesis, structural and functional neuroplasticity, and reorganization of neural pathways that were mostly observed within the first few months post-stroke (5–8). Therefore, formal rehabilitation protocols are focused on the acute-sub-acute phase (up to 6 months), and long-term disability treatment is less frequent in the late chronic phase (9). Current interventions to enhance upper-limb recovery in those early stages include physical, constraint-induced movement therapy and occupational therapy. However, their beneficial effect is limited in the chronic phase (8, 10).

In recent years, evidence has been accumulating about the neuroplasticity effects of hyperbaric oxygen therapy (HBOT). Importantly, HBOT was found to induce neuroplasticity in chronic stages, even years after brain injury (11–15). These findings are supported by preclinical and clinical studies, demonstrating HBOT's effects through multiple mechanisms including anti-inflammatory, mitochondrial function restoration, increased perfusion via angiogenesis and induction, proliferation, and migration of stem cells (16–20). In post-stroke chronic patients, HBOT-induced significant changes in neurological function, neurocognitive recovery (21–23), post-stroke depression (24), and sleep and quality of life (14, 23, 25). However, the specific effect of HBOT on upper-limb function has not been evaluated.

In the current case report, we used both task-based and resting state functional MRI (fMRI) tools to investigate the neural response mechanisms, and functional reorganization underlying HBOT-induced motor rehabilitation in a chronic post-stroke patient suffering from severe upper-limb motor impairment. The results were compared to a matched healthy control subject.



Case description


Clinical presentation

A 61-year-old right-handed male patient presented to our center with right hemiparesis, speech, and cognitive impairments due to a left frontal chronic ischemic stroke, 2 years prior to his referral. The patient was conscious and comfortable and had co-existing adult-onset diabetes mellitus, hyperlipidemia, hypertension, and ischemic heart disease. During the sub-acute stroke period, he was treated daily for 4 months with physical, speech, and occupational therapy, followed by twice weekly treatment for a few more months. Additional clinical and demographic details are provided in Supplementary Table 1; Supplementary Figure 3. Despite therapy, he remained severely impaired and required assistance with activities of daily living (ADL), especially with fine motor function and communication and used a cane for walking. Anatomical MRI imaging showed a chronic infarct involving the supplementary motor cortex (SMA) and severe damage to the premotor cortex (PMA). The primary motor cortex was relatively intact (Figure 1).


[image: Figure 1]
FIGURE 1
 Patient's brain MRI. Images show atrophy and some damage to the supplementary motor cortex (SMA) (red arrow), and severe damage to the premotor cortex (PMA) (blue arrow). The primary motor cortex is relatively intact (yellow arrow).


An age-matched healthy (64-year-old, right-handed man) subject without a history of neurologic impairments or limitations in upper-limb movements participated for reference. The participants signed a written informed consent before inclusion. The fMRI study protocol was approved by Shamir Medical Center's Institutional Review Board (IRB) (No. 134-19-ASF).



Therapeutic intervention

The HBOT protocol was administrated in a multi-place Starmed-2700 chamber (HAUX, Germany). The protocol comprised of 60 daily sessions, five sessions per week within a 2-month period. The HBOT protocol included breathing 100% oxygen by mask at 2ATA for 90 min with 5-min air breaks every 20 min. Compression/decompression rates were 1.0 m/min. During the therapeutic phase, the patient received physical and occupational therapy twice a week. The physical therapy regimen focused on lower-limb mobility, executing transitions between body positions, enhancing walking pace both with and without a cane, and proprioceptive training to augment coordination, reflexes, and balance. The occupational therapy incorporated activities of daily living (ADL) and instrumental ADL practice carried out both sitting and standing.



Assessment tools

The motor function of the patient's affected upper limb was assessed at baseline and at the end of the HBOT session using the Fugl–Meyer assessment (FMA) and the handgrip maximum voluntary contraction (MVC).

The FMA contains 50 items to investigate upper (UE) and lower (LE) limb motor functions (26). The FM-UE test consists of movement instructions for the position (e.g., supination/pronation, flexion/extension, and adduction/opposition) of proximal, medial, and distal parts of the UL (i.e., shoulder, elbow, forearm, wrist, hand, and finger) as well as of tests for the existence and possibility to activate reflexes. The maximum FM-UE score is 66 points. An FM-UE score of 60–66 is defined as mild impairment. A score of 22–59 is considered moderate, and a score of 0–21 is considered severe impairment. The MVC test was measured as the mean force value when squeezing a handheld dynamometer for 2 s as strongly as possible.



Brain imaging data acquisition

Brain imaging MRI scans were performed on a MAGNETOM VIDA 3T scanner, configured with 64-channel receiver head coils (Siemens Healthcare, Erlangen, Germany). The MRI protocol included 3D T2-weighted, 3D fluid-attenuated inversion recovery (FLAIR), susceptibility-weighted imaging (SWI), and high-resolution T1-weighted (MPRAGE).

Functional imaging data (task-fMRI) were acquired using gradient-echo (EPI) BOLD (blood oxygen level dependent) contrast sequence with a total of 198 volumes. Scan parameters were as follows: TR: 2,000 ms, TE: 30 ms, flip angle: 90°, voxel size: 2.0 × 2.0 × 3.0 mm, no gap, FOV: 205 mm2, number of slices: 45, and SMS factor: 3, axial slices parallel to the AP-PC plane.

A total of 300 volumes (7:40 min) of resting state fMRI scans were acquired using gradient-echo-planar imaging BOLD sequence. Scan parameters were as follows: TR: 1,500 ms, TE: 30 ms, flip angle: 90°, voxel size: 2.2 × 2.2 × 3.0 mm, distance factor: 25%, FOV: 210, number of slices: 36, and axial slices parallel to the AP-PC plane. During scanning, each participant was asked to remain still and relaxed with eyes open, without thinking of anything deliberate. Foam pads and earplugs were used to reduce head motion and scanning noise.

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



Motor task fMRI

An fMRI motor task was performed both with the affected hand (AH) and the unaffected hand (UH) in a block design paradigm. During the task, participants were asked to press the index-finger button (ResponseGrip, NordicNeuroLab Inc., Norway) in response to a periodic visual cue—a flashing green dot either on the left or on the right side of the screen (frequency 0.5 Hz) (Supplementary Figure 1).

This block design paradigm consisted of ten alternating LEFT, RIGHT, and REST (fixation) blocks each lasting 30 s as illustrated in Supplementary Figure 2. NordicAktiva (NordicNeuroLab Inc., Norway, www.nordicneurolab.no), was used for stimuli presentation and performance accuracy acquisition. The task began with a 6 s countdown. Each active block consisted of 13 (600 ms ON, 1,400 ms OFF) trials. The active blocks began with an instruction statement presented for 4 s. The total experiment time was 6:36 min. Motor accuracy scores were calculated as the percentage of responses divided by the number of expected responses (13 × 4). Prior to the fMRI experiment, the task was explained, and participants practiced the motor task outside the scanner to familiarize themselves with the task and the grips.



Motor task fMRI data analysis

Analysis of the time series BOLD data was performed using statistical parametric mapping software SPM12 (http://www.fil.ion.ucl.ac.uk/spm/) through a standard pre-processing procedure (27). All images were initially slice-time corrected, realigned, and resliced using a 6-parameter rigid-body spatial transformation to correct head motion and normalized to the MNI (Montreal Neurological Institute) space by using the unified segmentation normalization algorithm. Finally, spatial smoothing was performed using an 8 mm full-width half-maximum (FWHM) Gaussian kernel.

The general linear model was applied on the subject level. The design matrix incorporated the task and the six spatial axes of movement repressors. The task repressors were modeled as a boxcar function and were convolved with a canonical hemodynamic response function. A high-pass filter (cutoff of 128 s) was applied to account for slow signal drifts. Contrast images were thresholded at a significance level of a P-value of < 0.05, and familywise error (FWE) was corrected for multiple comparisons.

Motor function regions of interest (ROIs) were defined for each hemisphere based on activation likelihood estimation meta-analysis (28): primary motor cortex (M1), supplementary motor cortex (SMA), premotor cortex (PMA), primary somatosensory cortex (S1), posterior parietal cortex (PPC), and the cerebellum (CB). Masks were extracted using the WFU-PickAtlas Matlab toolbox (https://www.nitrc.org/projects/wfu_pickatlas/).

The level of activation and lateralization index (LI) was calculated for each ROI during left- and right-hand movements to identify changes in the cortical activation symmetry. LI was defined as (C – I)/(C + I), where C and I are the numbers of activated voxels in the contralateral and ipsilateral regions of the finger movement, respectively (29).



Rs functional connectivity data analysis

RsFC analysis was carried out using the CONN-fMRI toolbox v17 as implemented using statistical parametric mapping software SPM12 (http://www.fil.ion.ucl.ac.uk/spm). Functional volumes of the pre-processing pipeline included slice-timing correction, realignment, co-registration, normalization-to-MNI space (152-brain template) with a resolution voxel size of 2 × 2 × 2 mm, and spatial smoothing (8 mm FWHM Gaussian kernel) steps (30). The pre-processing steps derived (1) the realignment covariate, containing the six rigid-body parameters characterizing the estimated subject motion, (2) the scrubbing covariate containing potential outlier scans performed with the CONNs artifact detection tool (ART), and (3) the quality assurance (QA) covariate based on global signal change (>3 standard deviations from the mean image intensity) and framewise displacement (FD) scan-to-scan head-motion. Age and sex were also used as group (second level) covariates. A component-based noise correction procedure (CompCor) approach (31) was used to identify additional confounding temporal factors controlling for physiological noise, BOLD signal present in WM, and head motion effects. Finally, residual BOLD time series were then bandpass filtered at a frequency range of 0.01–0.09 Hz (30). Individual connectivity maps were generated using the seed-to-voxel approach. We examined rsFC using a priori seeds derived from the FSL Harvard–Oxford atlas (32), focusing on large-scale brain networks related to the patient's reported symptoms, which included default mode (DMN), salience (SN), visual (VN), dorsal attention (DAN), fronto-parietal (FPN), language (LN), sensorimotor (SMN), and cerebellar (CN) (networks and the coordinates of the associated seed regions are presented in Supplementary Table 2). Bivariate correlation analysis was used to determine the linear association of the BOLD time series between the seed and significant voxel clusters. Fisher's Z transformation was applied to the correlation coefficients to satisfy normality assumptions. Then, rsFC maps were thresholded at a P-value of < 0.05, with familywise error (FWE) corrected for multiple comparisons. Adjusted ROI-to-ROI network analysis (33) was used to derive patient-specific adjusted ROIs as follows: in each map, a cluster was identified within spheres of 6 mm radii centered on the coordinates of interest from each network. Then, the voxel with the maximal value within the sphere was identified as the adjusted ROI. For each corrected location, the mean Z-score value was calculated within a 3 mm radius, producing a symmetrical 32 × 32 connectivity matrix. Whole brain within and between-network connectivity as well as inter- and intra-hemispheric values were calculated. Analysis was performed using in-house software written in MATLAB R2021b (MathWorks, Natick, MA).



Statistical analysis

In addition to the MRI statistical methods, due to the single-subject nature of the study, brain global parameters were chosen to demonstrate the longitudinal change. Two-tailed paired t-tests were performed to compare connectivity variables between sessions when a normality assumption was held according to a Kolmogorov–Smirnov test. Data analysis was performed using MATLAB R2021b (MathWorks, Natick, MA) statistics and machine learning toolbox.




Results


Functional evaluation

Supplementary Table 3 shows the scores of the upper-limb motor function tests at pre- and post-intervention time points. The baseline FM-UE score was 17, indicating severe impairment. The post-intervention score was 31, considered as moderate impairment, and the 1-year follow-up score was 41, which is higher than the post-treatment score. At baseline, the patient was unable to perform the MVC test, while in post-intervention, he completed the maneuver with a score of 3 kg. The motor accuracy score, measured during the motor task fMRI, before treatment was 27% and improved to 100% after HBOT. Finally, the patient reported an improvement in life satisfaction and participation in the community as assessed by the short form-stroke impact (SF-SIS) scale (34) from 17/40 at baseline to 29/40 after 12 months of followup.



Motor task-fMRI evaluation

The whole-brain activation maps (affected and unaffected hand activation > rest conditions) at baseline and post-intervention session are shown in Figure 2 and Supplementary Table 4 (P < 0.05, FWE corrected). The overall post-intervention activation was increased during both the affected and unaffected finger movement. The quantification of ROI analysis is presented in Table 1.


[image: Figure 2]
FIGURE 2
 Motor task fMRI activation maps, pre- and post-HBOT. (A) Right finger movement (affected hand) > REST. (B) Left finger movement (unaffected hand) > REST. Compared to a healthy control subject. PFWE < 0.05.



TABLE 1 Motor task fMRI—ROI activation maxima.
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During the affected hand trials (Figure 2A), post-intervention, the most substantial increases were found in the ipsilesional SMA and the PMA from k = 0 to 328, T = 10.52, and from k = 442 to 1,143, T = 15.66, respectively. At baseline, contralesional activation was not observed. However, post-intervention activation was observed in the contralesional SMA, k = 162, T = 8.31, and in the contralesional PMA, k = 328, T = 10.51. Activation in the left and right cerebellum was also observed (k = 633, T = 13.69, and k = 1,579, T = 10.85, respectively). LI was decreased (from 1 to 0.63, compared to 0.71 in HC), demonstrating recruitment of the contralesional hemisphere.

During the unaffected finger trials (Figure 2B), post-intervention, the most substantial increases were found in the ipsilesional SMA, from k = 99 to 307, T = 7.87, and contralesional SMA from k = 0 to 636, T = 8.23. However, LI was not markedly changed (from 0.78 to 0.72 compared to 0.77 in HC).



RsFC evaluation

The ROI-to-ROI analysis revealed increased post-intervention inter-hemispheric connectivity (P = 0.002). Post-treatment intra-hemispheric connectivity was increased in the contralesional hemisphere (P < 0.0001) and was not significantly changed in the ipsilesional hemisphere (P = 0.105) (Figure 3A). Network analysis showed that the patient's within-network connectivity was not significantly changed (z-score: 0.49 ± 0.24 to 0.50 ± 0.23, P = 0.47), while between-network connectivity was increased following treatment (z-score: 0.35 ± 0.21 to 0.41 ± 0.21, P < 0.0001).


[image: Figure 3]
FIGURE 3
 rsFC maps pre- and post-HBOT of a post-stroke patient. (A) ROI-to-ROI network analysis, swarm scatterplot of longitudinal changes in rsFC z-score connectivity in brain global network parameters. (B) Seed-to-voxel connectivity maps of longitudinal group differences, seed: right supplementary motor cortex (6, −3, 58). P < 0.05, FEW corrected, R, right.


Figure 3B shows seed-to-voxel-based rsFC maps and refers to the right SMA seed (6, −3, 58). Within the motor cortex, post-intervention increased connectivity was demonstrated in the left posterior parietal cortex (BA7, z-score: 0.23–0.61), the left primary somatosensory cortex (BA1, z-score: 0.36–0.64), the left premotor cortex (BA6, z-score: 0.56–0.78), and the right primary motor cortex (BA4, z-score: 0.50–0.69).




Discussion

In this case study, we identified longitudinal changes in cerebral rsFC and activity related to motor recovery in a chronic post-stroke patient. We found a possible HBOT-induced reorganization in inter-hemispheric connectivity patterns and recruitment of bilateral SMA and PMA activation to improve motion control in the affected hand.

Functional motor-related neuroimaging was used in several studies to investigate the mechanisms of motor recovery after stroke (35–37). Since the functional cortical representation of the hand area is highly reproducible in healthy subjects, changes may reflect reorganization and cerebral plasticity (38). Cramer showed that activation volume in the primary sensorimotor-premotor cortex was 37% of the volume activated in patients with full recovery (39). In this study, improved motor skills were associated with increased volume activation, primarily in bilateral SMA and PMA and the cerebellum during affected hand activation, along with a decrease in LI, demonstrating recruitment of the contralesional hemisphere. Activation of both ipsilesional and contralesional somatosensory and PMC areas was previously found to be involved in cortical plasticity and successful motor function recovery (40, 41). In addition, contralesional cerebellar activity was related to the functional reorganization of the motor network after recovery (28).

Notably, several studies showed that good motor recovery after rehabilitation is correlated to near-normal activation patterns, where an increased volume activation and decreased LI are more likely to occur during the early post-stroke phase (36, 42, 43). Nevertheless, the activation volume depends on stroke severity and location, time from injury, type of rehabilitation, and differences in task or stimulus (44).

In the current study, motor dysfunction was attributed to severe damage in the secondary cortical areas, responsible for motor coordination and control, rather than the primary motor cortex. Therefore, remapping and recruitment of the contralateral cortex may replace the injured ipsilateral premotor neurons.

To strengthen the observation of changes in brain plasticity, we identified changes in post-intervention function connectivity. As rsFC was found to be dynamic over the recovery period (45), inter-hemispheric connectivity was found to be significantly reduced in the acute stage and become more balanced with recovery (46–49). Our results show that increased inter-hemispheric connectivity as well as between-network connectivity, demonstrating a change in the recruitment pattern of brain regions, may explain the patient's motor skill relearning. These results, acquired in separate scanning days, also support the increased activation in the contralesional hemisphere shown during motor task fMRI.

The observed clinical improvement at the delayed chronic phase in the presented patient, corroborated by findings in the fMRI, further supports the mechanism of action of the newly adopted protocol of HBOT. It has become evident that the synergistic effect of both hyperoxia and hyperbaric pressure leads to a significant enhancement in tissue oxygenation. This targets both oxygen-sensitive and pressure-sensitive genes, resulting in optimized mitochondrial metabolism with anti-apoptotic and anti-inflammatory effects (16, 17, 50). The intermittent increase in oxygen concentration triggers many of the mediators and cellular mechanisms usually induced during hypoxia but without the harmful effects of hypoxia itself. This phenomenon is known as the hyperoxic-hypoxic paradox (HHP) (16, 50).

Among other biological effects, intermittent hyperoxic exposure during HBOT can influence HIF-1 levels, matrix metalloproteinases (MMP) activity, and VEGF. It can induce stem cell proliferation, increase circulating levels of endothelial progenitor cells (EPCs), and factors related to angiogenesis, as well as promote angiogenesis itself and enhance blood flow in ischemic areas (16, 17, 50). Based on previous clinical studies involving brain single photon emission computerized tomography (SPECT) imaging, the beneficial impact of HBOT is most pronounced in the non-necrotic metabolic dysfunctional regions of the brain, even years after the acute insult (14).

The present report has several limitations. In this study, the treatment protocol included physical and occupational therapy twice a week during the HBOT course of treatment. The patient was in stable condition prior to treatment; in the absence of a control group, it is not clear whether the improvement in motor function is due to HBOT or due to the combined therapy even though there was no improvement with physical therapy before 2 years HBOT was initiated. The reliability of functional imaging analysis (task-based and rsFC) at the subject level is affected by many technical and personal factors. Although we used global brain parameters to describe changes and to reduce measurement error, motor deficits following a stroke are influenced not only by regional anatomical damage but also by the effectiveness of the rehabilitation process (51), and further investigations using a larger sample are needed to examine the potential of HBOT in the late chronic post-stroke stage.

In conclusion, our findings provide additional insights into how HBOT induces brain plasticity and functional improvement in chronic post-stroke patients. This study highlights the potential of a complementary analysis of rsFC and task-based imaging as tools for rehabilitation efficacy monitoring.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving human participants were reviewed and approved by Shamir Medical Center Institutional Review Board (IRB). The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

MC and SE: conception and design. MC, MA, VE, and YP: investigation. MC: drafting the manuscript. MC, AH, YP, and SE: review and editing. All authors contributed to the article and approved the submitted version.



Acknowledgments

The authors would like to acknowledge Fanny Atar and the Livnat MRI unit, SMC, for their dedicated work. The authors would also like to thank Dr. Mechael Kanovsky for his editing of this manuscript.



Conflict of interest

AH, VE, and SE work for AVIV Scientific Ltd. SE is a shareholder at AVIV Scientific Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2023.1233841/full#supplementary-material



References

 1. Feigin VL, Stark BA, Johnson CO, Roth GA, Bisignano C, Abady GG, et al. Global, regional, and national burden of stroke and its risk factors, 1990–2019: a systematic analysis for the Global Burden of Disease Study 2019. Lancet Neurol. (2021) 20:795–820. doi: 10.1016/S1474-4422(21)00252-0

 2. Kelly-Hayes M, Beiser A, Kase CS, Scaramucci A, D'Agostino RB, Wolf PA, et al. The influence of gender and age on disability following ischemic stroke: the Framingham study. J Stroke Cerebrovasc Dis. (2003) 12:119–26. doi: 10.1016/S1052-3057(03)00042-9

 3. Nakayama H, Jørgensen HS, Raaschou HO, Olsen TS. Recovery of upper extremity function in stroke patients: the Copenhagen Stroke Study. Arch Phys Med Rehabil. (1994) 75:394–8. doi: 10.1016/0003-9993(94)90161-9

 4. Wyller TB, Sveen U, Sødring KM, Pettersen AM, Bautz-Holter E. Subjective well-being one year after stroke. Clin Rehabil. (1997) 11:139–45. doi: 10.1177/026921559701100207

 5. Wang C. The role of neuromodulation to drive neural plasticity in stroke recovery: a narrative review. Brain Netw Modul. (2022) 1:2. doi: 10.4103/2773-2398.339171 

 6. Wieloch T, Nikolich KJ. Mechanisms of neural plasticity following brain injury. Curr Opin Neurobiol. (2006) 16:258–64. doi: 10.1016/j.conb.2006.05.011

 7. Pekna M, Pekny M, Nilsson M. Modulation of neural plasticity as a basis for stroke rehabilitation. Stroke. (2012) 43:2819–28. doi: 10.1161/STROKEAHA.112.654228

 8. Langhorne P, Bernhardt J, Kwakkel G. Stroke rehabilitation. Lancet. (2011) 377:1693–702. doi: 10.1016/S0140-6736(11)60325-5

 9. Winstein CJ, Stein J, Arena R, Bates B, Cherney LR, Cramer SC, et al. Guidelines for adult stroke rehabilitation and recovery: a guideline for healthcare professionals from the American Heart Association/American Stroke Association. Stroke. (2016) 47:e98–e169. doi: 10.1161/STR.0000000000000098

 10. Pollock A, Farmer SE, Brady MC, Langhorne P, Mead GE, Mehrholz J, et al. Interventions for improving upper limb function after stroke. Cochr Database Syst Rev. (2014) 11:CD010820. doi: 10.1002/14651858.CD010820.pub2

 11. Tal S, Hadanny A, Sasson E, Suzin G, Efrati S. Hyperbaric oxygen therapy can induce angiogenesis and regeneration of nerve fibers in traumatic brain injury patients. Front Hum Neurosci. (2017) 11:508. doi: 10.3389/fnhum.2017.00508

 12. Hadanny A, Golan H, Fishlev G, Bechor Y, Volkov O, Suzin G, et al. Hyperbaric oxygen can induce neuroplasticity and improve cognitive functions of patients suffering from anoxic brain damage. Restor Neurol Neurosci. (2015) 33:471–86. doi: 10.3233/RNN-150517

 13. Hadanny A, Bechor Y, Catalogna M, Daphna-Tekoah S, Sigal T, Cohenpour M, et al. Hyperbaric oxygen therapy can induce neuroplasticity and significant clinical improvement in patients suffering from fibromyalgia with a history of childhood sexual abuse-randomized controlled trial. Front Psychol. (2018) 9:2495. doi: 10.3389/fpsyg.2018.02495

 14. Efrati S, Fishlev G, Bechor Y, Volkov O, Bergan J, Kliakhandler K, et al. Hyperbaric oxygen induces late neuroplasticity in post stroke patients–randomized, prospective trial. PLoS ONE. (2013) 8:e53716. doi: 10.1371/journal.pone.0053716

 15. Tal S, Hadanny A, Berkovitz N, Sasson E, Ben-Jacob E, Efrati S. Hyperbaric oxygen may induce angiogenesis in patients suffering from prolonged post-concussion syndrome due to traumatic brain injury. Restor Neurol Neurosci. (2015) 33:943–51. doi: 10.3233/RNN-150585

 16. Hadanny A, Efrati S. The hyperoxic-hypoxic paradox. Biomolecules. (2020) 10:958. doi: 10.3390/biom10060958

 17. Efrati S, Ben-Jacob E. Reflections on the neurotherapeutic effects of hyperbaric oxygen. Expert Rev Neurother. (2014) 14:233–6. doi: 10.1586/14737175.2014.884928

 18. Gottfried I, Schottlender N, Ashery U. Hyperbaric oxygen treatment-from mechanisms to cognitive improvement. Biomolecules. (2021) 11:1520. doi: 10.3390/biom11101520

 19. Rockswold SB, Rockswold GL, Zaun DA, Zhang X, Cerra CE, Bergman TA, et al. A prospective, randomized clinical trial to compare the effect of hyperbaric to normobaric hyperoxia on cerebral metabolism, intracranial pressure, and oxygen toxicity in severe traumatic brain injury. J Neurosurg. (2010) 112:1080–94. doi: 10.3171/2009.7.JNS09363

 20. Brkic P, Stojiljkovic M, Jovanovic T, Dacic S, Lavrnja I, Savic D, et al. Hyperbaric oxygenation improves locomotor ability by enhancing neuroplastic responses after cortical ablation in rats. Brain injury. (2012) 26:1273–84. doi: 10.3109/02699052.2012.667593

 21. Boussi-Gross R, Golan H, Volkov O, Bechor Y, Hoofien D, Schnaider Beeri M, et al. Improvement of memory impairments in poststroke patients by hyperbaric oxygen therapy. Neuropsychology. (2015) 29:610. doi: 10.1037/neu0000149

 22. Hadanny A, Rittblat M, Bitterman M, May-Raz I, Suzin G, Boussi-Gross R, et al. Hyperbaric oxygen therapy improves neurocognitive functions of post-stroke patients–a retrospective analysis. Restor Neurol Neurosci. (2020) 38, 93–107. doi: 10.3233/RNN-190959

 23. Rosario ER, Kaplan SE, Khonsari S, Vazquez G, Solanki N, Lane M, et al. The effect of hyperbaric oxygen therapy on functional impairments caused by ischemic stroke. Neurol Res Int. (2018) 195:105910. doi: 10.1155/2018/3172679

 24. Liang X-X, Hao Y-G, Duan X-M, Han X-L, Cai X-X. Hyperbaric oxygen therapy for post-stroke depression: a systematic review and meta-analysis. Clin Neurol Neurosurg. (2020) 195:105910. doi: 10.1016/j.clineuro.2020.105910

 25. Wang J, Wang C, Wu X, Ma T, Guo X. Effect of hyperbaric oxygen therapy on sleep quality, drug dosage, and nerve function in patients with sleep disorders after ischemic cerebral stroke. Emerg Med Int. (2022) 2022:8307865. doi: 10.1155/2022/8307865 

 26. Fugl-Meyer AR, Jääskö L, Leyman I, Olsson S, Steglind S. The post-stroke hemiplegic patient 1, a method for evaluation of physical performance Scandi J Rehabil Med. (1975) 7:13–31. doi: 10.2340/1650197771331 

 27. Friston KJ. Commentary and opinion: II. Statistical parametric mapping: ontology and current issues. J Cereb Blood Flow Metab. (1995) 15:361–70. doi: 10.1038/jcbfm.1995.45

 28. Rehme AK, Eickhoff SB, Rottschy C, Fink GR, Grefkes C. Activation likelihood estimation meta-analysis of motor-related neural activity after stroke. Neuroimage. (2012) 59:2771–82. doi: 10.1016/j.neuroimage.2011.10.023

 29. Sutcliffe TL, Gaetz WC, Logan WJ, Cheyne DO, Fehlings DL. Cortical reorganization after modified constraint-induced movement therapy in pediatric hemiplegic cerebral palsy. J Child Neurol. (2007) 22:1281–7. doi: 10.1177/0883073807307084

 30. Whitfield-Gabrieli S, Nieto-Castanon A. Conn: a functional connectivity toolbox for correlated and anticorrelated brain networks. Brain Connect. (2012) 2:125–41. doi: 10.1089/brain.2012.0073

 31. Behzadi Y, Restom K, Liau J, Liu TT. A component based noise correction method (CompCor) for BOLD and perfusion based fMRI. Neuroimage. (2007) 37:90–101. doi: 10.1016/j.neuroimage.2007.04.042

 32. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions of interest. Neuroimage. (2006) 31:968–80. doi: 10.1016/j.neuroimage.2006.01.021

 33. Catalogna M, Sasson E, Hadanny A, Parag Y, Zilberman-Itskovich S, Efrati S. Effects of hyperbaric oxygen therapy on functional and structural connectivity in post-COVID-19 condition patients: a randomized, sham-controlled trial. NeuroImage Clin. (2022) 36:103218. doi: 10.1016/j.nicl.2022.103218

 34. Jenkinson C, Fitzpatrick R, Crocker H, Peters M. The stroke impact scale: validation in a UK setting and development of a SIS short form and SIS index. Stroke. (2013) 44:2532–5. doi: 10.1161/STROKEAHA.113.001847

 35. Calautti C, Baron JC. Functional neuroimaging studies of motor recovery after stroke in adults: a review. Stroke. (2003) 34:1553–66. doi: 10.1161/01.STR.0000071761.36075.A6

 36. Horn U, Grothe M, Lotze M. MRI biomarkers for hand-motor outcome prediction and therapy monitoring following stroke. Neural Plast. (2016) 2016:9265621. doi: 10.1155/2016/9265621

 37. Favre I, Zeffiro TA, Detante O, Krainik A, Hommel M, Jaillard A. Upper limb recovery after stroke is associated with ipsilesional primary motor cortical activity: a meta-analysis. Stroke. (2014) 45:1077–83. doi: 10.1161/STROKEAHA.113.003168

 38. Weiss C, Nettekoven C, Rehme AK, Neuschmelting V, Eisenbeis A, Goldbrunner R, et al. Mapping the hand, foot and face representations in the primary motor cortex—retest reliability of neuronavigated TMS versus functional MRI. Neuroimage. (2013) 66:531–42. doi: 10.1016/j.neuroimage.2012.10.046

 39. Cramer SC. Functional imaging in stroke recovery. Stroke. (2004) 35(11_suppl_1):2695–8. doi: 10.1161/01.STR.0000143326.36847.b0

 40. Lotze M, Beutling W, Loibl M, Domin M, Platz T, Schminke U, et al. Contralesional motor cortex activation depends on ipsilesional corticospinal tract integrity in well-recovered subcortical stroke patients. Neurorehabil Neural Repair. (2012) 26:594–603. doi: 10.1177/1545968311427706

 41. Askim T, Indredavik B, Vangberg T, Håberg A. Motor network changes associated with successful motor skill relearning after acute ischemic stroke: a longitudinal functional magnetic resonance imaging study. Neurorehabil Neural Repair. (2009) 23:295–304. doi: 10.1177/1545968308322840

 42. Ward N, Brown M, Thompson A, Frackowiak R. Neural correlates of motor recovery after stroke: a longitudinal fMRI study. Brain. (2003) 126:2476–96. doi: 10.1093/brain/awg245

 43. Ward N, Brown M, Thompson A, Frackowiak R. Neural correlates of outcome after stroke: a cross-sectional fMRI study. Brain. (2003) 126:1430–48. doi: 10.1093/brain/awg145

 44. Crofts A, Kelly ME, Gibson CL. Imaging functional recovery following ischemic stroke: clinical and preclinical fMRI studies. J Neuroimaging. (2020) 30:5–14. doi: 10.1111/jon.12668

 45. Cassidy JM, Mark JI, Cramer SC. Functional connectivity drives stroke recovery: shifting the paradigm from correlation to causation. Brain. (2022) 145:1211–28. doi: 10.1093/brain/awab469

 46. Andrew James G, Lu Z-L, VanMeter JW, Sathian K, Hu XP, Butler AJ. Changes in resting state effective connectivity in the motor network following rehabilitation of upper extremity poststroke paresis. Top Stroke Rehabil. (2009) 16:270–81. doi: 10.1310/tsr1604-270

 47. Park C-h, Chang WH, Ohn SH, Kim ST, Bang OY, Pascual-Leone A, et al. Longitudinal changes of resting-state functional connectivity during motor recovery after stroke. Stroke. (2011) 42:1357–62. doi: 10.1161/STROKEAHA.110.596155

 48. Carter AR, Astafiev SV, Lang CE, Connor LT, Rengachary J, Strube MJ, et al. Resting interhemispheric functional magnetic resonance imaging connectivity predicts performance after stroke. Ann Neurol. (2010) 67:365–75. doi: 10.1002/ana.21905

 49. Boyd LA, Hayward KS, Ward NS, Stinear CM, Rosso C, Fisher RJ, et al. Biomarkers of stroke recovery: consensus-based core recommendations from the stroke recovery and rehabilitation roundtable. Int J Stroke. (2017) 12:480–93. doi: 10.1177/1747493017714176

 50. Hadanny A, Efrati S. Hyperbaric oxygen and the brain. Neurol Res. (2022) 13:1078544. doi: 10.3389/fneur.2022.1078544

 51. Park C-h, Kou N, Ward NS. The contribution of lesion location to upper limb deficit after stroke. J Neurol Neurosurg Psychiatry. (2016) 87:1283–6. doi: 10.1136/jnnp-2015-312738



OPS/images/fneur-14-1233841-g003.gif





OPS/images/fneur-14-1233841-t001.jpg
Stroke pre-HBOT Stroke post-HBOT

K Prew T X Prew T X

L(UH) > REST

SMA L 99 0.000 6.78 —6 -2 56 307 0.000 7.87 -2 —6 60 107 0.000 6.47 —4 —6 60
PMAL 113 0.000 7.48 —42 -10 52 119 0.000 6.75 —42 —10 52 -
CBL - 2,115 0.000 13.46 —14 —64 —18 258 0.000 7.00 —16 —54 —18
MIR 268 0.000 14.53 42 —16 60 295 0.000 17.25 42 —14 60 125 0.000 7.32 40 —-16 52
SIR 490 0.000 11.50 44 —20 60 471 0.000 11.92 58 -20 46 -
SMA R - 636 0.000 823 10 2 76 357 0.000 6.89 8 10 58
PMAR 967 0.000 17.18 42 —16 64 1,244 0.000 18.83 40 —16 64 499 0.000 7.74 38 —14 50
CBR - 770 0.000 9.51 26 —74 —18 -

R(AH) > REST

MIL 81 0.000 8.41 —38 -22 66 204 0.000 1343 —44 —16 60 55 0.000 659 —34 —18 54
SIL 110 0.000 9.31 —46 —20 60 246 0.000 13.58 —46 -20 60 -

SMAL - 328 0.000 10.52 —4 —6 54 103 0.000 7.53 —6 —6 60
PMAL 442 0.000 9.86 -30 —20 74 1,143 0.000 15.66 =32 -20 70 308 0.000 7.11 —34 -12 68
CBL - 633 0.000 13.69 —24 —64 —18 -

SMA R - 162 0.000 8.31 8 8 46 82 0.000 6.67 6 -2 60
PMAR - 282 0.000 1051 48 0 48

CBR - 1,579 0.000 10.85 24 76 —18 24 0.010 6.08 22 —54 -20

M, primary motor cortex, SMA, supplementary motor area, PMA, premotor cortex, S1, primary somatosensory cortex, CB, cerebellum.
Prwe <005, K > 50; L, left, R, right, EWE, familywise error, UH, unaffected hand, AH, affected hand, HC, healthy control, X, Y, Z MNI coordinates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Functional MRI evaluation of hyperbaric oxygen therapy effect on hand motor recovery in a chronic post-stroke patient: a case report and physiological discussion



		Introduction



		Case description



		Clinical presentation



		Therapeutic intervention



		Assessment tools



		Brain imaging data acquisition



		Motor task fMRI



		Motor task fMRI data analysis



		Rs functional connectivity data analysis



		Statistical analysis







		Results



		Functional evaluation



		Motor task-fMRI evaluation



		RsFC evaluation







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neurology

Functional MRI evaluation of
hyperbaric oxygen therapy effect
on hand motor recovery in a
chronic post-stroke patient: a
case report and physiological
discussion





OPS/images/fneur-14-1233841-g001.gif





OPS/images/fneur-14-1233841-g002.gif
108H-1504

[
)
4

108H-38d










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Neurology





