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Altered effective connectivity in the emotional network induced by immersive virtual reality rehabilitation for post-stroke depression
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Post-stroke depression (PSD) is a serious complication of stroke that significantly restricts rehabilitation. The use of immersive virtual reality for stroke survivors is promising. Herein, we investigated the effects of a novel immersive virtual reality training system on PSD and explored induced effective connectivity alterations in emotional networks using multivariate Granger causality analysis (GCA). Forty-four patients with PSD were equally allocated into an immersive-virtual reality group and a control group. In addition to their usual rehabilitation treatments, the participants in the immersive-virtual reality group participated in an immersive-virtual reality rehabilitation program, while the patients in the control group received 2D virtual reality rehabilitation training. The Hamilton Depression Rating Scale, modified Barthel Index (MBI), and resting-state functional magnetic resonance imaging (rsfMRI) data were collected before and after a 4-week intervention. rsfMRI data were analyzed using multivariate GCA. We found that the immersive virtual reality training was more effective in improving depression in patients with PSD but had no statistically significant improvement in MBI scores compared to the control group. The GCA showed that the following causal connectivities were strengthened after immersive virtual reality training: from the amygdala, insula, middle temporal gyrus, and caudate nucleus to the dorsolateral prefrontal cortex; from the insula to the medial prefrontal cortex; and from the thalamus to the posterior superior temporal sulcus. These causal connectivities were weakened after treatment in the control group. Our results indicated the neurotherapeutic use of immersive virtual reality rehabilitation as an effective non-pharmacological intervention for PSD; the alteration of causal connectivity in emotional networks might constitute the neural mechanisms underlying immersive-virtual reality rehabilitation in PSD.
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Introduction

Patients after stroke are at an increased risk of impaired mental health (Medeiros et al., 2020). Depression affects around 30−60% of stroke survivors, manifesting as pessimism, despair, sleep disorders, and inferiority (Hackett and Pickles, 2014). Despite the fact that post-stroke depression (PSD) is widespread and linked to other deficits, concurrent psychological issues are often ignored or undiagnosed. Studies have shown that patients with PSD had less interest, reduced motivation, and lower adherence to rehabilitation activities, resulting in poor functional outcomes (Loubinoux et al., 2012; Medeiros et al., 2020). Thus, in clinical practice, it is essential to emphasize the screening and intervention of PSD.

Recently, virtual reality (VR) has emerged as a valuable approach in the rehabilitation of stroke survivors (Laver et al., 2017). In fact, most conventional rehabilitation methodologies focus on mechanical and repetitive exercises, for which patients often lack interest and motivation. Thus, combining video games and physical therapy with a VR rehabilitation system may increase patient motivation and improve their physical function (Perrochon et al., 2019). According to previous studies, VR rehabilitation has been shown to enhance walking speed, balance, and upper limb function in patients after stroke (Zhang B. et al., 2021; Mugisha et al., 2022). These improvements might be associated with VR’s ability to create conditions that promote meaningful repeated practice, provide immediate feedback, and allow rehabilitation activities to be integrated into a more ecologically effective environment (Levin et al., 2015). In addition, VR has the potential to shift participants’ perspectives and break through the rigidity of the psychological experience (Perez-Marcos, 2018; Keshner et al., 2019). This ability has also been applied to treating various emotional disorders (Fernández-Caballero et al., 2017). The effect of VR-based therapy on depression symptoms in patients with chronic stroke has been demonstrated in recent years (Zhang Q. et al., 2021). However, the patients involved in those prior investigations almost all experienced depression symptoms but were not diagnosed with PSD. Few relevant studies on immersive-VR have been found in patients diagnosed with PSD.

Post-stroke depression is also associated with anomalies in brain structure and function, somewhat similar to major depressive disorder (MDD) (Pan et al., 2022). Many neuroimaging studies have advanced our knowledge of the neural mechanisms of PSD. To explain the networks involved in PSD, most researchers have focused on a ventromedial prefrontal cortex−anterior cingulate cortex−amygdala−thalamus emotional circuit, which includes changes in the structure, functional connection, excitability, and causality of the thalamus, anterior cingulate cortex, prefrontal cortex (PFC), amygdala (Amyg), insula (INS), temporal pole, hippocampus, and basal ganglia (BG) (Shi et al., 2019; Zhang et al., 2019). However, there is little research on the functional brain alterations induced by immersive VR rehabilitation in the treatment of PSD.

In the present study, we presented a novel immersive VR training system, tested it on PSD patients, and compared the effects on depression to conventional 2D rehabilitation activities. It was hypothesized that rehabilitation combined with immersive VR training would improve depressive outcomes. Furthermore, we investigated alterations in effective connectivity in emotional networks after immersive VR rehabilitation for PSD using multivariate Granger causality analysis (GCA). GCA is a powerful technique for extracting such connectivity from data, which provide sensitive evidence for the detection of functional interactions between brain regions.



Materials and methods


Participants

We included participants who: met the Diagnostic and Statistical Manual of Mental Disorders criteria for depressive disorder with a Hamilton depression Rating Scale (HAMD) score of 17 or higher; met the criteria for the diagnosis of cerebral infarction; were within 2 weeks to 12 months after stroke; signed informed consent; were 18–65 years old; were right-handed. There were no limits on patient sex. Experienced neuropsychologists conducted clinical interviews. The exclusion criteria included: (a) history of other severe mental disorders, epilepsy, drug abuse, or antidepressant use at stroke onset; (b) serious systemic diseases such as diabetes and uremia; (c) vision disorders and severe motor dysfunction that could interfere with the execution of the VR training task; (d) serious negative suicidal ideation; and (f) inability to cooperate and complete training and evaluation for any reason.

The research was performed in rehabilitation clinics in Yueyang Hospital, affiliated with Shanghai University of Traditional Chinese Medicine. The study protocol was approved by the local research ethics committee and registered with the Chinese Clinical Trial Registry (ChiCTR2100052132). There were 44 patients with PSD included in the study. They were allocated to two groups: the immersive-VR group (n = 22) and the control group (n = 22). Demographics (i.e., age, gender, and duration of stroke), HAMD, modified Barthel Index (MBI), and resting-state functional MRI (rsfMRI) data were collected from each participant. The study process is detailed in Figure 1.
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FIGURE 1
The flow diagram of the study process. VR, virtual reality.




Intervention

In addition to their usual rehabilitation treatments such as physical and occupational therapy, which mostly involved motor training, the participants in the immersive-VR group underwent an immersive-VR rehabilitation training program for 20 min/d, 5 days a week for 4 weeks, while the patients in the control group underwent 2D VR rehabilitation training.


Immersive virtual reality rehabilitation

In the immersive-VR group, 3D immersive-VR rehabilitation was conducted by the rehabilitation system developed by Shanghai University of Traditional Chinese Medicine in collaboration with the School of Mechatronic Engineering and Automation of Shanghai University. The virtual environment was developed and rendered using the Unity 3D engine and was run on a PC (CPU Intel I7 9700K). A VR headset (VIVE Pro; HTC, Taoyuan City, Taiwan) was used to present the 3D virtual training environment in the rehabilitation system. Participants could rotate their heads for a 360° view of the virtual scene and interact freely in the virtual environment with the VR headset. Assisted by a therapist, participants were asked to sit in an open room and wear a VR helmet. Through the headset, the participants could view a bright and spacious living room that could make them comfortable and stable. Within the virtual environment, the indoor furniture layout restored reality and provided the participants with an immersive training experience. A built-in positioning function in the software was conducted firstly to correspond the sofa position in the scene to the patient’s sitting position. During the training task, three different common fruits were generated in the virtual scene, and participants were asked to select the fruit prompted by sound or text within the virtual scene. After completing the interaction, encouraging vocal feedback was provided to the participants.

An evaluation score was given after all training tasks were completed. In the VR rehabilitation system, 3D upper limb reaching movements were captured and mapped onto the movements of a virtual arm. Before training, the difficulty of the training task was set according to the patient’s upper limb function to ensure that the fruit appeared within the patient’s reach. Participants were asked to select the fruits using a wireless remote control secured with straps if the affected upper limb function was sufficient to complete the harvesting task. Assistance with a manipulator was be provided if the patients could not complete the harvesting task by themselves. The immersive VR scene is presented in Figure 2.
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FIGURE 2
The virtual reality (VR) training scenarios in the immersive-VR group and the control group. (A,B) The 3D virtual scenario shown through the VR helmet for immersive VR training in the immersive-VR group. (C,D) The 2D virtual scenario shown on the screen for VR training in the control group.




2D virtual reality rehabilitation

In the control group, 2D VR rehabilitation was conducted using the Fourier M2 rehabilitation system (Fourier International Pte. Ltd., Shanghai, China). Assisted by a therapist, participants were asked to sit on a chair; the paretic hand was secured on the end-effector with straps. Through the end-effector, the upper limb movements could be captured. The user’s movements through the end-effector were mapped onto the movements of a virtual hand on the computer screen. A harvesting task was selected for the patients in the control group. Participants were asked to reach the fruits displayed on the computer screen through the virtual hand during the training task. Before training, the difficulty of the game was set according to the patient’s upper limb function. The 2D VR scene is presented in Figure 2.




Outcome measures

All outcome measures were evaluated before and after a 4-week rehabilitation. A trained investigator administered the clinical measurements, and the rsfMRI data was analyzed by another trained investigator. In this study, both investigators were blinded to the group allocations.


Clinical assessments

In this study, HAMD score was considered the primary outcome measure. It is the most commonly used clinical evaluation scale for depression, which is frequently applied in patients with PSD (Lin et al., 2020). Higher scores indicate a stronger depressive symptoms.

The secondary outcomes concerned the effects on the activities of daily living and effective connectivity in the brain emotional networks.

The MBI is frequently used as a measure of activities of daily living. The scale comprises 10 items: feeding, bowel control, bladder control, personal hygiene, transfer, dressing, toileting, ambulation, bathing, and stair climbing. The total score ranges from 0 (completely dependent) to 100 (fully independent).



MRI scanning

MRI measurements were conducted on a 3.0-Tesla Magnetom Verio MRI scanner (Siemens Healthcare, Erlangen, Germany) with a 32-channel phased-array head coil. All participants were asked to stay awake and still without thinking during scanning, and foam pillows were used to minimize head movement. The rsfMRI data were acquired by a single-shot gradient-recalled echo-planar imaging sequence with the following parameters: repetition time = 3,000 ms, flip angle = 90°, interleaved scanning order, slice number = 43, matrix size = 64 × 64, slice thickness = 3.0 mm (no-gap), field of view = 230 mm × 230 mm, and 200 volumes. T1-weighted data were acquired by a 3D magnetization-prepared rapid acquisition gradient-echo sequences with the following parameters: repetition time = 1,900 ms, inversion time = 900 ms, echo time = 2.93 ms, flip angle = 9°, field of view = 256 mm × 256 mm, slice thickness = 1 mm, acquisition matrix = 256 × 256, and number of averages = 1.



Pre-processing of resting-state functional magnetic resonance imaging data

The rsfMRI data was pre-processed using Statistical Parametric Mapping software (version 12; Wellcome Trust Centre for Neuroimaging, London, United Kingdom)1 in the MATLAB platform (v. 2014a; MathWorks, Natick, MA, United States). Data pre-processing steps included the following: removal of the first 10 volumes; slice timing correction; realignment for head motion correction; spatial normalization to the Montreal Neurological Institute template (resampled voxels to 3 mm × 3 mm × 3 mm); smoothing with a 6-mm full-width at half-maximum Gaussian kernel; detrending; and filtering (0.01–0.08 Hz).



Effective connectivity analysis with resting-state functional magnetic resonance imaging

Previous studies have shown some reliable findings that the prefrontal lobe−limbic system−cortical striatum−thalamic circuit was important in the emotional networks involved in PSD (Shi et al., 2019; Zhang et al., 2019). In the present study, 122 regions of interest (ROIs) in the emotional network were selected based on previous rsfMRI studies from 246 subregions using the latest human Brainnetome Atlas (Fan et al., 2016). The brain regions are shown in Figure 3 and Supplementary Table 1.
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FIGURE 3
Map illustrating brain of the regions of interest selected in the granger causality analysis. MPFC, medial prefrontal cortex; DLPFC, dorsolateral prefrontal cortex; SFG, superior frontal gyrus; MFG, middle frontal gyrus; OrG, orbital gyrus; STG, superior temporal gyrus; MTG, middle temporal gyrus; ITG, inferior temporal gyrus; FuG, fusiform gyrus; PhG, parahippocampal gyrus; pSTS, posterior superior temporal sulcus; INS, insular gyrus; CG, cingulate gyrus; Amyg, amygdala; Hipp, hippocampus; BG, basal ganglia; CAU, caudate, Tha, Thalamus.


In this study, we used Granger causality to analyze the effective connectivity between the reference signals of the seed regions (Granger, 1969). Multivariate GCA was performed using the REST toolbox2 following a published method (Shi et al., 2019). For each participant, time series data of the selected ROI were extracted from the pre-processed data. These time series data for each participant were then entered into coefficient-based ROI-wise multivariate GCA computation. The resulting GCA signed-path coefficients characterized the strength and direction of the temporal relationships among the brain regions (Shi et al., 2019).




Statistical analysis

SPSS (Version 21.0; IBM Corp., Armonk, NY, United States) and MATLAB 2014a were used to perform the statistical analyses in this study. The baseline characteristics of the two groups were compared using the Student’s t-test for continuous variables or Pearson’s χ2 test for categorical variables. To compare the effects in the two groups regarding HAMD scores, MBI scores, and GCA signed-path coefficients, Analysis of Variance (ANOVA) tests with repeated measures with a between-subject factor at two levels (two groups) and a within-subject factor at two levels (time: before and after treatment) were conducted. In addition, the Time × Group interaction effects were analyzed. When a significant interaction effect was detected, post-hoc analysis with Bonferroni correction was used. The statistical significance threshold was set at p < 0.05.




Results


Demographic and clinical characteristics

A total of 44 patients with PSD were included in the analysis: 22 patients in the immersive-VR group and 22 patients in the control group. No significant differences were found in terms of age, gender, days after stroke, side of the lesion, and HAMD scores between the two groups at baseline. The demographic and clinical characteristics are summarized in Table 1.


TABLE 1    Demographic and clinical characteristics.
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Effect of immersive-virtual reality on depression

The Time × Group effect was significant for HAMD scores [F(1, 42) = 30.76, p < 0.001]. After treatment, only the immersive-VR group showed a significant reduction in HAMD scores compared to the baseline levels (p < 0.001). At baseline, there was no significant difference between the two groups. After the intervention, HAMD scores in the immersive-VR group were significantly lower than those in the control group (p < 0.001; Table 2).


TABLE 2    Pre and post outcome measures of the immersive-VR group and the control group.
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Effect of immersive-virtual reality on modified Barthel index

At baseline, there was no significant difference in MBI between the two groups. After treatment, the two groups both showed significantly higher MBI scores compared to the baseline levels (p < 0.001). However, no Time × Group interaction was found in MBI [F(1, 42) = 2.02, p = 0.16; Table 2].



Effective connectivity results in resting-state functional magnetic resonance imaging

We used Granger causality to investigate alterations in brain effective connectivity in emotional networks. Post-hoc analysis with Bonferroni correction was used when a significant interaction effect was detected. The GCA results are presented in Table 3 and summarized in Figures 4, 5.


TABLE 3    Pre and post signed-path coefficients of multivariate granger causality analysis results showing significant Time × Group Interaction in the two groups.
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FIGURE 4
Map illustrating brain of multivariate GCA signed-path coefficients alteration after treatment in the immersive-VR group (A) and the control group (B). Some brain regions only showed projection position. Blue/red arrows designate significantly weaken/strengthen of causal connectivity after treatment as compared to baseline levels. MPFC, medial prefrontal cortex; DLPFC, dorsolateral prefrontal cortex; MTG, middle temporal gyrus; pSTS, posterior superior temporal sulcus; INS, insular gyrus; CG, cingulate gyrus; Amyg, amygdala; Hipp, hippocampus; CAU, caudate, Tha, Thalamus. GCA, granger causality analysis.
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FIGURE 5
Circlize maps of signed-path coefficient alteration after treatment in the immersive-VR group (A) and the control group (B) from multivariate granger causality analysis. The parameters represent the intensity of the signed-path coefficients differences after treatment as compared to baseline levels. Blue/red lines designate significantly weaken/strengthen of causal connectivity after treatment as compared to baseline levels. MPFC, medial prefrontal cortex; DLPFC, dorsolateral prefrontal cortex; MTG, middle temporal gyrus; pSTS, posterior superior temporal sulcus; INS, insular gyrus; CG, cingulate gyrus; Amyg, amygdala; Hipp, hippocampus; CAU, caudate, Tha, Thalamus.


After treatment in the immersive-VR group, the causal connectivity between the following regions was strengthened significantly compared to pre-treatment: from Tha_R_8_4 to pSTS_R_2_2, from BG_R_6_1 to MFG_R_7_3, from MTG_L_4_4 to MFG_R_7_3, from INS_L_6_6 to MFG_R_7_3, from Amyg_L_2_2 to MFG_R_7_3, from Amyg_L_2_1 to MFG_L_7_3, from INS_R_6_3 to SFG_R_7_7, and from Amyg_L_2_1 to SFG_R_7_7.

After treatment in the control group, the causal connectivity in patients with PSD from INS_L_6_3 to Tha_L_8_5 and from Tha_L_8_4 to MTG_L_4_3 was strengthened significantly. The causal connectivity between the following regions was weakened significantly compared to pre-treatment: from Tha_R_8_4 to pSTS_R_2_2, from BG_R_6_1 to MFG_R_7_3, from MTG_L_4_4 to MFG_R_7_3, from INS_L_6_6 to MFG_R_7_3, from Amyg_L_2_1 to MFG_L_7_3, from INS_R_6_3 to SFG_R_7_7, from CG_L_7_4 to Hipp_L_2_2, from INS_R_6_5 to MFG_L_7_3, and from Amyg_L_2_2 to MTG_R_4_2.




Discussion

In this study, we found that immersive VR training was more effective in improving depression in patients with PSD but had no statistically significant improvements activities of daily living when compared to the control group. Furthermore, we used multivariate GCA to explore the alterations in effective connectivity in the brain areas of emotional networks. Notably, the GCA results mainly showed that the causal connectivity from the amygdala, INS, middle temporal gyrus (MTG), and caudate nucleus to the dorsolateral PFC (DLPFC); from the INS to medial PFC (MPFC); and from the thalamus to the posterior superior temporal sulcus were strengthened after immersive VR training, while they were weakened after treatment in the control group.

In the past few years, many preliminary studies have shown that VR-based training combined with traditional rehabilitation was more effective for improving depressive symptoms in stroke survivors than traditional rehabilitation (Gao et al., 2021). However, in most previous studies, the mood symptoms were not the primary therapeutic target, and the studied included patients with chronic stroke. Moreover, the enrolled stroke survivors of the previous studies had no definite diagnoses of depression or only had mild depressive symptoms. In the present study, we included stroke survivors with a wide range of disease durations (2 weeks to 12 months) and HAMD scores of more than 17. Consistent with previous studies, our results showed that immersive VR intervention led to a significant reduction in depressive symptoms in patients with PSD.

Brain remodeling is the core mechanism of stroke rehabilitation (Richards and Cramer, 2021). Regarding PSD, previous studies have already detected some reliable findings that the prefrontal lobe−limbic system−cortical striatum−thalamic circuit was important to explain the emotional network involvement in PSD (Shi et al., 2019; Zhang et al., 2019). Using multi-modal neuroimaging approaches, structural and functional remodeling were found in specific brain regions of the emotional networks, such as the thalamus, anterior cingulate cortex, PFC, temporal pole, and amygdala (Pandya et al., 2012). Moreover, the functional interrelations among structures of the emotional networks were also crucial to emotional regulation in PSD. It was demonstrated that patients with PSD demonstrated disrupted functional connectivity between specific brain regions of the emotional networks (Shi et al., 2019).

The basic neuroscience behind VR-based treatment has mainly been linked to functional brain remodeling (Feitosa et al., 2022). The present study also set the imaging ROIs in the emotional networks, as reported previously, to explore the functional remodeling induced by VR supporting emotion recovery. The interesting result from GCA in the present study was that some effective connectivities of the emotional networks increased significantly with the significant improvement of depression after immersive-VR rehabilitation. In contrast, those connectivities decreased significantly after treatment in the control group without significant improvement in depression. Among these, the DLPFC and MPFC were mainly directionally regulated. The PFC has long been thought to make critical contributions to emotional processing (Renner et al., 2015; Xu et al., 2020). The DLPFC has a wide range of neural connections and complex structural patterns and plays a vital role in emotional information processing, especially in negative emotional judgment (DeYoung et al., 2010). Activation of the DLPFC can increase negative emotional judgment and increase negative emotion transmission to other brain regions. Given the critical role of the DLPFC in emotional regulation, it is the most common neural modulation target of emotional disorders (Struckmann et al., 2022). The MPFC plays a critical role in reward processing, decision-making, and inhibiting negative emotional responses (Hänsel and von Känel, 2008; Rolls et al., 2020). It is also involved in the pathophysiology of MDD (Renner et al., 2015). The present study found an increased directional activation of the DLPFC and MPFC by brain regions of emotional networks after immersive VR rehabilitation; we speculated that VR might reduce the judgment and transmission of negative emotions by increasing the directional regulation of the DLPFC and MPFC, improving depression. Moreover, the decreased directional regulation of the DLPFC and MPFC in the control group might be a concomitant neural manifestation of no significant improvement in PSD symptoms.

The structures that showed altered effective connectivity with the DLPFC and MPFC were located in the caudate nucleus, insula, anterior superior temporal sulcus, and the amygdala. The affective control network, such as the thalamus, amygdala, insular, and striatum, has been shown to be involved with the emotional dysregulations in MDD (Li et al., 2022). Many studies observed that the functional activation and structural remodeling of the amygdala, which is a key component of the limbic system, might be the key indicators for the remission of depression (Lanteaume et al., 2007). As a primary hub of the frontal−limbic circuit, the insula is also associated with depression; people with depression may pay more attention to emotional subjective feelings induced by abnormal insular activation (Herbert and Pollatos, 2012; Vilares et al., 2012). Functional and structural abnormalities have also been found in thalamocortical networks in depression, which are crucial for cognitive and emotional processes (Timbie and Barbas, 2015). It was found that patients with temporal lobe, frontal lobe, and basal ganglia infarction were susceptible to PSD (Zhang et al., 2012). The temporal lobe is involved in emotion, memory, language, and other functions (Fang et al., 2017), and temporal lobe dysfunction is related to emotional disorders (Zhang et al., 2017). The present study found that the positive directional regulation of the DLPFC and MPFC by these brain regions of the emotional network played an important role in treating PSD. Moreover, strengthened connectivity from the amygdala to the MPFC in the immersive-VR group and weakened connectivity from the amygdala to the MTG and from the cingulate cortex to the hippocampus in the control group are consistent with this context. The findings also provided important guiding significance for the neural modulation of depression. It can be suggested that the modulation of the effective connectivity between specific brain regions might have a better rehabilitation effect than the typical single-target modulation of the DLPFC or MPFC.

We also found that causal connectivities from the insula to the thalamus and from the thalamus to the MTG were strengthened after treatment in the control group. Previous literature has shown that emotional networks mainly produce negative regulation signals via the thalamus to reduce the activity of the insula in depression (Craig et al., 2000; Shi et al., 2019). Thus, the insula−thalamus−MTG regulation was increased after treatment in the control group without significant improvement in depression, which is speculated to be related to strengthened negative regulation in emotional networks.


Limitations

First, we only evaluated the patients’ depressive symptoms and did not measure recovery of motor function, although poor performance in motor activities can lead to depression in general (Kim et al., 2019). Considering that 4 weeks of rehabilitation treatment might have little difference in motor function between two groups with a wide range of disease durations, we did not further analyze the impact of motor rehabilitation on depression. Second, in accordance with previous studies, we functionally localized the structures associated with emotional networks that have been implicated reliably in depression. However, it has been consistently found that these structures are characterized by abnormal activation patterns in depression. Finally, there was no follow-up period in this study, and it was unclear whether the observed efficacy is long-lasting. Thus, future research should focus on increasing the sample size, prolonging the training duration, and adding a follow-up period to better evaluate the effects of immersive VR on PSD.




Conclusion

Overall, this study revealed that immersive-VR rehabilitation could improve depression in patients with PSD by exposing patients to an enriched, immersive-VR environment. Furthermore, this finding was supported by increased effective connectivity in emotional networks mainly directed toward the DLPFC and MPFC, which also showed a significant decrease in the control group. Our results indicated the neurotherapeutic use of immersive-VR rehabilitation as an effective non-pharmacological intervention for PSD as well as alterations of causal connectivity in emotional networks that might contribution to symptom improvement.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by the Ethics Committee of Yueyang Hospital, affiliated with Shanghai University of Traditional Chinese Medicine. The patients/participants provided their written informed consent to participate in this study.



Author contributions

J-GX, C-LS, and X-YH defined and designed this study, and interpreted the results. M-XZ and J-JW analyzed the data and wrote the manuscript. DW, Y-LL, and XX ran the intervention. JM and X-XX collected the data. All authors revised and approved the current version of the manuscript.



Funding

This work was supported by the National Key R&D Program of China (Grant Nos. 2018YFC2001600 and 2018YFC2001604), National Natural Science Foundation of China (Grant Nos. 81802249, 81871836, 81874035, and 81902301), Shanghai Science and Technology Committee (Grant No. 22010504200), Shanghai Rising-Star Program (Grant No. 19QA1409000), Shanghai Municipal Commission of Health and Family Planning (Grant Nos. 2018YQ02 and 201840224), and Program of Shanghai Academic Research Leader (Grant No. 19XD1403600).



Acknowledgments

We would like to thank all the patients that participated in and contributed to the study.



Conflict of interest

The 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/fnhum.2022.974393/full#supplementary-material


Footnotes

1     http://www.fil.ion.ucl.ac.uk/spm/software/spm12/

2     http://restfmri.net/forum/rest


References

Craig, A. D., Chen, K., Bandy, D., and Reiman, E. M. (2000). Thermosensory activation of insular cortex. Nat. Neurosci. 3, 184–190. doi: 10.1038/72131

DeYoung, C. G., Hirsh, J. B., Shane, M. S., Papademetris, X., Rajeevan, N., and Gray, J. R. (2010). Testing predictions from personality neuroscience: brain structure and the big five. Psychol. Sci. 21, 820–828. doi: 10.1177/0956797610370159

Fan, L., Li, H., Zhuo, J., Zhang, Y., Wang, J., Chen, L., et al. (2016). The human brainnetome atlas: a new brain atlas based on connectional architecture. Cereb. Cortex 26, 3508–3526. doi: 10.1093/cercor/bhw157

Fang, P., An, J., Zeng, L.-L., Shen, H., Qiu, S., and Hu, D. (2017). Mapping the convergent temporal epileptic network in left and right temporal lobe epilepsy. Neurosci. Lett. 639, 179–184. doi: 10.1016/j.neulet.2016.12.029

Feitosa, J. A., Fernandes, C. A., Casseb, R. F., and Castellano, G. (2022). Effects of virtual reality-based motor rehabilitation: a systematic review of fMRI studies. J. Neural Eng. 19:011002. doi: 10.1088/1741-2552/ac456e

Fernández-Caballero, A., Navarro, E., Fernández-Sotos, P., González, P., Ricarte, J. J., Latorre, J. M., et al. (2017). Human-avatar symbiosis for the treatment of auditory verbal hallucinations in schizophrenia through virtual/augmented reality and brain-computer interfaces. Front. Neuroinform. 11:64. doi: 10.3389/fninf.2017.00064

Gao, Y., Ma, L., Lin, C., Zhu, S., Yao, L., Fan, H., et al. (2021). Effects of virtual reality-based intervention on cognition, motor function, mood, and activities of daily living in patients with chronic stroke: a systematic review and meta-analysis of randomized controlled trials. Front. Aging Neurosci. 13:766525. doi: 10.3389/fnagi.2021.766525

Granger, C. W. J. (1969). Investigating Causal Relations by econometric models and cross-spectral methods. Econometrica 37:424. doi: 10.2307/1912791

Hackett, M. L., and Pickles, K. (2014). Part I: frequency of depression after stroke: an updated systematic review and meta-analysis of observational studies. Int. J. Stroke 9, 1017–1025. doi: 10.1111/ijs.12357

Hänsel, A., and von Känel, R. (2008). The ventro-medial prefrontal cortex: a major link between the autonomic nervous system, regulation of emotion, and stress reactivity? Biopsychsoc. Med. 2:21. doi: 10.1186/1751-0759-2-21

Herbert, B. M., and Pollatos, O. (2012). The body in the mind: on the relationship between interoception and embodiment. Top. Cogn. Sci. 4, 692–704. doi: 10.1111/j.1756-8765.2012.01189.x

Keshner, E. A., Weiss, P. T., Geifman, D., and Raban, D. (2019). Tracking the evolution of virtual reality applications to rehabilitation as a field of study. J. Neuroeng. Rehabil. 16:76. doi: 10.1186/s12984-019-0552-6

Kim, Y., Lai, B., Mehta, T., Thirumalai, M., Padalabalanarayanan, S., Rimmer, J. H., et al. (2019). Exercise training guidelines for multiple sclerosis, stroke, and parkinson disease: rapid review and synthesis. Am. J. Phys. Med. Rehabil. 98, 613–621. doi: 10.1097/PHM.0000000000001174

Lanteaume, L., Khalfa, S., Regis, J., Marquis, P., Chauvel, P., and Bartolomei, F. (2007). Emotion induction after direct intracerebral stimulations of human amygdala. Cereb. Cortex 17, 1307–1313. doi: 10.1093/cercor/bhl041

Laver, K. E., Lange, B., George, S., Deutsch, J. E., Saposnik, G., and Crotty, M. (2017). Virtual reality for stroke rehabilitation. Cochrane Datab. Syst. Rev. 2017:CD008349. doi: 10.1002/14651858.CD008349.pub4

Levin, M. F., Weiss, P. L., and Keshner, E. A. (2015). Emergence of virtual reality as a tool for upper limb rehabilitation: incorporation of motor control and motor learning principles. Phys. Ther. 95, 415–425. doi: 10.2522/ptj.20130579

Li, C., Hu, Q., Zhang, D., Hoffstaedter, F., Bauer, A., and Elmenhorst, D. (2022). Neural correlates of affective control regions induced by common therapeutic strategies in major depressive disorders: an activation likelihood estimation meta-analysis study. Neurosci. Biobehav. Rev. 137:104643. doi: 10.1016/j.neubiorev.2022.104643

Lin, S., Luan, X., He, W., Ruan, Y., Yuan, C., Fan, A., et al. (2020). Post-stroke depression and estimated glomerular filtration rate: a prospective stroke cohort. Neuropsychiatr. Dis. Treat. 16, 201–208. doi: 10.2147/NDT.S225905

Loubinoux, I., Kronenberg, G., Endres, M., Schumann-Bard, P., Freret, T., Filipkowski, R. K., et al. (2012). Post-stroke depression: mechanisms, translation and therapy. J. Cell. Mol. Med. 16, 1961–1969. doi: 10.1111/j.1582-4934.2012.01555.x

Medeiros, G. C., Roy, D., Kontos, N., and Beach, S. R. (2020). Post-stroke depression: a 2020 updated review. Gen. Hosp. Psychiatry 66, 70–80. doi: 10.1016/j.genhosppsych.2020.06.011

Mugisha, S., Job, M., Zoppi, M., Testa, M., and Molfino, R. (2022). Computer-mediated therapies for stroke rehabilitation: a systematic review and meta-analysis. J. Stroke Cerebrovasc. Dis. 31:106454. doi: 10.1016/j.jstrokecerebrovasdis.2022.106454

Pan, C., Li, G., Sun, W., Miao, J., Qiu, X., Lan, Y., et al. (2022). Neural substrates of poststroke depression: current opinions and methodology trends. Front. Neurosci. 16:812410. doi: 10.3389/fnins.2022.812410

Pandya, M., Altinay, M., Malone, D. A., and Anand, A. (2012). Where in the brain is depression? Curr. Psychiatry Rep. 14, 634–642. doi: 10.1007/s11920-012-0322-7

Perez-Marcos, D. (2018). Virtual reality experiences, embodiment, videogames and their dimensions in neurorehabilitation. J. Neuroeng. Rehabil. 15:113. doi: 10.1186/s12984-018-0461-0

Perrochon, A., Borel, B., Istrate, D., Compagnat, M., and Daviet, J. C. (2019). Exercise-based games interventions at home in individuals with a neurological disease: a systematic review and meta-analysis. Ann. Phys. Rehabil. Med. 62, 366–378. doi: 10.1016/j.rehab.2019.04.004

Renner, F., Siep, N., Lobbestael, J., Arntz, A., Peeters, F. P. M. L., and Huibers, M. J. H. (2015). Neural correlates of self-referential processing and implicit self-associations in chronic depression. J. Affect. Disord. 186, 40–47. doi: 10.1016/j.jad.2015.07.008

Richards, L. G., and Cramer, S. C. (2021). Advances in Stroke Therapies Targeting Stroke Recovery. Stroke 52, 348–350. doi: 10.1161/STROKEAHA.120.033231

Rolls, E. T., Cheng, W., and Feng, J. (2020). The orbitofrontal cortex: reward, emotion and depression. Brain Commun. 2:fcaa196. doi: 10.1093/braincomms/fcaa196

Shi, Y., Liu, W., Liu, R., Zeng, Y., Wu, L., Huang, S., et al. (2019). Investigation of the emotional network in depression after stroke: a study of multivariate Granger causality analysis of fMRI data. J. Affect. Disord. 249, 35–44. doi: 10.1016/j.jad.2019.02.020

Struckmann, W., Bodén, R., Gingnell, M., Fällmar, D., and Persson, J. (2022). Modulation of dorsolateral prefrontal cortex functional connectivity after intermittent theta-burst stimulation in depression: combining findings from fNIRS and fMRI. NeuroImage Clin. 34:103028. doi: 10.1016/j.nicl.2022.103028

Timbie, C., and Barbas, H. (2015). Pathways for emotions: specializations in the amygdalar, mediodorsal thalamic, and posterior orbitofrontal network. J. Neurosci. 35, 11976–11987. doi: 10.1523/JNEUROSCI.2157-15.2015

Vilares, I., Howard, J. D., Fernandes, H. L., Gottfried, J. A., and Kording, K. P. (2012). Differential representations of prior and likelihood uncertainty in the human brain. Curr. Biol. 22, 1641–1648. doi: 10.1016/j.cub.2012.07.010

Xu, X., Li, W., Tao, M., Xie, Z., Gao, X., Yue, L., et al. (2020). Effective and accurate diagnosis of subjective cognitive decline based on functional connection and graph theory view. Front. Neurosci. 14:577887. doi: 10.3389/fnins.2020.577887

Zhang, B., Li, D., Liu, Y., Wang, J., and Xiao, Q. (2021). Virtual reality for limb motor function, balance, gait, cognition and daily function of stroke patients: a systematic review and meta-analysis. J. Adv. Nurs. 77, 3255–3273. doi: 10.1111/jan.14800

Zhang, Q., Fu, Y., Lu, Y., Zhang, Y., Huang, Q., Yang, Y., et al. (2021). Impact of Virtual Reality-Based Therapies on Cognition and Mental Health of Stroke Patients: Systematic Review and Meta-analysis. J. Med. Internet Res. 23:e31007. doi: 10.2196/31007

Zhang, T., Jing, X., Zhao, X., Wang, C., Liu, Z., Zhou, Y., et al. (2012). A prospective cohort study of lesion location and its relation to post-stroke depression among Chinese patients. J. Affect. Disord. 136:e83–e87. doi: 10.1016/j.jad.2011.06.014

Zhang, X., He, X., Wu, L., Liu, C., and Wu, W. (2019). Altered functional connectivity of amygdala with the fronto-limbic-striatal circuit in temporal lobe lesion as a proposed mechanism for poststroke depression. Am. J. Phys. Med. Rehabil. 98, 303–310. doi: 10.1097/PHM.0000000000001081

Zhang, Y., Zhao, H., Fang, Y., Wang, S., and Zhou, H. (2017). The association between lesion location, sex and poststroke depression: meta-analysis. Brain Behav. 7:e00788. doi: 10.1002/brb3.788


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Altered effective connectivity in the emotional network induced by immersive virtual reality rehabilitation for post-stroke depression



		Introduction



		Materials and methods



		Participants



		Intervention



		Immersive virtual reality rehabilitation



		2D virtual reality rehabilitation







		Outcome measures



		Clinical assessments



		MRI scanning



		Pre-processing of resting-state functional magnetic resonance imaging data



		Effective connectivity analysis with resting-state functional magnetic resonance imaging







		Statistical analysis







		Results



		Demographic and clinical characteristics



		Effect of immersive-virtual reality on depression



		Effect of immersive-virtual reality on modified Barthel index



		Effective connectivity results in resting-state functional magnetic resonance imaging







		Discussion



		Limitations







		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Human Neuroscience

Altered effective connectivity
in the emotional network
induced by immersive virtual
reality rehabilitation
for post-stroke depression












OPS/images/logo.jpg
’ frontiers | Frontiers in Human Neuroscience







OPS/images/fnhum-16-974393-t002.jpg
Outcome  F-value (interaction)  p-value ‘The immersive-VR group ‘The control group

Pre Post p-value Pre Post p-value
HAMD 30.76 <0.001 23.09 % 1.87 18.27 £3.33 0.00 22.05£1.94 21.09 £ 1.85 0.06
MBI 2.02 0.16 73.64 +18.91 78.86 + 16.54 <0.001 74.55 £ 15.35 81.59+13.75 <0.001

VR, virtual reali

[AMD, Hamilton depi

jon Rating Scale; MBI, modified Barthel Index.





OPS/images/fnhum-16-974393-t001.jpg
Variable ‘The immersive-VR group ‘The control group p-value

Age (years) 51.95 + 12.41 5073 % 9.99 073
Gender (male/female) 13/9 14/8 0.76
Duration after stroke (months) 7.27 £3.79 6.82 £3.26 0.63
Side of lesion (left/right) 16/6 1517 0.74
HAMD scores 23094 1.87 2205+ 1.94 012

VR, virtual reali

[AMD, Hamilton depression Rating Scale.





OPS/images/fnhum-16-974393-t003.jpg
ROI1

Tha R _8_4
BG_R_6_1
MTG_L_4 4
INS_L_6_6
Amyg L 2 2
Amyg L 21
INS_L_6_3
CG_L_7_4
INS_R_6_3
Tha L 8 4
INS_R_6_5
Amyg L 2 2
Amyg L 21

ROI2

pSTS_R_2 2
MFG_R_7_3
MFG_L_7_3
MFG_L_7_3
MFG_R_7_3
MFG_L_7_3
Tha_L_8_5
Hipp_L_2 2
SFG_R_7_7
MTG_L 4 3
MFG_L_7_3
MTG_R_4_2
SFG_R_7_7

F-value (interaction)

13.1626
12.6577
12.6051
12.2226
12.1175
11.5652
11.1440
11.0412
10.9122
10.2591
10.1095
9.8908

9.8481

p-value

0.0012
0.0014
0.0014
0.0017
0.0017
0.0021
0.0025
0.0026
0.0027
0.0035
0.0037
0.0040
0.0041

The immersive-VR group

Pre

—0.1985
—0.1451
—0.3213
—0.2762
—0.1749
0.4474
—0.4270
0.0587
—0.1939
0.2524
—0.3646
0.3379
0.1964

Post

0.2932
0.6196
0.4266
0.7078
0.9664
0.8533
—0.1809
0.4399
0.5035
—0.2244
0.7435
0.7306
0.5424

p-value

0.0353
0.0139
0.0381
0.0367
0.0056
0.0194
0.0605
0.0936
0.0173
0.1904
0.0881
0.0658
0.0058

The control group

Pre

0.1310
0.2766
0.1422
0.0658
0.1580
0.4888
—0.3025
0.3264
0.2837
0.0348
0.0584
0.7161
0.4969

Post

—0.3468
—0.2037
—0.0565
—0.3920
—0.2898
0.1183
0.3370
—0.4113
—0.1126
0.4577
—0.2839
—0.3253
0.1166

p-value

0.0034
0.0204
0.0042
0.0058
0.0896
0.0237
0.0048
0.0023
0.0408
0.0009
0.0048
0.0096
0.2551

Group mean path coefficients with predictions going from ROI1 to ROI2 are shown. Group means in bold are significantly different from zero (two-tailed tests; p < 0.05). SFG, superior frontal

gyrus; MFG, middle frontal gyrus; MTG, middle temporal gyrus; ITG, inferior temporal gyrus; pSTS, posterior superior temporal sulcus; INS, insular gyrus; CG, cingulate gyrus; Amyg, amygdala;

Hipp, hippocampus; BG, basal ganglia; Tha, Thalamus. Bold values designate that group means are significantly different from zero.





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fnhum-16-974393-g005.jpg





OPS/images/fnhum-16-974393-g004.jpg





OPS/images/fnhum-16-974393-g003.jpg





OPS/images/fnhum-16-974393-g002.jpg





OPS/images/fnhum-16-974393-g001.jpg
Assessed for eligibility

l

Baseline assessment

' '
Allocated to the immersive-VR group (n=22) Allocated to the Control group (n=22)
Completed intervention (n=22) Completed intervention (n=22)
Post intervention Post intervention
assessment (n=22) assessment (n=22)
Analyzed Analyzed

(n=22) (n=22)






