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Abstract
Aim  Neurorehabilitation is fundamental to improve outcomes for patients recovering from injury to the central 
nervous system. Access to neurorehabilitation is limited by resource shortages; the consequences of which are 
unfulfilled therapy needs, longer hospital stays and detrimental effects on quality of life. Virtual reality (VR) could be 
used to enhance neurorehabilitation in a self-directed, safe, virtual environment. The aim of this study is to investigate 
the feasibility of a VR rehabilitation programme in an acute neurosurgical inpatient environment to improve 
neurorehabilitation.

Method  A single-group, prospective, clinical feasibility study was conducted in a tertiary UK neurosurgical 
department. The study included patients aged 16 and over who had neurosurgical care following surgery or 
traumatic brain or spinal cord injury. Participants were offered a VR session at least once per day for the first 14 days 
post-surgery/injury or until discharge, whichever came first, with reasons for non-engagement collected. Primary 
outcomes were feasibility outcomes and secondary outcomes included rehabilitation engagement.

Results  Of the thirty-nine eligible participants approached, thirty-two participants were recruited and received VR 
at least once. Intervention fidelity was deemed a success, as none of the VR equipment or applications failed. Median 
time between injury or surgery and first VR use was three days (IQR = 8.25). The Hopkins Rehabilitation Engagement 
scale and Simulation Sickness Questionnaires were deemed feasible instruments to measure outcomes.

Conclusions  We confirmed feasibility of using a VR rehabilitation tool for neurosurgical patients in this study. This 
now facilitates progression to a multi-centre, prospective, randomised, controlled, unblinded, parallel-group trial of 
VR-enhanced neurorehabilitation versus standard neurorehabilitation for improving recovery after neurotrauma or 
neurosurgery.
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Introduction
Brain and spinal cord injuries are a leading cause of 
death and disability in the world [1]. Traumatic brain 
injury (TBI) affects 55  million people and spinal cord 
injury (SCI) affects 27  million people worldwide, cost-
ing over £350 billion per year in direct care costs and lost 
economic output [1]. For those who survive, recovery 
is often incomplete and protracted and lifelong care is 
required for many. In 2016 TBI caused 8.1 million years 
lived with disability and SCI caused 9.5 million years [1]. 
The socioeconomic impacts of TBI and SCI in the UK 
are substantial, costing the UK economy approximately 
£17  billion per year [2, 3]. These figures encompass the 
costs associated with lost work, health and social care 
needs, and premature mortality. Following acute stabi-
lisation and surgical intervention, neurorehabilitation is 
started to maximise functional recovery.

Furthermore, a period of neurorehabilitation is often 
required following cranial or spinal neurosurgery for 
non-traumatic pathologies. In the UK the mean length 
of stay for patients who had elective or non-elective cra-
nial neurosurgery is 5.8 and 19.4 days respectively, with 
an average of 14% of patients spending more than 28 
days with the neurosurgery provider [4]. Although neu-
rorehabilitation continues as required in other special-
ist healthcare settings, a recent analysis revealed that 
the waiting list for neurosurgery is so significant that a 
national seven-day tertiary neurosurgical service would 
require 18 months to clear the backlog [5]. Therefore, 
technology that can accelerate recovery after surgery, 
facilitating faster discharge from acute hospital or return 
to independence, would have a significant impact on this 
incredibly costly problem for patients, society and the 
healthcare system in general.

Clear evidence exists for early and intense neurore-
habilitation leading to better functional outcomes in 
neurosurgical trauma and cancer patients [6, 7]. A chal-
lenge is the limited amount of neurorehabilitative human 
resource to address this patient cohort, along with space, 
availability of enriched environment, and provision of 
novel tasks. Virtual reality (VR) is a type of digital immer-
sive technology using spatial computing where the user 
interacts with a programme through a head mounted 
display, or headset, with hand-held controllers. The tech-
nology has been used in conjunction with neurorehabili-
tation experts after stroke and spinal cord injury for both 
physical and cognitive recovery, and there is evidence of 
safety and effectiveness at improving the speed and qual-
ity of recovery [8–10].

Specific to this study, it is reasonable to consider 
whether the technology would provide similar benefits 
for patients after neurosurgery or other types of neu-
rotrauma. There are unique patient specific safety and 
feasibility considerations in this cohort that are not fully 

investigated in the current literature, such as the impact 
of wearing a headset after undergoing craniotomy and 
the acceptability of the technology to patients with seri-
ous cancer diagnoses or sudden traumatic injuries. Fur-
thermore, evidence suggests that initiating intense and 
frequent rehabilitation early in the acute phases post 
injury can leverage a window of opportunity in terms of 
improved neuroplasticity which is essential for maximis-
ing recovery [11]. Therefore, the aim of this study was 
to investigate the feasibility and initial clinical safety of 
using VR in the neurorehabilitation process for acute 
neurosurgery and neurotrauma patients in a tertiary 
acute care setting.

Methods
Study design
A single group, clinical feasibility study was designed at 
a large tertiary neurosurgical centre in the United King-
dom. Eligibility criteria were as follows:

Inclusion criteria:

 	• Adults aged 16 years and older with no upper age 
limit.

 	• Willing and able to provide written informed 
consent.

 	• Having received neurosurgery for neuro-oncology 
OR neurotrauma OR conservative management for 
neurotrauma on a level 1 ward.

 	• Able to wear the physical head mounted display 
device e.g. a large craniectomy prevented head 
mounted display use.

Exclusion criteria:

 	• Participants unwilling or unable to provide written 
informed consent.

 	• Participants with photosensitive epilepsy.

Ethics approval was provided by the Health Research 
Authority (22/NW/0061) and the Leeds Teaching Hos-
pital NHS Trust (IRB approval n. 295487). Partici-
pants were recruited from January to September 2023. 
The study was designed in accordance with the IDEAL 
Framework’s guidance on evaluating innovation for Stage 
2a studies [12]. As such, no formal sample size is required 
for feasibility studies. However, literature values reveal a 
sample of approximately 30 participants is deemed suf-
ficient to evidence feasibility outcomes [13]. This was set 
as the recruitment target for this study. The reporting 
followed guidance from the 2016 CONSORT extension 
statement and a subsequent editorial for non-randomised 
feasibility studies [14, 15]. To evaluate the methodologi-
cal feasibility of VR neurorehabilitation in this context, a 
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series of 14 study design elements were considered in line 
with practice seen in the literature [16, 17].

Experimental protocol
The VR intervention used hardware in the form of PICO 
Neo3 VR headsets (Developed by ByteDance, Beijing, 
China). Each headset was connected to two hand con-
trollers which could be used if the participant was doing 
a physical therapy task. If they were unable to use the 
hand controllers, or wanted to just do a cognitive therapy 
exercise, then they could use the headset alone. Visual 
impairment itself was not a preclusion to involvement 
in the study, and participants could wear glasses under 
the headset or / and the headset’s focal point could be 
mechanically adjusted to suit. The software used in the 
intervention was from SyncVR Medical (Amersfoort, 
The Netherlands) who provide a number of rehabilita-
tion applications: the two used in this study were Syn-
cVR Fit (version 334) for physical rehabilitation which 
provides a range of motor tasks that can be performed 
with upper and lower limbs, lying, seated, or standing, 
to accommodate the participants needs and desires; and 
SyncVR Relax & Distract for cognitive rehabilitation (ver-
sion 20500) which provides a range of mental exercises 
through visual and auditory stimulation such as simulat-
ing relaxing environments and breathing exercises. The 
hardware was cleaned with a clinically approved wipe 
before and after each use. Participants who had head 
wounds additionally wore a surgical scrub cap over their 
dressings before using the headset.

When deemed ready for rehabilitation after injury or 
surgery as per standard practice in level 1 wards (i.e. not 
intensive/critical care), consented participants under-
went a brief (approximately 5–10  min) educational VR 
session where they were instructed by members of the 
research team on how to use the device and applications. 
Inpatient neurorehabilitation physiotherapists then facili-
tated a VR session with an application chosen based on 
patient preference. The applications could be used in sit-
ting, standing, or lying down positions and with none, 
one or both hand controllers. VR sessions were con-
ducted at the patient’s bedside or in a physiotherapy area 
during their normal rehabilitation sessions under the 
supervision of the neurorehabilitation team. All partici-
pants received the standard of care, and this VR session 
did not replace any existing therapy sessions. Patients 
used the VR device for as long as they wished, up to a 
maximum of 30  min, and were then asked to complete 
data collection instruments.

Data collection and statistical analysis
The primary outcomes were feasibility outcomes of par-
ticipant recruitment (number of patients approached ver-
sus number recruited), intervention fidelity (incidences of 

intervention technical failure and reasons) and interven-
tion acceptability (withdrawal from study or intolerance 
of the VR session and reasons). These outcomes were 
evaluated using study-specific data collection forms and 
validated instruments completed (1) immediately after 
the VR session and (2) upon discharge from the neuro-
surgical centre. Validated instruments used were the Sys-
tem Usability Scale to evaluate participant experiences of 
using the technology, the Simulation Sickness Question-
naire to screen for side-effects of VR (both given after 
the VR session) and the Hopkins Rehabilitation Engage-
ment Rating Scale, which is a therapist-completed ques-
tionnaire that evaluates the patient’s engagement in their 
rehabilitation (completed at discharge) [18–20]. Detailed 
information on neurological deficits were not collected 
because no effectiveness outcomes were included. All 
included patients had a need for neurorehabilitation, and 
only information about significant neurological impair-
ment such as at least one limb weakness of power grad-
ing 3/5 or worse or a visual field defect / inattention were 
collected. Information on adverse outcomes, such as 
wound infection, seizures and injury related to rehabilita-
tion, within the first 30 days after VR use were collected 
for every participant. Data was tabulated, descriptive sta-
tistics were performed, and charts were produced using 
Microsoft Excel (version 16.83).

Results
The feasibility and acceptability VR neurorehabilitation in 
acute neurosurgical settings
Figure 1 displays the CONSORT participant recruitment 
flow diagram. Of the 39 participants who were deemed 
eligible and approached, 36 consented to be recruited 
into the study (a recruitment rate of 92%) and n = 32 went 
on to complete a VR session (an intervention comple-
tion rate of 88%). Reasons given for declining to partici-
pate are presented in a flow diagram (see Fig.  1). These 
included anxiety around the technology, feeling unwell 
and having headaches. Table  1 summarises the patient 
characteristics. Two-thirds of patients (n = 21; 66%) were 
post-operative neuro-oncology patients, the remain-
ing one-third had neurotrauma with a mixture of brain 
or/and spinal cord injuries. The mean age was 56 years, 
and the oldest participant was 89 years, suggesting that 
advanced age need not be a barrier to engaging with the 
technology. There were proportionally more males, with 
a male to female ratio of 1.5:1. VR was most frequently 
initiated on the second day post injury/surgery and a 
spread of cognitive and physical rehabilitation apps 
were utilised with more participants choosing cognitive 
options (Table 2).
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The safety and fidelity of VR neurorehabilitation in acute 
neurosurgical settings
Table  3 highlights that there were no adverse outcomes 
in terms of seizures, wound infections or injuries related 
to VR rehabilitation in the first 30 days after use, dem-
onstrating strong early safety data. Table 3 describes the 
incidence of side-effects of VR as assessed by the Simu-
lation Sickness Questionnaire. No participants reported 
severe side-effect symptoms, but almost a quarter 

reported slightly blurred vision at times during using 
the VR headset. Table 4 summarises the response to 14 
methodological considerations in feasibility research that 
are used to assess feasibility of study design and delivery.

Table 1  Patient demographics
Variable Value
Age (mean ± SD) 56 (± 19)
M 21:14
Post op tumour 21 (66%)
TBI (Conservative Management) 5 (16%)
SCI (Post operative) 1 (3%)
SCI (Conservative Management) 4 (13%)
Both TBI and SCI (Conservative Management) 1 (3%)
At least one limb 3/5 weakness pre-intervention 12 (38%)
Visual field defect or inattention 6 (19%)

Table 2  VR intervention details
VR app used Frequency
Sync VR Fit 6
Relax & Distract 16
Both 10
Mean VR session duration (minutes) 10
First VR session use most frequently on day 2 post injury / surgery

Table 3  30-day intervention-related adverse events and VR side-
effects as assessed by the Simulation Sickness Questionnaire
Adverse outcomes at 30 
days
Seizures 0
Wound infection 0
Rehab related injury 0
SSQ Symptom n= (%) None Slight Moderate Severe
1. General Discomfort 28 (88%) 2 (6%) 2 (6%) 0 (0%)
2. Fatigue 32 (94%) 2 (6%) 0 (0%) 0 (0%)
3. Headache 28 (88%) 4 (13%) 0 (0%) 0 (0%)
4. Eye Strain 28 (88%) 4 (13%) 0 (0%) 0 (0%)
5. Difficulty Focusing 25 (78%) 4 (13%) 3 (9%) 0 (0%)
6. Salivation Increasing 26 (81%) 0 (0%) 0 (0%) 0 (0%)
7. Sweating 32 (100%) 0 (0%) 0 (0%) 0 (0%)
8. Nausea 30 (94%) 2 (6%) 0 (0%) 0 (0%)
9. Difficulty Concentrating 31 (94%) 1 (3%) 1 (3%) 0 (0%)
10. Fullness of the Head 27 (84%) 4 (13%) 1 (3%) 0 (0%)
11. Blurred Vision 25 (78%) 7 (22%) 0 (0%) 0 (0%)
12. Dizziness with Eyes Open 29 (91%) 3 (9%) 0 (0%) 0 (0%)
13. Dizziness with Eyes 
Closed

32 (100%) 0 (0%) 0 (0%) 0 (0%)

14. Vertigo 32 (100%) 0 (0%) 0 (0%) 0 (0%)
15. Stomach Awareness 31 (94%) 1 (3%) 0 (0%) 0 (0%)
16. Burping 32 (100%) 0 (0%) 0 (0%) 0 (0%)

Fig. 1  CONSORT participant recruitment flow diagram
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Motivation to engage with VR neurorehabilitation
Overall engagement was high. Figure  2 displays par-
ticipants’ engagement in their neurorehabilitation as 
assessed by their therapists. Participants were also asked 
to complete a study-specific data collection instrument 
including a System Usability Scale and provided largely 

positive feedback on the use of VR in their neuroreha-
bilitation. The majority agreed or strongly agreed that 
the VR intervention was acceptable and perceived as use-
ful for their recovery. Indeed, the majority expressed the 
view that they would have liked more VR as an inpatient 
and would have used this as an outpatient to continue 

Table 4  Summary of findings against 14 methodological issues for feasibility research
Methodological items Findings Evidence
1. What factors influenced eligibility and 
what proportion of those approached were 
eligible?

A number of patients who lacked capacity were ineli-
gible in this study. In future studies, deferred consent 
may be beneficial as a lot of these patients are still 
able to engage in neurorehabilitation.

36 agreed to consent, only three screened de-
clined to consent. More may have consented if 
sample size had been larger.

2. Was recruitment successful? Yes. Recruiting success is often defined as 80% of 
eligible participants agreeing and being recruited 
into the study.

32 out of 39 (82%) eligible participants agreed 
to take part and were recruited and underwent 
the intervention.

3. Did eligible participants consent? Yes. The majority of participants agreed to consent. Only 3 did not wish to consent.
4. Were participants successfully 
randomised?

No randomisation in this study. No randomisation in this study.

5. Were blinding procedures adequate? No blinding in this study. No blinding in this study.
6. Did participants adhere to the 
intervention?

Yes. Successful adherence to the intervention is often 
defined as at least 80% of participants successfully 
completing the intervention.

32 out of 36 (89%) participants completed the 
VR intervention.

7. Was the intervention acceptable to the 
participants?

Participants were keen to engage with the VR inter-
vention and a majority perceived it as acceptable and 
useful.

Figs. 2 and 3 summarise positive acceptability 
indicators.

8. Was it possible to calculate intervention 
costs and duration?

No economic evaluation in this study. No economic evaluation in this study.

9. Were outcome assessments completed? Yes, the instruments used were completed. 100% instrument completion rate if VR inter-
vention was undertaken.

10. Were outcomes measured those that 
were the most appropriate outcomes?

All outcomes were deemed valid and appropriate. Participant-completed forms were largely com-
plete (missing data points in 7 instances)

11. Was retention to the study good? Successful retention is often defined by less than 10% 
attrition rate.

All participants who completed VR intervention 
completed the data collection instruments.

12. Were the logistics of running a multi-
centre trial assessed?

No. This was a single-centre feasibility study. No. This was a single-centre feasibility study.

13. Did all components of the protocol work 
together?

The components of the study and the intervention 
itself worked in this feasibility study

Adherence to the intervention and study pro-
cesses met the accepted feasibility criteria and 
show feasibility of progressing to a larger study.

14. Did the feasibility/pilot study allow a 
sample size calculation for the main trial?

No. A sample size for a future full RCT was not calcu-
lated from the data in this study.

No. A sample size for a future full RCT was not 
calculated from the data in this study.

Fig. 2  Hopkins Rehabilitation Engagement Rating Score for participants
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their neurorehabilitation in other settings, such as at 
home. Details of these results are visualised in Fig. 3.

Discussion
This IDEAL Stage 2a feasibility clinical study has dem-
onstrated that VR neurorehabilitation in an acute neu-
rosurgical setting for neuro-oncology and neurotrauma 
patients is feasible, safe, and acceptable to deliver with 
high fidelity. Side-effects were minimal and tolerable for 
the majority of patients. This early safety profile supports 
the feasibility of VR integration in acute neurosurgical 
rehabilitation settings, although larger powered clinical 
effectiveness studies, with health economics evaluations, 
longer follow-up, and patient centred endpoints such as 
composite physical, cognitive and quality of life metrics.

Though the study observed minimal VR side-effects, 
the most common adverse experiences included mild 
symptoms like blurred vision. Similar studies of VR 
use in neurorehabilitation report comparable rates and 
attribute side-effects to post-operative factors such as 
residual anaesthesia effects, post-traumatic fatigue, and 
sensitivity to visual stimuli [21, 22]. This suggest that 
side-effects may be proportional to the proximity to 
the index traumatic or surgical. In our study, patients 
were included only after they had been stabilised and 
stepped down from intensive care and so the majority 
of patients received their first VR session on the second 
day after the event or later. While it is understood that 
the early initiation of intense and frequent neuroreha-
bilitation is essential to maximise functional recovery, 
it may be that the balance between side effects of VR 
only becomes favourable after the first 48  h. Sub-group 
analyses between side effect rates in trauma and oncol-
ogy patients were not performed as the study was under-
powered. Neurotrauma and neurooncology patients may 
have differing side-effect profiles owing to the differing 

pathological processes. The location of tumour, surgery, 
and injury may also play a role and lesions in the visual or 
vomiting centres may have disproportional effects com-
pared to lesions elsewhere. The low side-effect profile 
contributes to the feasibility and safety metrics defined 
in this study. Additional important observations are the 
zero intervention related infection and seizure rates. Cra-
nial wounds are in close proximity to the head mounted 
display but with appropriate measures such as clean-
ing before and after each use and utilising a scub cap, 
patient comfort and hygine can be maintained. Seizures 
are relatively common in neurooncology, neurotrauma 
and post-neurosurgical population. Our findings may 
provide reassurance that the visual stimuli from the VR 
intervention does not increase seizure rates, as seen in 
this study. These findings are aligned with literature on 
adverse event rates in other studies, however because the 
majority of literature is from stroke or non-neurosurgical 
populations, our findings are an additional contribution 
to the evidence base [23].

Digital technologies that can accelerate recovery after 
surgery have been used in both pre- and post-operative 
settings [24, 25]. Awareness of Enhanced Recovery After 
Surgery (ERAS) protocols in neurosurgery is stronger in 
spinal than cranial neurosurgery, but neurosurgeons rec-
ognise that these protocols can reduce costs and lower 
intensive care admissions26,27. Combining ERAS proto-
cols with relatively inexpensive digital technologies that 
augment recovery processes may scale benefits faster 
to more patients. The optimal integration of human-
directed therapy and computer-directed therapy remains 
undefined, both in terms of therapy quantity and mode 
of delivery. VR therapy has demonstrated cost-effective-
ness in cognitive therapy settings28. A study exploring VR 
in recovery after stroke proposes a randomised design 
where patients enter one of two groups, a control group 

Fig. 3  Patient Reported Feedback on VR Neurorehabilitation
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receiving 100% (60 min) human therapy or an interven-
tion group receiving 50% (30 min) VR and 50% (30 min) 
human therapy29. In this case, the quantity of therapy 
time is the same for both groups, yet the composition of 
therapy is different in comparing standard therapy with 
hybrid delivery of VR therapy. If the intervention group 
demonstrates non-inferiority, then it would be reason-
able to expect the intervention to be cost-effective. 
Another approach could be to deliver additional ther-
apy via VR alongside the standard amount of human-
delivered therapy. This would increase the total ‘dose’ of 
therapy and may accelerate rehabilitation further with-
out increasing human resource cost which can be greater 
than digital technology cost. Even with the current state-
of-the-art VR technology, it seems unlikely that 100% of 
therapy could be delivered by computers alone safely and 
effectively. There are limits to what is technically possible 
and to what would be acceptable to patients. Importantly, 
there is also a need to consider the additional benefits of 
patient-clinician interactions that technology currently 
cannot fulfil. Further research should investigate the 
optimal combination of human resources and the most 
appropriate technologies in neurorehabilitation.

Strengths of this study include the use of this technol-
ogy in a novel setting that has significant unmet need. 
Although neurosurgery is a comparatively small spe-
cialty, the disease burden from neurotrauma and neuro-
oncology is significant globally - from both a financial 
and patient perspective. Other strengths include the 
use of validated data collection instruments and adher-
ence to IDEAL feasibility methodological research 
frameworks. A further strength is the multidisciplinary 
working between neurosurgeons and neurorehabilita-
tion therapists in the design and delivery of the study. 
Limitations include the lack of ability to infer any clini-
cal benefit or sample sizes for future studies. One study 
in upper extremity stroke estimated a sample size of 96 
in each arm to detect a clinically significant difference30. 
An important consideration for a future study would be 
choosing a patient-focused primary outcome, such as 
time to independence, time to discharge or time to return 
to work or a composite physical and cognitive functional 
metric. A further limitation is the heterogeneity in the 
study population. While the heterogeneity of the popu-
lation allows investigation of VR feasibility across a wide 
proportion of disease areas that require neurorehabilita-
tion, the small sample size limits both internal consis-
tency and external validity. This means that the findings 
may not be fully generalisable, highlighting further the 
need for larger, more stratified studies. Another limita-
tion is that this study only evaluated one VR hardware 
and software combination. Other technologies and appli-
cations may offer additional and different benefits that 
were not explored in this study. A final consideration is 

that all participants in this study had all bone flaps re-
inserted and in place, and using the headset if no bone 
flap present may not be safe or feasible.

This study has implications for methodologists design-
ing future research involving VR and similar technolo-
gies in acute neurosurgery patients. Neurosurgeons and 
neurorehabilitation therapists should explore further 
use cases for this technology and design powered, ran-
domised clinical effectiveness studies with a focus on 
outcomes relevant to patients, including cost-effective-
ness measures. Evidencing healthcare costs in this way 
would help provide support for investment and adoption 
strategies to improve rehabilitation services.

Author contributions
All authors read, contributed to, and approved the final manuscript. WSB, RS, 
SC, ES, SE and RKM designed the study. WSB, RS, SC, ES, RH, DS, SE and AO 
recruited participants and delivered the intervention. WSB and RS performed 
the statistical analysis. RKM is the study guarantor.

Funding
WSB is supported by an NIHR Academic Clinical Fellowship from the NIHR at 
Leeds, as well as project grants from Leeds Hospitals Charity and the NIHR 
Brain Injury MIC. RKM is supported by the NIHR at Leeds. SyncVR provided 
the VR hardware and software in kind as part of a clinical service evaluation, 
however they were not involved in the data collection, analysis, interpretation, 
or manuscript preparation.

Data availability
The data that support the findings of this study are available from the 
corresponding author, WSB, upon reasonable request.

Declarations

Ethics approval and consent to participate
Ethics approval was provided by the Health Research Authority (22/NW/0061) 
and the Leeds Teaching Hospital NHS Trust (IRB approval n. 295487).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 6 June 2024 / Accepted: 29 October 2024

References
1.	 Global, regional, and, national, burden, of, traumatic, brain, injury, and, spinal, 

cord, injury. A systematic analysis for the global burden of Disease Study 
2016. Lancet Neurol. 1990–2016. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​t​​h​e​l​​a​n​c​​e​t​.​c​​o​m​​/​j​o​​u​r​n​​a​l​s​/​​l​a​​n​e​u​​r​
/​a​​r​t​i​c​​l​e​​/​P​I​I​S​1​4​7​4​-​4​4​2​2​(​1​8​)​3​0​4​1​5​-​0​/​f​u​l​l​t​e​x​t. Accessed 10 April 2024.

2.	 McDaid D, Park AL, Gall A, Purcell M, Bacon M. Understanding and modelling 
the economic impact of spinal cord injuries in the United Kingdom. Spinal 
Cord. 2019;57(9):778–88. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​3​9​3​-​0​1​9​-​0​2​8​5​-​1.

3.	 Parsonage M. Traumatic brain injury and offending.
4.	 Phillips N. GIRFT Programme National Specialty Report.
5.	 Jayakumar N, Villabona AR, Holliman D. Reducing the neurosurgical waiting 

list burden: is it a futile endeavour? Br J Neurosurg Published Online Oct. 
2023;8:1–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​0​​2​6​8​​8​6​9​​7​.​2​0​​2​3​​.​2​2​6​7​1​2​6.

6.	 Königs M, Beurskens EA, Snoep L, Scherder EJ, Oosterlaan J. Effects of timing 
and intensity of Neurorehabilitation on Functional Outcome after Traumatic 
Brain Injury: a systematic review and Meta-analysis. Arch Phys Med Rehabil. 
2018;99(6):1149–e11591. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​p​m​r​.​2​0​1​8​.​0​1​.​0​1​3.

https://www.thelancet.com/journals/laneur/article/PIIS1474-4422(18)30415-0/fulltext
https://www.thelancet.com/journals/laneur/article/PIIS1474-4422(18)30415-0/fulltext
https://doi.org/10.1038/s41393-019-0285-1
https://doi.org/10.1080/02688697.2023.2267126
https://doi.org/10.1016/j.apmr.2018.01.013


Page 8 of 8Bolton et al. Journal of NeuroEngineering and Rehabilitation           (2025) 22:45 

7.	 Bartolo M, Zucchella C, Pace A, et al. Early rehabilitation after surgery 
improves functional outcome in inpatients with brain tumours. J Neurooncol. 
2012;107(3):537–44. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​1​0​6​0​-​0​1​1​-​0​7​7​2​-​5.

8.	 Maggio MG, Latella D, Maresca G, et al. Virtual reality and Cognitive Rehabili-
tation in people with stroke: an overview. J Neurosci Nurs. 2019;51(2):101. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​7​​/​J​​N​N​.​​0​0​0​​0​0​0​0​​0​0​​0​0​0​0​4​2​3.

9.	 Rehabilitation that incorporates virtual reality is more effective than standard 
rehabilitation for improving walking speed, balance and mobility after stroke: 
a systematic review - ScienceDirect. Accessed April 10. 2024. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​s​​c​i​
e​​n​c​e​​d​i​r​e​​c​t​​.​c​o​​m​/​s​​c​i​e​n​​c​e​​/​a​r​​t​i​c​​l​e​/​p​​i​i​​/​S​1​8​3​6​9​5​5​3​1​5​0​0​0​5​6​9

10.	 Hirst A, Philippou Y, Blazeby J, et al. No Surgical Innovation without evalu-
ation: evolution and further development of the IDEAL Framework and 
recommendations. Ann Surg. 2019;269(2):211. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​7​​/​S​​L​A​.​​0​0​
0​​0​0​0​0​​0​0​​0​0​0​2​7​9​4.

11.	 Totton N, Lin J, Julious S, Chowdhury M, Brand A. A review of sample sizes for 
UK pilot and feasibility studies on the ISRCTN registry from 2013 to 2020. Pilot 
Feasibility Stud. 2023;9(1):188. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​0​8​1​4​-​0​2​3​-​0​1​4​1​6​-​w.

12.	 CONSORT 2010 statement: extension to randomised pilot and feasibility trials 
| The BMJ. Accessed April 10. 2024. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​m​j​.​​c​o​m​​/​c​o​n​​t​e​​n​t​/​3​5​5​/​b​m​j​.​i​
5​2​3​9

13.	 Lancaster GA, Thabane L. Guidelines for reporting non-randomised pilot and 
feasibility studies. Pilot Feasibility Stud. 2019;5(1):114. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​
s​​4​0​8​1​4​-​0​1​9​-​0​4​9​9​-​1.

14.	 Bugge C, Williams B, Hagen S, et al. A process for decision-making after pilot 
and feasibility trials (ADePT): development following a feasibility study of a 
complex intervention for pelvic organ prolapse. Trials. 2013;14(1):353. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​1​​7​4​5​-​6​2​1​5​-​1​4​-​3​5​3.

15.	 Shanyinde M, Pickering RM, Weatherall M. Questions asked and answered 
in pilot and feasibility randomized controlled trials. BMC Med Res Methodol. 
2011;11(1):117. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​1​​4​7​1​-​2​2​8​8​-​1​1​-​1​1​7.

16.	 Brooke john. SUS: a quick and dirty usability scale. Usability evaluation in 
industry. CRC; 1996.

17.	 Simulator Sickness Questionnaire: An Enhanced Method for Quantifying 
Simulator Sickness: The International Journal of Aviation Psychology: Vol 3, 
No 3. Accessed April 10. 2024. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​t​​a​n​d​​f​o​n​​l​i​n​e​​.​c​​o​m​/​​d​o​i​​/​a​b​s​​/​1​​0​.​1​​2​0​7​​
/​s​1​5​​3​2​​7​1​0​8​i​j​a​p​0​3​0​3​_​3

18.	 Kortte KB, Falk LD, Castillo RC, Johnson-Greene D, Wegener ST. The Hopkins 
Rehabilitation Engagement Rating Scale: Development and Psychometric 
properties. Arch Phys Med Rehabil. 2007;88(7):877–84. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​
6​​/​j​​.​a​p​m​r​.​2​0​0​7​.​0​3​.​0​3​0.

19.	 Blumenau Pedersen M, Saxton J, Birch S, Rasmussen Villumsen B, Bjerggaard 
Jensen J. The use of digital technologies to support home-based prehabilita-
tion prior to major surgery: a systematic review. Surgeon. 2023;21(6):e305–15. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​s​u​​r​g​e​​.​2​0​2​​3​.​​0​5​.​0​0​6.

20.	 Mithany RH, Daniel N, Shahid MH, et al. Revolutionizing Surgical Care: the 
power of enhanced recovery after surgery (ERAS). Cureus Published Online 
November. 2023;14. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​7​7​5​9​​/​c​​u​r​e​u​s​.​4​8​7​9​5.

21.	 Agarwal P, Frid I, Singer J, et al. Neurosurgery perception of enhanced recov-
ery after surgery (ERAS) protocols. J Clin Neurosci. 2021;92:110–4. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​o​c​n​.​2​0​2​1​.​0​7​.​0​4​4.

22.	 Jolly S, Paliwal S, Gadepalli A, Chaudhary S, Bhagat H, Avitsian R. Designing 
enhanced recovery after surgery protocols in neurosurgery: a contemporary 
narrative review. J Neurosurg Anesthesiol:​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​7​​/​A​​N​A​.​​0​0​0​​0​0​
0​0​​0​0​​0​0​0​0​9​4​6.

23.	 Pot-Kolder R, Veling W, Geraets C, et al. Cost-effectiveness of virtual reality 
cognitive behavioral therapy for psychosis: health-economic evaluation 
within a Randomized Controlled Trial. J Med Internet Res. 2020;22(5):e17098. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​1​9​6​​/​1​​7​0​9​8.

24.	 Cai H, Lin T, Chen L, et al. Evaluating the effect of immersive virtual reality 
technology on gait rehabilitation in stroke patients: a study protocol for a 
randomized controlled trial. Trials. 2021;22(1):91. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​0​
6​3​-​0​2​1​-​0​5​0​3​1​-​z.

25.	 Yin CW, Sien NY, Ying LA, Chung SFCM, Tan May Leng D. Virtual reality for 
upper extremity rehabilitation in early stroke: a pilot randomized controlled 
trial. Clin Rehabil. 2014;28(11):1107–14. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​1​​​7​7​​/​0​2​6​9​2​1​5​5​1​4​5​
3​2​8​5​1.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1007/s11060-011-0772-5
https://doi.org/10.1097/JNN.0000000000000423
https://doi.org/10.1097/JNN.0000000000000423
https://www.sciencedirect.com/science/article/pii/S1836955315000569
https://www.sciencedirect.com/science/article/pii/S1836955315000569
https://doi.org/10.1097/SLA.0000000000002794
https://doi.org/10.1097/SLA.0000000000002794
https://doi.org/10.1186/s40814-023-01416-w
https://www.bmj.com/content/355/bmj.i5239
https://www.bmj.com/content/355/bmj.i5239
https://doi.org/10.1186/s40814-019-0499-1
https://doi.org/10.1186/s40814-019-0499-1
https://doi.org/10.1186/1745-6215-14-353
https://doi.org/10.1186/1745-6215-14-353
https://doi.org/10.1186/1471-2288-11-117
https://www.tandfonline.com/doi/abs/10.1207/s15327108ijap0303_3
https://www.tandfonline.com/doi/abs/10.1207/s15327108ijap0303_3
https://doi.org/10.1016/j.apmr.2007.03.030
https://doi.org/10.1016/j.apmr.2007.03.030
https://doi.org/10.1016/j.surge.2023.05.006
https://doi.org/10.1016/j.surge.2023.05.006
https://doi.org/10.7759/cureus.48795
https://doi.org/10.1016/j.jocn.2021.07.044
https://doi.org/10.1016/j.jocn.2021.07.044
https://doi.org/10.1097/ANA.0000000000000946
https://doi.org/10.1097/ANA.0000000000000946
https://doi.org/10.2196/17098
https://doi.org/10.2196/17098
https://doi.org/10.1186/s13063-021-05031-z
https://doi.org/10.1186/s13063-021-05031-z
https://doi.org/10.1177/0269215514532851
https://doi.org/10.1177/0269215514532851

	﻿Recovr reality - Recover after injury or surgery to the brain and spinal cord with virtual Reality: ideal stage 2a clinical feasibility study
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study design

	﻿Experimental protocol
	﻿Data collection and statistical analysis
	﻿Results
	﻿The feasibility and acceptability VR neurorehabilitation in acute neurosurgical settings
	﻿The safety and fidelity of VR neurorehabilitation in acute neurosurgical settings

	﻿Motivation to engage with VR neurorehabilitation
	﻿Discussion
	﻿References


