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Abstract

Background: Current evidence for the effectiveness of post-stroke cognitive rehabilitation is weak, possibly due to
two reasons. First, patients typically express cognitive deficits in several domains. Therapies focusing on specific
cognitive deficits might not address their interrelated neurological nature. Second, co-occurring psychological
problems are often neglected or not diagnosed, although post-stroke depression is common and related to cognitive
deficits. This pilot trial aims to test a rehabilitation program in virtual reality that trains various cognitive domains in
conjunction, by adapting to the patient’s disability and while investigating the influence of comorbidities.

Methods: Thirty community-dwelling stroke patients at the chronic stage and suffering from cognitive impairment
performed 30 min of daily training for 6 weeks. The experimental group followed, so called, adaptive conjunctive
cognitive training (ACCT) using RGS, whereas the control group solved standard cognitive tasks at home for an
equivalent amount of time. A comprehensive test battery covering executive function, spatial awareness, attention, and
memory as well as independence, depression, and motor impairment was applied at baseline, at 6 weeks and 18-
weeks follow-up.

Results: At baseline, 75% of our sample had an impairment in more than one cognitive domain. The experimental
group showed improvements in attention (X% (2)=9.57, p < .01), spatial awareness (XZF (2=11.23,p<.01)and
generalized cognitive functioning (x4 (2) = 15.5, p <.001). No significant change was seen in the executive function and
memory domain. For the control group, no significant change over time was found. Further, they worsened in their
depression level after treatment (T =45, r=.72, p < .01) but returned to baseline at follow-up. The experimental group
displayed a lower level of depression than the control group after treatment (Ws =815, z=-2.76,r=— 60, p <.01)
and Ws=92,z=—203,r=— 44, p < 05).

Conclusions: ACCT positively influences attention and spatial awareness, as well as depressive mood in chronic stroke
patients.

Trial registration: The trial was registered prospectively at ClinicalTrials.gov (NCT02816008) on June 21, 2016.
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Background

Cognitive impairments are common after stroke, with
incident rates up to 78% [1]. Patients with mild cognitive
impairment are at risk for developing dementia [2]. Cog-
nitive deficits correlate with poor functional outcomes
and increased risk of dependence [3], have negative ef-
fects on the patient’s quality of life [4], and alter the pa-
tient’s ability to socialize [5]. However, the current
clinical practice seems to lack methods that specifically
address cognitive sequelae. According to a meta-analysis
that aimed at proposing recommendations for new clin-
ical standards, currently available treatments that are
used as control conditions are conventional therapies
like physical therapy or occupational therapy, pseudo
treatments like mental or social stimulation without
therapeutic intent, as well as psychosocial interventions
like psychotherapy or emotional support for individuals
or groups [6]. Besides, it has been shown that cognitively
impaired patients participate less in rehabilitation activ-
ities, which potentially contributes to the poorer func-
tional outcome they display [7]. Finding effective
cognitive rehabilitation methods that can be incorpo-
rated in clinical practice is therefore crucial. Numerous
methods to improve cognitive deficits, for instance, spe-
cifically attention [8], memory [9], executive function
[10], or spatial abilities [11], have been proposed. How-
ever, the results show mixed efficacies. A meta-analysis
on the impact of attentional treatments showed an effect
on divided attention in the short-term, but found no evi-
dence for persisting effects on other attentional domains,
global attention, or functional outcomes [12]. Similarly,
a meta-review that investigated the effect of memory re-
habilitation found that training might benefit subjective
reports of memory in the short term, but shows no ef-
fect in the long term, on objective memory measures,
mood, functional abilities or quality of life [13]. Ultim-
ately, a meta-analysis over 6 Cochrane reviews shows in-
sufficient research evidence or evidence of insufficient
quality to support any recommendation for cognitive
stroke rehabilitation [14]. Besides methodological issues,
one limitation of existing methods could be that they
focus on one deficit only, ignoring that patients typically
express deficits in multiple cognitive domains [1, 2]. A
study on a large sample of heterogeneous stroke pa-
tients which aimed at linking lesions to cognitive deficits
found that a given lesion location leads to cognitive im-
pairments in several domains [15]. This emphasizes that
cognitive functions rely on a network of brain regions. A
lesion in one of those regions might cause a disturbance
to the network, which leads to a multitude of symptoms.
This is further supported by studies that revealed that
pathological changes in brain structures are related to
the occurrence of various cognitive deficits and symp-
toms for instance, in Alzheimer’s disease [16] or spatial
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neglect [17]. Moreover, the presence of multiple cogni-
tive deficits seems to be a marker in patients that are at
risk of developing Alzheimer’s disease later in life [18].
To what extent rehabilitation could potentially drive
structural or functional changes to alleviate the symp-
toms of stroke is still under debate [19, 20]. Neverthe-
less, rehabilitation methods have to aid the patient in
obtaining enough functionality to independently perform
instrumental activities of daily living, be it through res-
toration of function or compensation. With this in mind,
focusing on training a single cognitive skill might not be
efficient because many daily tasks or jobs require several
cognitive abilities for their execution [21]. For instance,
most patients would like to be mobile and drive a car
again after their stroke. Driving requires the individual
to use selective attention to deal with the traffic, traffic
signs and distractions, to be cognitively flexible to react
to changing situations on the road, to visually scan the
mirrors at the front, at the side, and in the back, to have
a visual field that includes the sidewalks and to per-
form all of this while steering the car effectively in real-
time [22]. Consequently, rehabilitation methods that ad-
dress one specific cognitive ability only do not address
the requirements of performing the activities of daily liv-
ing and might not stimulate and train the underlying
brain processes adequately. If a stroke leads to impair-
ments in various cognitive domains, then these domains
should be treated together to benefit a patient’s perform-
ance in everyday life.

To address the challenge of simultaneously training
various cognitive abilities in an individualized manner,
we revert to interactive technologies, in particular to the
coupling of motion capture technology with virtual real-
ity (VR). VR-based systems have shown to be at least as
effective as conventional therapies for physical rehabili-
tation, such as for the recovery of upper limb move-
ments [23-25] or gait and balance [26]. Contrarily,
meta-analyses investigating the use of VR for stroke re-
habilitation were either not able to analyze the effect of
training on cognitive function [25] or only found a pre-
liminary positive effect [24] due to insufficient random-
ized controlled trials. Besides, computer-based
interventions for cognitive rehabilitation are currently
only recommended as a practice option when supervised
by a therapist [27]. The positive effect of VR for physical
recovery, however, is only confirmed for those systems
that incorporate distinct neuroscientific and psycho-
logical principles that underlie learning and recovery
[23, 28]. It appears that cognitive rehabilitation methods
can also include principles of learning, like repetitive
practice, increasing difficulty or complexity and provid-
ing feedback through auditory or verbal cues [29, 30].
However, it seems that these principles are either not
explicitly declared in the interventions, or the field still
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needs to evaluate the exact mechanisms behind cognitive
rehabilitation that would positively alter cognitive func-
tion and behaviour [14]. This leads to the paradoxical
situation, that although many cognitive rehabilitation
protocols rely on technology (18 out of 44 studies in the
meta-analyses mentioned here [10-12, 31]), VR appears
to be rarely used in cognitive rehabilitation (4 studies in
[29]). More specifically, certain principles of neuroreh-
abilitation can be better implemented in virtual than in
physical reality. For instance, a recent study has shown
that the intention compatible enhancement of move-
ment is beneficial in counteracting learned non-use [32].
This enhancement is only possible when the properties
of visual feedback are manipulated beyond the properties
of the physical world. There are indications that such
enhanced feedback can be used in cognitive rehabilita-
tion too. Some rehabilitation methods for reducing
spatial neglect use VR to recreate realistic scenarios (e.g.,
crossroads) that allow the patients to train attentional
abilities in an ecologically valid but safe environment
[29]. Augmented visual or auditory feedback provides
them with a more enriched and controlled learning situ-
ation than reality would be able to offer [33]. The VR
system used in the current study combines specifically
two principles of neurorehabilitation: increasing and in-
dividualizing difficulty as well as embodied first-person
practice [28]. The principle of increasing difficulty is
grounded on the finding that learning is maximal if a
task is individualized to the subject and provides training
at an optimal challenge level [34, 35]. This principle was
also advanced as being beneficial for cognitive rehabilita-
tion [36]. A study that provided computerized working
memory training which increased the difficulty level of
each training task automatically to the patient’s working
memory capacity found a significant improvement in
trained and untrained working memory tasks [9], which
is similar to another study where the difficulty adapted
as a function of individual performance and where feed-
back was provided through scores and verbal encourage-
ment [37]. Indeed, in VR, we can create tasks that
require the patient to use abilities from various cognitive
domains to achieve a given goal [38]. Algorithms can
learn from the patient’s performance and adapt the diffi-
culty of the task gradually and automatically to identify
the current ability level of the patient and to challenge it
appropriately [39], potentially allowing a heterogeneous
group of cognitively impaired individuals to train in a
consistent rehabilitation regime. The principle of em-
bodied practice relies on the insights gained from the
studies of action observation [40]. It is also the primary
rationale behind the Rehabilitation Gaming System
(RGS) [41, 42], a VR rehabilitation tool on which the de-
velopment of the training program presented here is
based. RGS promotes functional recovery at all stages
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post-stroke [43] and cortical reorganization [44] through
an integrated approach that combines action execution
and observation [45] with goal-oriented integrated tasks.
In RGS the patient controls an avatar on a computer
screen and observes the avatar’s movement from a first-
person perspective. This embodied training could benefit
cognitive rehabilitation too, as motor and cognitive skills
training contributes to activity changes in common brain
regions [46]. Indeed, earlier theoretical work has shown
that we can also think of the motor system as forming
an integral part of cognitive control systems [47, 48]. Be-
sides delivering individualized, embodied and immersive
training, using a VR-based system might also promote
motivation through presenting complex goal-oriented
tasks combined with gamification [49]. Patients identi-
fied the lack of motivation as one of the factors prevent-
ing them from completing post-stroke exercise
programs [50]. Lack of adherence appears to be a known
issue in cognitive rehabilitation as well [51]. However,
the exact relationship between adherence and motivation
as well as the factors which in turn define and affect in-
ternal states need to be investigated. Ultimately, VR-
based systems are apt to increase training time and in-
tensity and can extend the training to the patient’s home
after discharge from the hospital [44], as they operate in
an automated fashion, require less personnel, and are
more cost-effective than traditional rehabilitation
methods [52]. It is, therefore, worthwhile to investigate
the effectiveness of science and evidence-based VR sys-
tems for cognitive recovery as they can overcome
current limitations in cognitive rehabilitation, such as
labour-intensiveness, isolated treatment of cognitive def-
icits and missing knowledge of the active ingredients in
treatments [14].

Another issue in cognitive rehabilitation is that co-
occurring post-stroke depression is often not detected
[53]. However, depression is common after stroke—al-
though incident rates can vary substantially between
studies, pooled frequency is estimated to be at 31%
[54]. Patients with post-stroke depression show lower
cognitive functioning as well as a higher dependency
in activities of daily living, more severe impairments,
and handicap than non-depressed patients [55]. Poor
performance in neuropsychological tests, therefore,
can be attributed not only to stroke, age [56] and the
inefficacy of cognitive training but also mood disor-
ders. On the other hand, cognitive rehabilitation can
influence depressive mood positively, as shown in pa-
tients with mild cognitive impairment [57]. Thus, the
presence of depression should be measured in cogni-
tively impaired patients, and its interaction with cog-
nitive functioning and cognitive rehabilitation should
be investigated when patients with cognitive deficits
are treated.



Maier et al. Journal of NeuroEngineering and Rehabilitation

Here, we propose and test a novel method for the con-
junctive training of cognitive abilities from multiple cog-
nitive domains. We developed integrated cognitive
rehabilitation scenarios in VR to address deficits in
memory, attention, spatial awareness, and executive
function in combination and in a task- and goal-oriented
manner. This proposal reflects the fundamental consid-
eration that specific cognitive abilities are constituent as-
pects of cognition rather than isolated domains or, in
other words, processes that are critically linked in the
overall architecture of the brain [58]. The implementa-
tion of these scenarios includes a mechanism that adapts
the difficulty automatically to the patient’s capabilities
using machine learning techniques [59], thereby address-
ing unique profiles of impairments and skills in a hetero-
geneous group of stroke patients. The algorithm adapts
several task parameters, which reflect cognitive abilities,
to the performance of the patient and hence adjusts the
task’s difficulty automatically. The task parameters fit-
ting the user’s performance provide a user-specific
model. The development of the adaptive conjunctive
cognitive training (ACCT) program studied here is based
on the existing VR rehabilitation tool RGS, which pro-
vides a task-oriented and gamified training from a first-
person embodied perspective through an avatar
immersed in multi-modal task environments [41, 42].
This explorative pilot study aims to identify potential ef-
fects and challenges in anticipation of a larger trial. We
compare the ACCT intervention against a control group
that performs a standard at-home cognitive rehabilita-
tion program. We hypothesize that the training scenar-
ios can adapt the difficulty to the individual cognitive
impairment level of each patient, equalizing performance
differences. Further, we expect to see that the ACCT
intervention positively influences the patient’s impair-
ment level in the four cognitive domains addressed.
Knowing that observed effects could be potentially mod-
ulated by post-stroke depression, we also analyze in a
subgroup whether depression negatively influences cog-
nitive functioning and can be positively modulated by
the ACCT intervention.

Methods

Study design and patients

We conducted a randomized controlled pilot trial with
an intended allocation ratio of 1:1, which was approved
by the local Ethical Committee at Parc de Salut Mar and
registered at ClinicalTrials.gov (NCT02816008). Recruit-
ment and screening took place from August 2016 until
August 2017 by the physicians from the neurological re-
habilitation unit at Hospital d’Esperanca in Barcelona.
Potential participants were recruited and screened
among the outpatients that visited the physicians for the
yearly control at the hospital. This convenience sampling
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ensured a representative sample of community-dwelling
chronic stroke patients. The inclusion criteria were as
follows: a) cognitive impairment due to a first-ever
stroke (Montreal Cognitive Assessment [60], MoCA <
26), b) no severe upper limb motor disability (Medical
Research Council Scale for stroke assessment [61],
MRC > 2), ¢) age between 45 and 75 years old and d)
chronic state (more than 6 months after stroke but less
than 10 years). The exclusion criteria were as follows: a)
severe cognitive incapacity that prohibits the execution of
the experiment, b) severe impairments like spasticity,
communication disabilities (aphasia or apraxia) and per-
ceptual or physical impairments that would interfere with
the correct execution or understanding of the experiment,
¢) history of severe mental health problems that were
present in the acute or subacute phase and d) presence of
hemianopia. The reason for including patients with first-
ever stroke only is that current literature is inconclusive
whether a recurrent stroke enhances existing cognitive
deficits or not [62, 63]. Inclusion and exclusion criteria, as
well as stroke etiology, were checked by the physicians
using standard clinical tools, the clinical history of the pa-
tient, and clinical appraisal. As there is no existing study
from which estimations for our primary outcome mea-
surements could have been obtained, the sample size had
to be predicted instead of calculated through a power ana-
lysis. Based on our previous experiments that proved to
be achievable with the resources and time available [32,
64], other trials with similar interventions [38, 65] and the
doctor’s estimation of recruitment pace, a sample size of
30 participants was deemed adequate. The trial concluded
when the sample size for a complete case analysis was
reached. The Consolidated Standards of Reporting Trials
(CONSORT) statement was used to report the trial.
Eligible patients that gave their written consent to par-
ticipate were assessed by a neuropsychologist using the
following tests: a neuropsychological test battery, add-
itional clinical outcome scales and two VR assessments
— at baseline (TO0), after the intervention (T1) and at 3
months follow-up (T2). All assessments were conducted
in the aforementioned order in one session, in the me-
dian 4 days before and 3 days after the intervention
period. At baseline, the patients were randomized by the
experimenter either into an experimental group (EG) or a
control group (CQ) using a custom-made computerized
minimization procedure based on the open-source soft-
ware OxMAR [66] to ensure balanced groups across the
baseline characteristics (gender, age, days after stroke,
MoCA, Mini-Mental State Examination (MMSE),
Barthel Index (BI) and Fugl-Meyer Assessment for the
upper extremity (FM-UE)) and all the scores of the
neuropsychological test battery (see section Outcome
Measurements). Specifically, the measurements were
stratified  (dummy-coded) as follows: For the


http://clinicaltrials.gov

Maier et al. Journal of NeuroEngineering and Rehabilitation

neuropsychological test battery and as well as the
MoCA, MMSE, BI and FM-UE established cut-offs for
the categories “no impairment”, “mild impairment”,
“moderate impairment” or “severe impairment” were
taken from normative data (see Additional file 1: Statis-
tical Procedure), for age, the cut-off was set at 65, for
days after stroke at 590 days and gender was categorized
in male and female. First, a new patient would be strati-
fied (dummy-coded with 0’s and 1’s) according to these
cut-offs. Then the sums of the strati between the groups
with the new patient added are compared. The patient is
then either allocated to the group with the lower sum or
if the sums are equal randomly allocated with a 50%
chance for either group. The first four recruited patients
were assigned using a computer-generated list of ran-
dom numbers only known to the experimenter. Due to
the nature of the intervention and personal resources,
participants and the experimenter were not blind to the
group allocation. The neuropsychologist was not in-
formed about group allocation. However, since the as-
sessments and the intervention took place in the same
hospital it could not be prevented that some patients
would cross path with the assessor. All patients under-
went a six week long, daily training of 30 min, five times
per week (Fig. 1a).

Experimental intervention

The EG played each day three cognitive training scenar-
ios of 10 min each. The dose of training was estimated
to be adequate based on the results from our previous
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studies in the motor domain [32] and the currently re-
ported average intervention time [12]. The training was
provided through the RGS set-up (Fig. 1b), a VR-based
rehabilitation tool. After an initial introduction and ex-
planation of the scenarios on the first day, the patients
interacted independently with RGS. Every day the ther-
apist on duty would place the patient in front of the mo-
tion capture sensor and the screen, log in to the system,
and commence the intervention. Only a few patients re-
quired help with putting on and taking off the markers
and to change between the training protocols. Apart
from this, the therapist did neither assist during the
intervention, check adherence to the goal of the task,
nor provide any feedback to the patient. The therapist
was, however, allowed to help when technical issues or
computer problems arose. The data generated through
the interaction with the system was automatically stored
in a remote secured database at the experimenter’s insti-
tution. RGS has been validated in several clinical studies
to be effective in functional motor recovery [32, 44, 64,
67]. With this pilot study, we extended the RGS frame-
work of embodied training, where the patient controls a
virtual avatar on a computer screen, with conjunctive
cognitive training scenarios which we call ACCT. Be-
sides, RGS incorporates an automated mechanism that
adapts the difficulty of the training to each patient’s abil-
ity [59]. It is thought that training efficiency and engage-
ment is maximal if the challenge level is optimal
regarding performance, perceived difficulty and fatigue,
e.g., a person learns maximally if the experienced

Training scenarios
C Complex Spheroids D Star Constellations

09:44 ©0 i w
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Fig. 1 Experimental protocol and set-up. a The protocol lasted 18 weeks in total, 6 weeks of training, and 3-months follow-up period. b The set-
up of the EG in the hospital consisted of a desktop computer, a Microsoft Kinect and two wristbands with reflective markers that are worn by the
patient. A Tobii EyeTracker T120 tracked the eye movement of the patient during the training. The Kinect detects the reflective markers and
transposes the movement of the patient's real arms onto the virtual arms of the avatar in the training scenarios. The patients are seated at a
table, and the three training scenarios (c Complex Spheroids, d Star Constellations, and e Quality Controller) are shown on the screen always in
the same order. Besides the automated adaptive difficulty mechanism and the embodied training, the system incorporates further principles of
neurorehabilitation including the provision of multisensory feedback, feedback of results, variable and structured practice as well as promoting
the use of the paretic limb. C Star Constellations, CG control group, D day, EG experimental group, Eval VR evaluation, Q Quality Controller, RGS
Rehabilitation Gaming System, S Complex Spheroids
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difficulty is neither too low nor too high [68]. To main-
tain the perceived challenge within a scenario at a con-
sistent level, the algorithm wused here adapts task
parameters (for instance the speed of moving objects, or
the number of items that need to be memorized) which
influence the actual difficulty based on the patient’s on-
going performance in the task [59]. Thus, when the pa-
tient is reaching a high level of performance, the
algorithm makes the task more difficult, while when the
patient’s performance drops, the algorithm makes the
task easier. The task parameters were selected to train
skills that underlie the cognitive domains investigated
here, and based on existing literature on recommenda-
tions for effective cognitive rehabilitation. The skills and
task parameters were combined into two training sce-
narios in order to provide the patients with multidomain
exercises. The training scenarios and their task parame-
ters are explained hereinafter. Performance is calculated
as the relative success rate, e.g. the number of successful
attempts over a given number of trials and the algo-
rithm’s objective is to maintain it around 70-80%. In
this study, we assume that the levels of the task parame-
ters reflect the individual cognitive impairment levels.
The tasks are briefly explained in the following para-
graphs. Detailed information can be found in Additional
file 1: Experimental Intervention and Additional file 2:
Movie S1.

The Complex Spheroids scenario aims at training basic
attention and memory ability without an automated
adaptation of difficulty (Fig. 1c). It requires the patient
to intercept approaching colored spheres by following a
predefined sequence indicated at the top right corner of
the screen.

In the Star Constellations scenario (Fig. 1d), a visuo-
spatial short-term memory task [37], the patients must re-
member a given subset of stars in a constellation and
reproduce them after a delay period. The difficulty level of
four task parameters is adapted in this scenario: 1) The
complexity and spatial extension of the constellations
(seven levels) aim to train spatial attention and spatial
memory. This parameter addresses the recommendation
to offer a unique sequence of stimuli in each trial during
working memory training [37], to progress from simpler
to more complex tasks in executive function training [10]
and to train the ability to detect and deploy attention to
all sides of space [12]. 2) and 3) The number of stars in a
subset and the time interval between their appearance
should aid the training of working memory [37]. 4) The
length of the delay period progressively challenges mem-
ory delayed recall. This parameter aids the training of in-
ternal strategies (visual imagery) which are recommended
for memory training [6]. The countdown of the delay
period serves as a non-spatial alerting intervention to train
sustained attention [19].
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In the Quality Controller scenario (Fig. le), patients are
presented with two tasks concurrently. In the right work-
space, doughnuts must be taken out of a fryer when their
cooking time ends. In the left workspace, the patient must
detect defective candies on a conveyor belt. The difficulty
level of five task parameters is adapted in this scenario: 1)
and 2) The speed of the conveyor belt, and the interval be-
tween appearing candies aim to train alertness. These pa-
rameters address speed-of-processing training that fosters
visual search skills to identify and locate visual informa-
tion quickly and in a divided-attention format [69]. 3) The
ratio between defective and good candies is thought to
promote selective and sustained attention. This parameter
addresses the ability to focus on specific stimuli while ig-
noring irrelevant ones in attention training [12]. 4) The
baking time of the doughnuts should train the ability to
inhibit prepotent responses in executive function training
[10]. 5) The time given to take the doughnuts out of the
fryer should aid the training of initiation of behaviours in
executive function training [10]. The alarm clock that sig-
nals when the doughnuts are ready should foster readiness
to respond and, therefore, alertness and arousal [12]. The
patient has to take care of the two spatially distributed
tasks simultaneously; therefore, training divided attention
ability, which is essential for multitasking and spatial at-
tention [12]. The scenario should address bottom-up
stimulus-driven alerting in spatial neglect [51] by promot-
ing visual search, which improves voluntary exploration of
the contralesional space [29]. It further addresses
problem-solving and strategy formation techniques re-
quired in executive function [6, 10].

Control intervention

The CG received from the experimenter at the hospital a
folder with 30 individual cognitive tasks that had to be
completed at home (e.g., crosswords, spot the ten differ-
ences, draw complex figures reversed, or complete sen-
tences) during 30 min at each workday. The tasks were
selected by the neuropsychologist to overlap with the cog-
nitive abilities essential in the experimental tasks (spatial
awareness, attention, memory, executive ability) and to be
representative of what would be generally suggested to
community-dwelling patients for at-home training. The
adherence to the control intervention was not monitored
during the experiment. The patients were asked to write
down the date and the time spent on each task and return
the folder after 6 weeks. After the treatment, the patient
would return the folder to the experimenter, who checked
that the exercises were completed and asked the patients
whether they had any difficulties fulfilling their task.

Outcome measures
The primary outcome measurements were four averaged
standardized composite scores (ASCS) for attention,
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memory, executive function, and spatial awareness cal-
culated from the neuropsychological test battery. The
neuropsychological test battery was compiled by the
neuropsychologist and covered the four cognitive do-
mains. For attention, we chose the Corsi Block Tapping
Test Forward (Corsi F) [70], the Trail Making Test A
(TMT A) [71], and the Wechsler Adult Intelligence
Scale-Fourth Edition (WAIS) [72] Digit Span Forward
(WAIS F). For memory, we selected the Corsi Block
Tapping Test Backward (Corsi B) [70], the Rey Auditory
Verbal Learning Test Immediate (RAVLT I) and Delayed
Recall (RAVLT D) [73], and the WAIS Digit Span Back-
ward (WAIS B). Executive function was covered by
the TMT B, the WAIS Digit Symbol Coding (WAIS C)
and the Frontal Assessment Battery (FAB) [74], and
lastly, spatial awareness consisted of the Star
Cancellation Test (Star) [75]. The standard scoring and
Spanish test versions were used. Secondary outcomes
were clinical scales that allowed us to check for add-
itional effects of the treatment and consisted of the
MoCA [60], the BI [76], the FM-UE [77], the Hamilton
Depression Rating Scale (HAM-D) [78] and the MMSE
[79]. The HAM-D outcome is only available for 21 sub-
jects, as it was added after the first analysis of data [80].
Although patients with a history of severe mental health
problems should have been excluded by our exclusion
criteria, we suspected that mood might influence the re-
sults. In addition, the protocol included two VR assess-
ments that will be analyzed in separate reports.

Statistical procedure

Since normality testing (Lilliefors test of normality)
pointed out that most of our data except HAM-D were
not normally distributed, we used non-parametric test-
ing. Baseline characteristics and outcome measures were
compared between groups using Wilcoxon’s rank-sum
test (W5s) for interval and ordinal variables, and Pearson’s
chi-square test (y2) for nominal variables. Spearman’s
correlation was used to assess how well the task parame-
ters of each training scenario (median after 1 week of
training) correlated with the neuropsychological test bat-
tery at baseline. For the primary outcomes, the individ-
ual test scores for each cognitive assessment were
converted into standardized z-scores, using the mean
and standard deviation (SD) of normative age-adjusted
data. By averaging the z-scores, the ASCS for each do-
main were obtained. To obtain a measurement of gener-
alized cognitive functioning, we took the median of the
patient’s ASCS within each domain. Each patient’s ASCS
per domain was stratified according to its SD from the
normative mean to obtain the impairment level in each
domain. The correlation within ASCS was evaluated
using Spearman’s correlation. First, a within-group ana-
lysis was performed, evaluating the changes of ASCS
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scores and secondary outcomes over time across the
three assessment points of the study (baseline TO, after
treatment T1 and follow-up T2) using the Friedman’s
ANOVA test statistic (y%). Then a post hoc analysis was
performed using Wilcoxon’s sign rank test (T) compar-
ing the scores after treatment and at follow-up with
baseline. For the between-group analysis, the improve-
ment after treatment (T1 — T0) and at follow-up (T2 —
TO) was compared between EG and CG using the Wil-
coxon’s rank-sum test (Ws). A complete case analysis
and a last observation carried forward analysis were per-
formed to deal with missing data. Significant results
were only accepted when confirmed by both analyses.
For the depression subgroup analysis, the improvement
in ASCS was evaluated with a linear regression, in
addition to the within- and between-group analysis. A
detailed description of the statistical procedure can be
found in the supplementary material (see Additional file
1: Statistical Procedure).

Results

We approached 59 chronic stroke patients, of which 47
agreed to participate and were assessed for eligibility
(CONSORT flow diagram Fig. 2). Thirty-eight eligible
individuals were assessed at baseline and randomized
into EG (n =19) and CG (n = 19). Their baseline charac-
teristics can be found in Table 1. There were no differ-
ences between the groups in their baseline
characteristics or in any of their baseline primary or sec-
ondary outcome measures. Three patients (CG =2, EG =
1) withdrew after randomization. Thirty-five patients
(EG =18, CG =17) completed the 6 weeks intervention
program. In the CG, one patient was lost at post-
assessment and two at follow-up. In EG, two patients
were lost at post-assessment, resulting in 30 valid cases
(EG =16, CG =14). Except for one patient that was able
to complete only nine tasks, all the patients in the CG
did complete all the paper and pencil tasks. However,
only two patients noted down the time they spent on
each task. Based on their reports, they spent between 20
to 30 min on each task, except for a few tasks they were
able to finish in 5 minutes, and that should be replaced
in the larger trial.

Most of the patients showed an impairment in all four
domains at baseline (Fig. 3a). Only five patients showed
an impairment in a single domain, whereas two patients
were better as the normative mean in all domains. Every
domain contains a spread across all impairment levels
(Fig. 3b). The Spearman’s correlation revealed that the
ASCS of attention, memory and executive function, but
not spatial awareness, of all patients together correlated
significantly at baseline, after treatment, and at follow-
up (Fig. 3c).
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Enrollment

[ Approached by doctors (n = 59)]
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e Declined to participate (n =12)

Screening

P
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Excluded (n=9)
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(MoCA>26=4,MRC<2=1,
20 years after stroke = 1,

A

2 strokes =1, age<45=1)
e Declined to participate (n=1)
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v
v v

Allocated to EG (n =19) Allocated to CG (n = 19)

e Received allocated intervention e Received allocated intervention
(n=18) (n=17)
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L hospitalization and 2" stroke

J

Fig. 2 CONSORT flow diagram. CG control group, EG experimental group, MoCA Montreal Cognitive Assessment, MRC Medical Research Council

Scale for stroke assessment

In Fig. 4, we show the correlations between the me-
dian task parameters of each scenario, which regulate
the difficulty of the training, after the first week of inter-
vention, and the neuropsychological test battery at base-
line in EG (n = 16). The analysis revealed that in the Star
Constellations scenario (Fig. 4a) the median number of
stars that a patient was able to remember correlated well
with the scores in TMT A (r; =-.57, p <.05), Corsi B
(ry =.67, p <.01), TMT B (r; =-.69, p <.01) and WAIS
C (r; =.69, p <.01). Similarly, the median delay period
achieved correlated well with the scores in TMT A (r, =
-.56, p <.05) and Corsi B (r; =.68, p <.01), and moder-
ately with WAIS C (r; = .46, p =.07). In addition, it cor-
related with Corsi F (r; = .54, p <.05) and WAIS B (ry =

-.56, p <.05). Moreover, there was a correlation between
the median constellation complexity level and WAIS C
(rs =.59, p <.05). For the Quality Controller scenario
(Fig. 4b) several correlations between task parameters
and neuropsychological test battery scores have been
found as well. The median speed of the conveyor belt
and the ratio between good and defective candy corre-
lated well with Corsi F (ry =.53, p <.05 and r; = .65,
p <.01), TMT A (r, =-61, p <.05 and r, =-.69,
p <.01), RAVLT I (r;, = .53, p <.05 and r; =.57, p <.05),
TMT B (r; = -.46, p = .07 and r, = -.62, p <.05) and Star
(ry =.65, p <.01 and r; =.75, p <.001). On the other
hand, the median baking time and the median time to
take out the doughnuts correlated with TMT A (r; = .54,
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Table 1 Patient characteristics and secondary outcome measurements at baseline

Characteristics EG (n=19) CG(nh=19 p
n (%) X
Gender, female 8 (42.11%) 7 (36.84%) 33
Impaired limb, right 8 (42.11%) 5 (26.32%) 62
Etiology 39
Ischemic 10 (52.63%) 14 (73.68%)
Hemorrhagic 7 (36.84 %) 5 (26.32%)
Capsulo lenticular 1 (5.26%) -
Undefined 1 (5.26%) -
Mean (SD) — Median [2.5" - 975" percentile] W
Age, years 63.63 (6.73) - 67.21 (645) - 15
63 [53.00 — 76.00] 68 [57.00 — 76.00]
Days after stroke 851.16 (805.26) - 126259 (1376.1) - 32
620 [192.00 - 3211.00] 625 [190.00 — 5805.00]
MoCA 2032 (3.92) - 20.05 (3.79) - .76
21 [12.00 - 25.00] 20 [12.00 - 25.00]
MMSE 27 (2.08) - 2668 (2.31) - 79
27 [23.00 - 30.00] 27 [22.00 - 29.00]
MRC 379 (071) - 3.26(1.28) - 36
4 [3.00 - 4.00] 4 [3.00 - 4.00]
FM-UE 53.79 (14.36) - 5044 (1945) - 74
60 [15.00 — 66.00] 62 [5.00 - 66.00]
BI 95 (7.63) - 86.11 (20.04) — 15

100 [80.00 - 100.00]

95 [20.00 - 100.00]

Bl Barthel Index, CG control group, EG experimental group, FM-UE Fugl-Meyer Assessment for the upper limb, SD standard deviation, MoCA Montreal Cognitive
Assessment, MRC Medical Research Council Scale, MMSE Mini-Mental State Examination, X? Pearson Chi-square statistic, W, Wilcoxon’s rank-sum test

p <.05and r, =46, p =.07), RAVLT I (r; = -.53, p < .05
and r, = -.45, p =.08), WAIS B (r, =-.60, p <.05 and
r =-.58, p <.05), FAB (r; =-.70, p <.01 and r, = -.53,
p <.05), TMT B (r; =.65, p <.01 and r; =.53, p <.05),
WAIS C (ry =-47, p =.06, and r, =-.53, p <.05) and
Star (ry = -.47, p = .07 and r, = -.58, p <.05).

The algorithm adapted the task parameters well to the
individual impairment level in EG (n =16), ensuring a
stable success rate while training (Fig. 5). For instance,
in the Star Constellations scenario, stratifying patients
according to their impairment level in the spatial aware-
ness domain at baseline revealed that more severe pa-
tients achieved lower difficulty levels than less impaired
ones (Fig. 5a). Throughout the training, however, the
achieved difficulty level seemed to increase across all se-
verity levels. Although the task parameter levels differed
for each patient, the success rate remained stable at
around 70% (Fig. 5b). The same pattern can be observed
in the Quality Controller scenario (Fig. 5¢ and d). Here,
however, the achieved task parameter might not have
been challenging enough for non-impaired patients as
their performance was around 90% (Fig. 5d).

In Table 2, we show the descriptive data of the ASCS
for every domain at baseline (T0), after treatment (T1)

and at follow-up (T2) as well as the p-values of the
within-group analysis for the complete cases (EG = 16,
CG = 14). The data for the last observation carried for-
ward analysis (EG =19, CG=19) can be found in the
Additional file 1: Table S1. We found a significant
change in ASCS over time for the EG in the attention
domain (x% (2)=9.57, p <.01), in the spatial awareness

domain (x% (2)=11.23, p <.01) and in the generalized
cognitive functioning (x% (2)=14.00, p <.001) in the
complete case analysis (Fig. 6a-c), which was confirmed
by the last observation carried forward analysis. In the
attention domain, the post hoc analysis revealed signifi-
cantly higher scores at T2 (T =84.5, r=.48, p <.01) as
compared to baseline. In the spatial awareness domain,
the post hoc analysis revealed significant higher scores
at T1 (T =47, r=.35, p <.05) and at T2 (T =63, r= .47,
p <.01) as compared to baseline. In the generalized cog-
nitive functioning, the post hoc analysis indicated signifi-
cant higher scores at T1 (7 =130, r=.59, p <.01) and at
T2 (T =123, r=.52, p <.01) as compared to baseline.
For the CG, no significant change over time was found,
although the memory domain vyielded significantly
higher scores at T1 (T =86, r=.56, p <.05) that was
confirmed by the last observation carried forward
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Fig. 3 Impairment distribution and correlation at baseline. a Distribution of the number of domains impaired. b Distribution of severity per
domain. ¢ The ASCS for attention, memory, and executive function positively correlate at baseline, after treatment and follow-up. ASCS for spatial
awareness seems to correlate weakly at baseline with the other domains, but this correlation is not visible after treatment and at follow-up.
Significant p-values are indicated as * p-value < .05, ** p-value < .01, *** p-value < .001 and the color scale represents the correlation coefficient
(Spearman’s r). ASCS averaged standardized composite score, ATB attention ASCS at baseline, ATF attention ASCS at follow-up, ATT attention ASCS
after treatment, EF executive function, EFB executive function ASCS at baseline, EFF executive function ASCS at follow-up, EFT executive function
ASCS after treatment, MEB memory ASCS at baseline, MEF memory ASCS at follow-up, MET memory ASCS after treatment, SA spatial awareness,
SAB spatial awareness ASCS at baseline, SAF spatial awareness after follow-up, SAT spatial awareness at follow-up

analysis. No significant results for either group were
found in the executive function domain. Neither we
found significant differences between the groups in the
complete case analysis that would have been confirmed

in the last observation carried forward analysis (Table 3).
The descriptive statistics for every test in the neuro-
psychological test battery can be found in Additional file
1: Table S2.
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Fig. 4 Correlations between the task parameters of the training scenarios and the neuropsychological test battery. a The task parameters of the
Star Constellations scenario are the constellation complexity level (category), the number of stars in the subset (number of stars), the time interval
between their appearance (interval) and the length of the delay period (delay period). b The task parameters of the Quality Controller scenario
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Additional file 1: Table S3 shows the results for the
secondary outcomes. We found a significant change over
time only in MMSE for CG (x% (2) =7.14, p <.05). Post
hoc analysis revealed a significant difference between TO
and T2 (T =62.5, r=.72, p <.01). For the EG we found
that FM-UE after treatment was significant different
from baseline (7' =43, r=.61, p <.05) and that this im-
provement was also significant different from the im-
provement of the CG (Ws =2885, z=222, r= .40,
p <.05). No other significant results in the secondary
outcomes were found (see Additional file 1: Figure S2).

In Table 4, we report the results of the within-group
analysis for the depression subgroup analysis (EGD =11,
CGD =10). The CGD shows a significant worsening in
the HAM-D at T1 (T =45, r=.72, p <.01) as compared
to baseline. At T1, the depression level of the CGD was
significantly higher in comparison to the EGD (Ws =
81.5, z=-276, r=-.60, p <.01) and this difference
remained significant at T2 (Ws =92, z=-2.03, r = - .44,
p <.05), see Table 5 and Fig. 6d. We observed a signifi-
cant effect of time for EGD in the attention domain (y2
(2)=10.82, p <.01) and in the generalized cognitive
functioning domain (x% (2) =9.8, p <.01). Post hoc ana-
lysis in the attention domain revealed a significant differ-
ence between TO and T2 (T =43.5, r=0.53, p <.05) and
between T1 and T2 (T =40.5, r=.46, p <.05). Post hoc

analysis in the generalized cognitive functioning domain
showed a significant difference from TO to T1 (7 =53,
r=.57, p <.01) and from TO to T2 (T =53, r=.57,
p <.01). In addition, we found a difference between the
two groups improvement at T1 in generalized cognitive
functioning (W, =151, r=.45, p <.05). For CGD, no
change over time was found. These results are similar to
what was found in the analysis of the whole study sam-
ple. On the other hand, we could only confirm a reduced
influence of the level of depression on the performance
on the neuropsychological test battery. Of the eleven
tests included in our battery, three correlated with the
HAM-D at baseline (Corsi F: r=-.69, p <.05, TMT A:
r=.45, p <.05, TMT B: r=.47, p <.05). These correla-
tions disappeared after the treatment and at follow-up.
One patient in EGD showed a particularly large im-
provement of 13 points in HAM-D from TO to T1. To
check if this improvement influenced the results found,
we performed the subgroup analysis without this patient.
After excluding the patient, we observed that the differ-
ence between the groups at T2 loses significance as the
p-value changes from .04 to .07. However, the EGD
group continues to express lower depression levels at T2
(mean of 4.40) than the CGD (mean 6.30). The same pa-
tient also showed improvements in attention, memory,
and spatial awareness. The exclusion of the patient in
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Fig. 5 The relationship between impairment level, difficulty achievement, and performance (success rate) within training scenarios. a Difficulty
achievement in the Star Constellations scenario and ¢ in the Quality Controller scenario. The task parameter in Star Constellations is the
constellation complexity level, and in Quality Controller the speed of the conveyor belt. Success rate (number of successful attempts over all
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the analysis of the cognitive domains did not alter the
results found, whether in the subgroup analysis nor in
the analysis of the whole sample. We, therefore, did not
deem this patient as an outlier that had to be excluded
from the analysis.

Next, we wanted to see how the improvement in the
cognitive domains influenced the improvement in de-
pression level in our subgroup. We included the im-
provements in ASCS at T1 (T1 — TO) and T2 (T2 - T0)
in a linear regression to estimate the respective depres-
sion improvement (Table 6). We found a marginally sig-
nificant prediction power of improvement in attention
ASCS (#17)=-1.99, p =.06) and a significant effect of
improvement in memory ASCS (£(17) 2.35, p <.05)

to predict the patient’s change in HAM-D from baseline
to follow-up. These results indicate that improvement in
the domains of attention and memory is positively corre-
lated with improvement in depression .

Discussion

In this randomized controlled pilot trial, we tested a
novel rehabilitation program in VR that trains several
cognitive domains in conjunction. Together with a few
other clinical trials [38, 65], we are among the first in ad-
dressing the multidimensionality of cognitive impair-
ment after stroke, by providing a VR-based cognitive
training that adapts its difficulty optimally to the ability
of the patient while providing an embodied training with
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Table 2 ASCS at baseline (T0), after treatment (T1) and follow-up (T2) and the p-values for the within-group analysis of the change

over time for the complete case analysis

ASCS EG (n = 16) CG (n=14)
Mean (SD) - Median [2.5" - 97.5" percentile] p Mean (SD) - Median [2.5" - 97.5"" percentile] p
T0 i T x3(2) TO T ™ X3 (2)

Attention -0.35 (0.88) — -0.13 (0.94) - 0.06 (0.92) - .01 -0.16 (0.83) — 0.02 (0.80) — 0.03 (0.92) - 25
-028 [[211-122]  -017 [-1.67 - 1.33] 0.17 [-1.44 - 1.671** 011 [1.78 - 0.89] 0.28 [-1.78 — 1.00] 022 [-1.67 - 1.67]

Memory  -0.76 (0.69) - -0.54 (091) - -043 (091) - 30 -0.72 (0.82) - -0.52 (0.73) - -0.37 (0.83) - 42
-057 [-2.27 - 005]  -031[-2.17 - 0.76] -0.30 [-2.19 - 0.89] -0.54 [-2.38 - 0.40] -0.44 [-1.78 - 0.56]* -0.52 [-1.37 - 1.52]

EF -0.34 (1.01) - -0.29 (1.18) - -0.15 (1.19) - 43 -045 (1.38) - -0.28 (1.33) - -0.28 (1.40) - 47
-034[[1.64-132] -038[-2.09 - 2.02] 0.15 [-1.97 - 1.68] -0.27 [-267 - 1.79] -0.02 [-2.60 - 2.02] -0.21 [-260 - 1.91]

SA -2.88 (6.57) - -0.67 (3.95) - 0.33 (0.36) - .00 -0.58 (1.44) - -0.20 (1.44) - -0.52 (1.90) - .53
-0.39 [-25.17 - 0.50] 0.50 [-15.43 - 0.50]* 0.50 [-0.39 - 0.50]* 0.05 [-3.93 - 0.50] 050 [-4.81 — 50] 0.50 [-6.68 — 0.50]

GCF -0.56 (0.79) - -0.20 (0.80) - -0.12 (0.83) - .00 -0.38 (0.90) - -0.17 (0.81) - -0.16 (0.94) - 93
-044[-1.92 -039] -0.10 [-1.64 - 0.91]** 0.25 [-1.56 — 0.99]** 0.00 [-2.00 - 0.69] 0.10 [-1.93 - 0.75] 0.06 [-1.98 — 1.59]

The change over time within each group was evaluated using Friedman’s ANOVA test statistic x% (degrees of freedom). The table shows the p-values
(p) with values below .05 highlighted in bold. For the post hoc analysis the Wilcoxon’s sign rank test T was used, and significant comparisons with
respect to baseline are indicated with * for p-values < .05 and ** for p-values < .01. ASCS average standardized composite score, CG control group,
GCF generalized cognitive functioning, EF executive functioning, EG experimental group, SA spatial awareness

rewarding feedback [81]. Our data set reveals interesting
insights when a heterogeneous sample without a specific
cognitive deficit is selected. Similar to prospective stud-
ies [1, 2], we see that patients show an impairment in
more than one domain. The majority was impaired in all
four domains. Also, the impairments in the attention,
memory, and executive function domain, but not in the
spatial awareness domain, are correlated and remain so
over time. The rationale behind the training scenarios is
that several cognitive skills can be trained together in a
multidomain fashion. With the Star Constellations sce-
nario, we intended to address visuospatial working
memory and attentional skills. The correlations between

the median task parameters achieved after the first week
of training and the scores of the neuropsychological test
battery at baseline appears to confirm this intention: TMT
A, TMT B, and WAIS C are timed and require online vis-
ual tracking ability [82, 83], whereas Corsi F, Corsi B, and
WAIS B require working memory skills [84, 85], which in
the case of Corsi are paired with a visual component [82].
Besides, we found a correlation of the median constella-
tion complexity level with WAIS C, a test that requires
fast decoding of number-symbol combinations [82]. With
the Quality Controller scenario, we intended to provide a
speeded and distributed dual-task training. The correla-
tions of four task parameters with TMT A and TMT B
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Table 3 Between-group analysis of baseline ASCS (T0) as well as improvement in ASCS after treatment (T1 — T0) and at follow-up
(T2 - T0)
ASCS EG (n = 16) CG(h=14) p
Mean (SD) - Median [2.5™ - 97.5" percentile] W,
Attention
T0 -0.35(0.88) - -0.28 [[2.11 - 1.22] -0.16 (0.83) - 0.11 [-1.78 — 0.89] 39
T1-TO 0.22 (0.39) - 0.17 [-0.44 — 0.89] 0.17 (0.50) - 0.17 [-0.78 — 1.00] 80
T2 -TO 041 (046) — 044 [-044 — 1.33] 0.19 (032) - 0.17 [-044 - 0.78] 21
Memory
T0 -0.76 (0.69) - -0.57 [-2.27 — 0.05] -0.72 (0.82) - -0.54 [-2.38 — 0.40] 85
T1-TO 021 (0.50) - 0.23 [[0.70 — 1.22] 0.20 (0.31) — 0.10 [-0.30 - 0.76] 82
T2 -TO 033 (0.65) - 047 [[0.73 = 1.71] 0.34 (0.51) - 0.34 [-047 - 1.29] 79
EF
T0 -034 (1.01) - -034 [-1.64 — 1.32] -045 (1.38) - -0.27 [-2.67 — 1.79] 92
T1 -T0 0.05 (0.61) - 0.04 [-1.55 - 0.96] 0.17 (0.54) - 0.17 [-0.30 - 0.76] 57
T2 -TO 0.19 (062) - 0.22 [-0.85 - 1.55] 0.17 (0.56) - 0.18 [-1.25 - 1.00] 79
SA
T0 -2.88 (6.57) - -0.39 [25.17 - 0.50] -0.58 (1.44) - 0.05 [3.93 - 0.50] 45
T1-TO 221 (6.55) - 0.88 [-6.19 — 24.78] 0.38 (1.08) - 0.00 [-0.88 — 2.65] 24
T2 -TO 321 (6.57) - 0.88 [-0.88 — 25.66] 0.06 (1.95) — 0.00 [-531 — 2.65] 10
GCF
T0 -0.56 (0.79) - -044 [-1.92 - 0.39] -0.38 (0.90) - 0.00 [-2.00 — 0.69] 49
T1-TO 0.36 (0.36) - 0.34 [-0.06 — 0.90] 0.21 (045) - 013 [-0.31 - 1.27] 12
T2 -TO 0.44 (042) - 054 [-0.56 - 1.17] 0.22 (0.37) - 0.14 [-0.22 - 0.90] 12
The differences at baseline and in improvement from baseline at T1 and T2 between groups were evaluated using the Wilcoxon rank-sum test W,. The table
shows the p-values (p) of the comparisons. ASCS average standardized composite score, CG control group, GCF generalized cognitive functioning, EF executive
functioning, EG experimental group, LOCF last observation carried forward, SA spatial awareness
Table 4 Depression subgroup analysis. HAM-D and ASCS at baseline (T0), after treatment (T1) and follow-up (T2) and the p-values
for the within-group analysis of the change over time
Measures EGD (n=11) CGD (n=10)
Mean (SD) - Median [2.5™ - 97.5" percentile] p Mean (SD) — Median [2.5" - 97.5™ percentile] p
T0 T 1P X2(2) TO T1 1P X#(2)
HAM-D 664 (546) - 500 545 (4.89) - 3.00 4.18 (3.34) - 3.00 22 520(478)-400 7.8(5.98)-750 6.30(620)-400 .06
[0.00 - 15.00] [0.00 - 13.00] [0.00 - 12.00] [0.00 - 13.00] [0.00 - 19.00]* [0.00 - 18.00]
Attention -0.27 (0.95) - -0.22 -0.10 (0.96) - -0.11 0.20 (0.89) - 0.11 .00 0071 (0.72) - 022 003 (0.78)-028 0.10(0.76) - 022 .57
[-211 - 1.22] [-1.67 - 0.76]* [-1.33 - 1.67]* [-1.78 - 0.78] [-1.78 - 0.89] [-1.67 - 1.11]
Memory  -0.65 (0.57) - -0.44 -035(0.85) --0.09  -0.18 (0.89) - 0.14 27 -061(062) —0.54 -046 (062) —-029 -036 (052) --039 .72
[-1.72 - 0.05] [-1.97 - 0.76] [-1.72 - 0.89] [-1.78 - 0.78] [-1.78 - 048] [-1.03 - 046]
EF -0.26 (0.88) - -0.32 -0.34 (1.08) - -0.53 -0.04 (0.98) - 0.09 RA -0.09 (067) --0.11 -0.14 (0.78) - 0.02  -0.11 (0.81) - 0.00 .61
[-1.64 - 1.13] [2.09 - 1.13] [1.57 = 1.57] [[1.13-1.13] [-2.09 - 0.76] [-1.90 - 1.02]
SA -1.60 (3.34) - -039 -1.03 (4.78) - 0.50 0.17 (0.45) - 0.50 J6 021 (143) - 050 -021 (1.66) - 050 005 (0.75) - 050 95
[-9.24 - 0.50] [-15.43 - 0.50] [-0.39 - 0.50] [-3.93 - 0.50] [-4.81 - 0.50] [-1.27 - 0.50]
GCF -041(0.73) - -030 -0.11 (0.77) - 0.12  0.01 (0.73) - 0.24 .01 -0.11 (061) - 006 -0.07 (0.70)-0.11 0.0 (0.53) - 009 .58
[-1.80 - 0.39] [-1.64 - 0.88]** [-1.16 - 0.99]** [-1.63 - 0.53] [-1.93 - 049] [-1.15 - 0.64]

The change over time within each group was evaluated using Friedman’s ANOVA test statistic x (degrees of freedom). The table shows the p-values (p) with

values below .05 highlighted in bold. For the post hoc analysis the Wilcoxon’s sign rank test T was used, and significant comparisons with respect to baseline are
indicated with * for p < .05 and ** for p < .01. ASCS average standardized composite score, CGD control group, EF executive functioning, EGD experimental group,
GCF generalized cognitive functioning, HAM-D Hamilton Depression Rating Scale, SA spatial awareness
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Table 5 Between-group analysis in depression subgroup of baseline HAM-D and ASCS (T0) as well as improvement in HAM-D and

ASCS after treatment (T1 — TO) and at follow-up (T2 — TO)

Measures EGD (n=11) CGD (nh =10) p
Mean (SD) - Median [2.5" - 97.5™ percentile] W,

HAM-D

TO 6.64 (5.46) - 5.00 [0.00 - 15.00] 5.20 (4.78) — 4.00 [0.00 - 13.00] 72

T -TO -1.18 (2.40) - -1.00 [-5.00 - 3.00] 2.60 (2.84) - 2.50 [-1.00 - 8.00] .01

T2-T0 -245 (4.32) - 0.00 [-13.00 - 2.00] 1.10 (2.18) = 1.00 [-2.00 - 5.00] .04
Attention

T0 -0.27 (0.95) - -022 [-2.11 - 1.22] 0.01 (0.72) - 022 [-1.78 - 0.78] 26

T1-TO 0.17 (0.30) — 0.11 [-044 - 0.78] 0.02 (0.54) — -0.06 [-0.78 — 1.00] 23

T2 -TO 047 (0.46) - 044 [-0.11 - 1.33] 0.08 (0.35) - 0.06 [-0.44 - 0.56] 07
Memory

T0 -0.65 (0.57) — -044 [-1.72 - 0.05] -061 (0.62) - -0.54 [-1.78 - 0.78] 92

T1-T0 030 (0.53) - 037 [-0.54 - 1.22] 0.15 (0.30) - 0.06 [-0.30 - 0.76] 46

T2-T0 047 (0.69) - 058 [-0.73 - 1.71] 0.25 (041) - 034 [-047 - 0.90] 31
EF

T0 -0.26 (0.88) - -0.32 [-1.64 - 1.13] -0.09 (067) - -0.11 [-1.13 - 1.13] 78

T1-TO -0.08 (0.59) - -0.03 [-1.55 - 0.85] -0.04 (047) - -0.02 [-0.96 - 0.59] 92

T2-TO 0.22 (0.51) - 0.22 [-0.85 - 1.18] -0.01 (0.53) - 0.00 [-1.25 - 0.70] 40
SA

TO0 -1.60 (3.34) - -0.39 [-9.24 - 0.50] -021 (1.43) - 0.50 [-3.93 - 0.50] 29

T1-TO 0.56 (3.15) — 0.00 [-6.19 — 7.08] 0.00 (0.83) — 0.00 [-0.88 - 1.77] 27

T2-T0 1.77 (3.29) - 0.00 [-0.88 — 9.73] 0.27 (1.25) - 0.00 [-1.77 - 2.65] 35
GCF

T0 -041 (0.73) — -0.30 [-1.80 - 0.39] -0.11 (0.61) — 0.06 [-1.63 - 0.53] 31

T1-T0 0.29 (0.30) - 0.30 [-0.02 - 0.90] 0.04 (0.37) - -0.08 [-0.31 - 0.76] .04

T2-T0 042 (0.38) - 042 [-0.26 - 1.17] 0.11 (0.30) - 0.04 [-0.22 - 0.68] 07

The differences at baseline and in improvement from baseline at T1 and T2 between depression subgroup were evaluated using the Wilcoxon rank-sum test W..
The table shows the p-values (p) of the comparisons with values below .05 highlighted in bold. ASCS average standardized composite score, CGD control group in
depression subgroup, EF executive functioning, EGD experimental group in depression subgroup, GCF generalized cognitive functioning, HAM-D Hamilton

Depression Rating Scale, SA spatial awareness

confirms a strong speed-of-processing and attentional
switching component [85], whereas the correlation with
Star refers to the visual components trained due to the
spatially distributed task. The correlations between the
timed task components (baking and taking out time) and

Table 6 Results from a linear regression on improvement in
depression

Estimate (standard error) p-value (df)
Attention
(Intercept) -0.36 (1.07) 74 (17)
Coefficient 3.93 (1.98) .06 (17)
Memory
(Intercept) —0.31 (0.98) 75 (17)
Coefficient 333 (142) .03 (17)

The table provides the estimates (standard error) and the p-value (degrees of
freedom) with values below .05 highlighted in bold

the tests of the executive function domain supports the
training of inhibition and initiation of responses [30]
whereas the correlations with Corsi F, RAVLT I and
WAIS B point additionally to a memory component in-
herent to the training [85-87]. We further demonstrated
that our system successfully takes the individual impair-
ment level into account and enables the patients to
achieve similar success rates despite varying levels of im-
pairment. The difference in the performance achieved be-
tween the two scenarios, especially by the non-impaired
patients, might be due to a difference in difficulty between
subsequent levels; i.e., in the Quality Controller scenario,
the next difficulty level was too hard to achieve, so the pa-
tients remained on a lower level thus achieving higher
success rates. This illustrates the importance of individual-
izing training through fine-graded difficulty levels to pro-
mote learning and rehabilitation but as well highlights the
challenges of doing so [88, 89].
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Regarding the four cognitive domains assessed, only
the EG shows a significant change over time in attention
and spatial awareness. We did not see any significant
change in the ASCS over time in the CG, who did cogni-
tive pencil and paper exercises at home. In addition,
generalized cognitive functioning increased in EG from
baseline to follow-up. We are aware that due to the
small sample size in this pilot study and the multiple
testing, these results could be spurious, and we can
therefore not claim any rehabilitation effect. However,
the effect found in generalized cognitive functioning
seems to be robust because it includes all ASCS and
cannot be driven by the improvement in attention alone.
Further, a positive change of attention ASCS and general-
ized cognitive functioning is still present in the depression
subgroup analysis. Interestingly the significant changes in
EG were confirmed for the follow-up period, as demon-
strated by the post hoc analysis at this time point. We
could speculate that this delayed effect of training could
mean that the patient incorporated what they learned
during the training later in their daily activities, similar to
what has been observed in cognitive strategy training [90].

Whether the significant changes in attention and
spatial awareness ASCS are clinically relevant is difficult
to evaluate, as there is no consensus in literature with
regards to the clinically important difference (CID) in
neuropsychological test batteries. CIDs reported in stud-
ies range from 0.5 SD [91] to 1 SD [92] up to 2 SD [93].
Applying a cut-off of 0.5 SD and 1 SD to our sample
(see Additional file 1: Table S4 and S5) shows that still
more patients in EG improve even above 1 SD from
baseline, especially after follow-up. However, future
studies should direct their efforts to find ways to
standardize neuropsychological testing and establishing
CIDs in well-powered clinical studies.

Regarding the secondary outcomes, the CG showed a
significant change in the MMSE over time, with post
hoc analysis revealing a significant difference between
baseline and follow-up (see Additional file 1: Table S3).
On the other hand, no change over time was observed
in the MoCA for either group. Interestingly, according
to MMSE, only one patient would have been classified
as having a cognitive impairment at baseline. This find-
ing is in line with literature, where it was observed that
the MoCA is more sensitive to cognitive dysfunction
than the MMSE [94]. Also, we used at each assessment
point a different test variation of the MoCA, so that the
patients never repeated the same exercises. The MMSE,
however, is only available in one version, and some exer-
cises resemble the cognitive pencil and paper exercises
used in the CG, which might have helped them to suc-
ceed in this test.

We further found a significant but small group differ-
ence in the FM-UE improvement after treatment in
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favour of the EG (Additional file 1: Table S3). Although
the experimental intervention includes a stronger motor
component than the control intervention, motor training
was not the focus of the study. Therefore, only patients
with sufficient active movement and able to overcome
gravity (MRC>2) were included, although the tasks
were accomplished by moving the arms only horizontally
supported by a table’s surface. Also, the mean change is
below the CID [95] and MDC [96], although four
patients surpassed the CID threshold of 4.25 (see
Additional file 1: Figure S2) at follow-up. However, in a
general stroke population, motor and cognitive deficits
likely co-occur [15], and cognitive deficits have a nega-
tive effect on functional outcome and independence [3].
It has been stressed out that rehabilitation should com-
bine motor and cognitive training [81]. It would, there-
fore, be interesting to investigate the effect of the
proposed training paradigm that already includes a
motor component in patients with lower motor func-
tionality. We believe that patients with more severe
motor impairments could easily participate in the
ACCT program since no movement against gravity is re-
quired, and the adaptive difficulty algorithm could en-
sure that the arrangement of the interactive elements in
the training scenarios does not surpass the patient’s ac-
tive range of motion. Besides, the ACCT program could
be complemented with another adaptive mechanism that
aids the completion of goal-oriented movements with
the paretic arm through a visual manipulation [32].
Lastly, the subgroup analysis revealed that, compared
to the EG, the CG expressed higher depression levels
after the intervention. The groups remained significantly
different at follow-up. We cannot exclude that the non-
blinding of group allocation or that the control task that
had to be done at home negatively influenced the de-
pression level in the CG. However, we also see a trend
for EG to reduce their depression level. This could be
due to the alleviation of rumination, a known symptom
of depression, which has been proposed by the attention
restoration theory to occur when a patient successfully
breaks away from routine physical and mental tasks and
switches from an effortful, directed attention to an
interest-driven one — both of which can be achieved by
providing an adequate environment that is stimuli rich,
coherently structured and allows for exploration [97].
The ACCT intervention in the hospital might provide
such an environment, whereas the paper and pencil
intervention at home does not. The subgroup analysis
also replicated the sample’s improvement over time in
attention ASCS of the complete case analysis. Improve-
ment in attention and memory ASCS predicted depres-
sion improvement at follow-up; the more patients
improved in attention and memory ASCS, the more they
improved in depression. Notice, however, that the
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directionality of this relationship remains unclear. How-
ever, the intercept indicates that there seems to be a
negative improvement in depression if no improvement
in attention or memory is present. It is known that de-
pression correlates with cognitive deficits, specifically in
nonverbal problem solving, verbal and visual memory
and attention, and psychomotor speed [55]. Potentially,
the improvement in attention or memory through train-
ing resulted also in a reduction of depression levels in
our sample. Alternatively, the training induced a change
in mood, which resulted in cognitive improvement. This
subgroup analysis is particularly interesting because, ac-
cording to our exclusion criteria, patients with mental
illness should not have passed the screening process.
This result underlines the notion that mental problems
often remain undiagnosed or are neglected when asses-
sing the health status of the patient, despite the known
impact of depressive mood on cognitive ability, inde-
pendence, impairment, and handicap [55].

There are several limitations to this study. Firstly, this
pilot comprises of a small sample size. More patients
would be necessary to confirm the indicated results with
adequate power. Also, a larger sample is necessary to
check if specific cognitive aspects of the training scenarios
influence groups of patients with similar deficit profiles
differently. However, the number of neuropsychological
tests performed was excessive for the sample size tested.
Further, we are aware that the experimental intervention
appears to be substantially different from the control
intervention in terms of location (hospital versus home)
and human interaction (therapist versus, possibly, care-
giver). Although a control intervention in the hospital
would appear appropriate on methodological grounds, our
control condition represents the reality of community-
dwelling stroke patients and is, therefore, closer to the
“best available” treatment [36]. Besides, the EG did not re-
ceive more attention from a therapist than the CG. The
patients at the hospital were independently completing
their daily tasks, only receiving technical support from the
therapist when needed and no performance feedback.
However, it cannot be excluded that the different loca-
tions might have exposed the patients in the EG to a
richer social environment and influenced our results.
Hence future studies should test for the potential effect of
location on cognition or depression and take it into ac-
count when designing their protocols. Further, we were
not able to blind the patients and could only partly
blind the outcome assessor. This is, unfortunately, a prob-
lem frequently encountered in studies evaluating VR-
interventions. Nevertheless, we believe that our results
support the growing evidence that recovery of cognitive
functioning after stroke is possible. Since we were able to
train stroke survivors with heterogeneity in cognitive im-
pairment, it fuels the hope that rehabilitation approaches
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in VR that are grounded on neuroscientific principles of
recovery could potentially address co-occurring symptoms
even independent of disease or aetiology [98]. Future work
should, therefore, test the proposed training paradigm in
other  patient groups with  similar  cognitive
symptomatology.

Conclusions

Our stroke rehabilitation approach, called ACCT, was
able to adapt the training to the individual cognitive def-
icit of the patients, and initial results indicated that the
training reduced the impairment in two out of four cog-
nitive domains. In addition, a positive change in the
mental wellbeing of the patients was observed. This
work, therefore, highlights the importance of addressing
cognitive domains in conjunction as well as considering
the psychological sequelae after a stroke incident.
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